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Editorial

Special Issue—“Bio-Based Materials: Contribution to
Advancing Circular Economy”

Maya Jacob John 1,2,* and Sabu Thomas 3,4,*

1 Centre for Nanostructures and Advanced Materials, Council for Scientific and Industrial Research (CSIR),
Pretoria 0001, South Africa

2 Department of Chemistry, Nelson Mandela University, Port Elizabeth 6001, South Africa
3 International and Interuniversity Centre for Nano Science and Nano Technology, Mahatma Gandhi University,

Kottayam 686560, India
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University, 79 Svobodnyi Av., 660041 Krasnoyarsk, Russia
* Correspondence: mjohn@csir.co.za (M.J.J.); sabuthomas@mgu.ac.in (S.T.)

Bio-based materials have a significant role to play in the implementation of a functional
circular economy. The circular economy stresses the reduced use of raw materials, the
reuse of products, waste streams (where waste is converted to a valuable resource), and the
recycling of products, the combined effect of which will ensure that materials are retained
in the loop as opposed to a linear economy which is based on a manufacture, use, and
disposal model. In a circular society, bio-based materials are reused, repaired, recycled,
and remanufactured. A circular approach for plastics will address the issue of plastic
waste pollution on land and in oceans and the adverse health effects that microplastics
have on marine and human life. This can be achieved by methods to improve recycling
and developing bio-based materials as an alternative to petroleum-based feedstock. The
concepts of the bio-based economy and the circular economy are similar in that they reduce
the demand for fossil carbon and enhance the use of waste and side streams. Hence, it
is quite clear that bio-based materials (bioplastics and biocomposites) can make a critical
contribution to the implementation of the circular economy.

In this Special Issue, leading researchers from academia and industry were invited
to submit reviews or their latest research on topics aligned to the development of sustain-
able materials from renewable resources. Sustainable materials include waste-derived,
recyclable, and biodegradable materials. Studies dealing with recycling, waste conversion
to bio-based products, the development of bio-based composites, and surface treatments
on cellulose fibres have been included in this issue. The manuscripts were subjected to a
rigorous review process, after which there was a compilation of thirteen research articles,
reflecting the latest trends in bio-based and compostable materials. This issue consists of
three review articles and ten research articles. The review articles include an account on
the plastic circular economy and applications of chitosan-based materials.

As guest editors of this Special Issue, we acknowledge all the authors and reviewers
who have contributed to its publication. We would also like to thank the technical support
team at MDPI for their assistance in preparing this Special Issue.

Author Contributions: Conceptualization, S.T. and M.J.J.; writing—original draft preparation, M.J.J.;
writing—review and editing, S.T. All authors have read and agreed to the published version of
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Article

3D Printing Parameter Optimization Using Taguchi Approach
to Examine Acrylonitrile Styrene Acrylate (ASA)
Mechanical Properties

Abdul Zubar Hameed 1,*, Sakthivel Aravind Raj 2,*, Jayakrishna Kandasamy 2, Muhammad Atif Shahzad 1 and

Majed Abubakr Baghdadi 1

1 Department of Industrial Engineering, Faculty of Engineering, King Abdulaziz University,
Jeddha 21589, Saudi Arabia

2 Department of Manufacturing Engineering, School of Mechanical Engineering, Vellore Institute of Technology,
Vellore 632014, Tamil Nadu, India

* Correspondence: aahameed@kau.edu.sa (A.Z.H.); aravindsakthivel@hotmail.com (S.A.R.)

Abstract: Polymer composites with different reinforcements have many applications. By adjusting
process settings and adding fibers and fillers, composite properties can be improved. Additive
manufacturing is popular in the polymer industry because it can manufacture intricately designed
parts with fewer defects and greater strength with less material consumption. Composites use ther-
moplastics and thermosetting polymers. Thermoset plastics cannot be reused or recycled; therefore,
they are disposed in landfills, creating pollution and environmental harm. In this work, thermoplastic
ASA (Acrylonitrile Styrene Acrylate) polymer filament is used for FDM 3D printing. The specimens
are made by varying five process parameters that affected the materials’ mechanical properties. The
tensile, flexural and impact specimens are made using MINITAB software and ASTM requirements.
The L18 orthogonal array experimental design, specimens and results were optimized. Infill density
and layer height were most influential. Maximum tensile strength of 51.86 MPa, flexural strength of
82.56 MPa and impact strength of 0.180 J/mm2 were obtained by following the software-suggested
input factors and compared with the predicted values. Final error percentage was obtained between
the predicted and the experimental results and it was found to be under 3%, which is acceptable.

Keywords: ASA polymer; fused deposition modelling; infill density; L18 orthogonal array; 3D printing

1. Introduction

As early as the Paleolithic period, humans were able to produce things for their
everyday needs; they had a material sense and used it to create tools for their own gain.
However, the manufacturing process for the tools was based on subtractive techniques,
in which the original components are turned into useful goods by removing surplus
bulk material until the final object is achieved. The subtractive method of production
has progressed substantially and new techniques continue to emerge. In the early 1980s,
a paradigm known as additive manufacturing was established. It has proven to be an
excellent technique for creating any geometry [1].

In the FDM process, different thermoplastic materials are utilized to print different
complex shaped objects. Different materials used in the FDM process include Polylactic
acid, PLA-based graphene, Acrylonitrile butadiene styrene, Polycarbonate, NinjaFlex 85 A,
Polycarbonate–ABS, Polyurethane elastomer, thermoplastic Polyurethane and Carbon-
Silicone rubber [2]. PLA is derived from renewable resources and is compostable. It will
not produce toxic fumes during printing or when incinerated. It is basically derived from
crops. ABS is usually used for processing foods and has improved resistance against
impact, abrasion and chemicals. It has better machinability, it can be thermoformed and
it is flexible enough to print complex shaped jobs. It has better electrical properties and

Polymers 2022, 14, 3256. https://doi.org/10.3390/polym14163256 https://www.mdpi.com/journal/polymers3
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dimensional stability also. Polycarbonate has better thermal insulation when compared
to other thermoplastic polymers and is light in weight. It has UV protection properties.
NinjaFlex 85A is used in making sporting goods, in healthcare and in industrial manufac-
turing. It features good flexibility, excellent elongation properties, low friction and abrasion
resistance. Thermoplastic Polyurethane has good load bearing capability, resistance to oil
and ozone, and has good abrasion resistance also. Very few materials are used in making
3D-printed membranes, and for printing the membranes only a few additive manufacturing
processes are used. Processes like electrospinning, sintering, stretching, track etching and
phase inversion are used in printing membranes [3].

3D printing has introduced a new approach for layer-by-layer creation of items from
the bottom up. By adding successive layers of material in response to computer-controlled
instructions, additive manufacturing makes parts. People have grasped the significance and
benefits of additive manufacturing as its popularity has increased relative to conventional
techniques. Compared to conventional or subtractive manufacturing techniques, additive
manufacturing has progressed and produced more promising results. It can be employed
in small-scale production for customization and personalization, whereas conventional
methods are limited to mass production.

To improve ASA’s thermal insulation and weather resistance, chemicals have been
added to ASA resin used as a construction material. The modified ASA has been subjected
to an infrared radiation test, which revealed that the surface temperature of the specimen
decreased by 6.4 ◦C. In addition, pigments with NIR reflectance enhanced the weather
resistance of ASA. The setup for the radiation test to measure weather resistance with the
help of a near infrared lamp is shown in Figure 1a, and the corresponding heat curves for
pure and modified ASA are shown in Figure 1b [4].

Figure 1. (a). NIR lamp radiation test setup, (b). Heating curves of pure ASA and modified ASA [4]
Copyright 2021 with permission from Elsevier.

The difference in interfacial tension between polymer pairs allows for the incorporation
of two different elastomers, CPE and BR, into the core of ASA. Higher impact strengths
were demonstrated by the mixes as a result of their testing [5]. After reinforcing ASA
with carbon fiber and measuring its mechanical and thermal properties, the materials
had superior tensile and flexural strength, and the thermal conductivity increased by
500 percent. Figure 2a depicts SEM images captured after a tensile test conducted at
liquid nitrogen temperatures, whereas Figure 2b depicts the interaction between fiber and
resin following flexural tests. The presence of a gap between the fiber and resin shows a
lack of compatibility and interface strength, which results in fiber pullouts and degraded
mechanical qualities [6].
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Figure 2. (a). SEM images showing flexural fracture at lower temperatures, (b). Tensile tested
specimen, (c). Details of interface between carbon fiber and ASA [4] Copyright 2020 with permission
from Elsevier.

ASA is combined with barium titanate and evaluated as a roof-cooling and solar-
reflecting material. The introduction of barium titanate increased the NIR reflectance by
two to three times, while the interior temperature dropped by 10 ◦C. Figure 3 depicts
the increase in temperature of the specimen’s inner surface, which is used to measure
solar reflectance. ASA with barium titanate (1068 nm) exhibited superior solar reflectance
compared to other combinations, including glass [7].

Figure 3. Inner temperature difference with respect to time [7] Copyright 2018 with permission
from Elsevier.

The addition of antimony trioxide to ASA resin enhanced the cooling effect. Antimony
trioxide exhibits solar-reflective qualities. When antimony trioxide is added to ASA, the
water contact angle increases, indicating that the material can be used for roof cooling and
composited as cool materials [8]. The use of 3D printing in the production of biological
components is rising fast due to demand. PLA was discovered to be a biodegradable
material suitable for use in the FDM production of bio-implants. The biodegradation test
findings reveal good results throughout 30 to 60 days, and the weight loss was found to
be satisfactory [9]. Stamp sand deposited as mine waste is combined with recycled ASA
to create composites whose mechanical properties have been evaluated. It was noted that
the tensile strength was reduced by half compared to recycled ASA in its pure form, and
that stamp sand in conjunction with ABS produced positive results [10]. Metamaterials
such as chiral, Re-entrant, and ASA are printed using FDM, and mechanical and ex situ
tests revealed that structural alterations improved the materials’ properties, although inter-
laminar fracture was seen during a compression test [11]. To determine the relationship
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between the morphologies of ASA composites and their mechanical properties, RAFT
emulsion polymerization is used to generate block copolymers from ASA. By increasing
the spherical particle size, the inter-particle distance can be decreased and the tensile
characteristics can be improved. Additionally, the impact resistance was enhanced in
comparison to triblock copolymer materials [12]. The technique of melt blending is used to
create composites composed of polycarbonate, ASA and acrylic resin. It was noticed that the
addition of acrylic resin boosted the impact strength and abrasion resistance. Additionally,
it was discovered that the addition of acrylic resin reduced the tensile, hardness and melt
flow rates marginally. The crack path in the composite was tracked with SEM and LSCM
images as shown in Figure 4a,b [13].

Figure 4. (a). Laser scanning confocal microscopy (Right). (b). SEM images of impact tested specimen
showing the crack path [13] Reproduced with permission from MDPI.

Analyses of the effect of ASA addition to eucalyptus/PVC composites revealed that
adding less than 15 percent ASA improves impact, tensile and flexural strengths. Adding
15 to 20 percent ASA to composites increased their thermal stability in the early stages
but weakened them later due to ASA’s thermal degradation [14]. Thus, in this study, the
ASA polymer is 3D printed utilizing the fused deposition modelling technique by altering
five process parameters at three distinct levels while keeping other parameters constant. In
earlier 3D printing research work, a maximum of three process parameters were taken into
account and varied. In this work, however, a total of five process parameters were taken
into consideration and their influence on mechanical properties was studied. The curiosity
to understand the combined influence of the input factors motivated this work and makes
it novel when compared with previous work carried out in this field. By evaluating the
mechanical characteristics of the manufactured specimens, the influence of the parameters
is examined and the results are optimized based on the analysis.

2. Materials and Manufacturing Process

2.1. Materials

River Polymer Industries of Gujarat, India, provided ASA polymer (acrylonitrile-co-
styrene-co-acrylate). According to temperature tests, ASA’s strong solar reflectance prevents
heat conduction and offers a more effective cooling effect in sunshine than glass. ASA
features a high service temperature, low thermal conductivity and resistance to the elements.
ASA has a density of 1.06–1.1 g/cm3 at 20 ◦C and a softening point of 85 to 100 ◦C, making
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it suitable for outdoor applications because it ignites at 400 ◦C. Low melting temperatures,
which are 200–230 ◦C, 200–280 ◦C, and 200–250 ◦C, make it suitable for pipe extrusion,
injection molding and thermoforming. Solvents including chloroform, dichlorobenzene,
diethyl ether, ethyl benzoate, ethyl chloride, mesityl oxide, methyl chloride, methyl propyl
ketone and xylene, dissolve ASA well. ASA is suited for outdoor sheet furniture, exterior
cable enclosures and wide screen displays. ASA is a scratch-resistant polymer that can be
utilized in automobile interiors and electrical devices. ASA has superior solar reflectivity
and can be used in roof cooling materials [15]. The mechanical and physical properties of
ASA are listed in Table 1.

Table 1. Properties of ASA [6]. Copyright 2020 with permission from Elsevier.

Properties Units Neat ASA

Ultimate tensile strength MPa 45.7 ± 0.9
Ultimate flexural strength MPa 52.6 ± 1.9

Impact strength kJ/m2 140 ± 30
Material flow rate g/10 min 47

Glass transition temperature ◦C 103
Thermal conductivity W/mK 0.17

2.2. Fabrication Method and Machinery Details

Using additive manufacturing, Acrylonitrile Styrene Acrylate (ASA) specimens for
experimental work were printed on a “Creality Ender—3” FDM-based 3D printing system.
The printer has a printing size of 220 × 220 × 250 mm and is based on the Cartesian system,
with all three axes moving independently utilizing stepper motors. The ASA filament used
in the experiment was a 1.75 mm-diameter wire that was kept on its mounting spool. All
three samples were modelled in the CAD software Autodesk Fusion 360 and produced
in the stl file format [16]. Then, the file was sliced in Ultimaker Cura slicing software
according to the parameters, its G-code (machine code for the printer) was generated, and
this was inserted into the 3D printer machine. Figure 5 depicts the 3D printer with which
the specimens were printed.

Figure 5. “Creality Ender—3” printer.

2.3. Selected Process Parameters and Their Levels

The mechanical properties of components are greatly affected by printing parameters.
Printing temperature, infill density, layer height, raster angle and printing orientation

7
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were chosen as experimental design factors to determine their effect on the specimen’s
mechanical properties. The remaining printing parameters were adjusted to the same value
for each sample. The printing temperatures for the setup were determined to be 245 ◦C,
255 ◦C and 265 ◦C. The infill density ranged from 30%, 70% and 100%. The height of the
print layer ranged between 0.08 mm, 0.12 mm and 0.16 mm. The raster angle values for
the experiment were 15◦, 30◦ and 45◦, and two print orientations, X-90 and Y-90, were
obtained [17–20]. An experiment was designed by systematically altering each of these
values, and samples were subjected to mechanical testing to determine the optimal printing
conditions for achieving maximum strength. All other printing parameters, including
printing speed of 60 mm/s, number of perimeters at 4, print bed temperature of 90 ◦C,
40 percent print cooling and the retraction settings, were held constant for all samples. The
selected process parameters and their respective levels are listed in Table 2.

Table 2. Process variables and their various stages.

S. No. Variables Units
Stages

1 2 3

1 Part orientation axis X Y -
2 Printing temperature ◦C 245 255 265
3 Layer height mm 0.08 0.12 0.16
4 Infill density % 30 70 100
5 Raster angle ◦ 15 30 45

Using MINITAB, the experimental design for five components and three levels was
prepared according to Taguchi’s experimental design. To avoid confusion and elicit precise
results from a minimum number of trials, experimental designs were developed. By utiliz-
ing good experimental design, time, energy and money can be saved as fewer experiments
will be required to attain the desired findings. The extra benefit of MINITAB software is
that manual programming is not required, as the programs are already inbuilt into the
software. A mixed-level design with two levels for the first factor (part orientation), and
three levels for the remaining four factors, was selected in the software and an experimental
design was created. The experimental design for the L18 orthogonal array is illustrated in
Table 3. In accordance with the experimental design, the parameters were selected and the
specimens were 3D-printed.

Table 3. L18 orthogonal array experimental design.

Trial No.
Process Parameters

Part Orientation (Axis) Printing Temperature (◦C) Layer Height (mm) Infill Density (%) Raster Angle (◦)

1 X 245 0.08 30 15
2 X 245 0.12 70 30
3 X 245 0.16 100 45
4 X 255 0.08 30 30
5 X 255 0.12 70 45
6 X 255 0.16 100 15
7 X 265 0.08 70 15
8 X 265 0.12 100 30
9 X 265 0.16 30 45
10 Y 245 0.08 100 45
11 Y 245 0.12 30 15
12 Y 245 0.16 70 30
13 Y 255 0.08 70 45
14 Y 255 0.12 100 15
15 Y 255 0.16 30 30
16 Y 265 0.08 100 30
17 Y 265 0.12 30 45
18 Y 265 0.16 70 15

8
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2.4. Mechanical Properties Evaluation Methods

For evaluating the mechanical properties of 3D-printed ASA, the components for
the tensile test, flexural test and impact test were selected in accordance with ASTM
standards. For tensile testing, an ASTM D638 sample of 165 mm in length, 19 mm in width
and 3 mm in thickness was selected. Figure 6 depicts the dumbbell-shaped specimen’s
dimensions, whereas Figure 7 depicts the printed tensile test specimens. Figure 8 depicts
an Instron 8801 UTM, the device utilized for tensile and flexural testing. The specimen
was created in accordance with the experimental design by altering the process parameters.
The printed samples were tidily packaged to prevent environmental contact and moisture
contamination. The tensile test was conducted using an Instron 8801 model UTM machine
with a 100 kN load capacity, two columns equipped with M30 load cells and actuators and a
load capacity of 100 kN. The specimen was grasped in the grippers and testing commenced.
During the test, the cross-head velocity and strain rate were both maintained at 5 mm/min.
The tensile strength of the printed specimen can be found using Equation (1) [21].

Tensile strength (MPa) = Maximum load during breaking (Newton)/Cross-sectional area of the specimen (mm2) (1)

Figure 6. ASTM D638 specimen for tensile testing (all dimensions are in mm) [22].

Figure 7. Printed specimens for tensile test as per the experimental design.

For impact testing, an ASTM D6110 sample with dimensions of 110 mm in length,
10 mm in width and thickness, and a 45◦ notch angle at the specimen’s midpoint was
selected. The impact test was conducted using FIT-300-D model pendulum-type impact
testing equipment with a capacity of 300 J and a minimum count of 0.1 J. Chennai’s Herenba
Instruments and Engineers supplied and calibrated the equipment. The test was conducted
at 37 ◦C and normal atmospheric pressure. Initially, the striker was released without
the location of the specimen and its error was evaluated. Figure 9 depicts the specimen
dimensions according to ASTM standards, and Figure 10a,b depict the printed specimens
prior to the impact test. Figure 11 depicts the machine configuration, and the specimen was
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placed in the horizontal work holding fixture with the notch facing away from the striker.
The striker was unleashed and caused to strike the specimen in its center. After breaking,
the energy absorbed by the specimen was recorded and the specimen’s impact strength
was calculated using Equation (2).

Figure 8. Instron 8801 UTM for tensile and bending test.

Impact strength (Charpy test) (J/mm2) = Energy absorbed (Joules)/Cross-sectional area (mm2) (2)

Figure 9. ASTM D6110 specimen for impact testing.

For flexural testing, an ASTM D790 sample of 130 mm in length, 12.7 mm in width and
3 mm in thickness was chosen. The flexural test was conducted on the same Instron 8801
model UTM equipped with a unique attachment for three-point bending testing. Figure 12
depicts the dimensions of the specimen, whereas Figure 13a,b depict the printed specimens
for the three-point bending test according to the experimental design. Using Equation (3),
the specimen’s flexural strength was determined.

Flexural strength (MPa) = 3 × Load (N) × Span of support (mm)/2 × Specimen width (mm) × (specimen height)2 (mm) (3)

10
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Figure 10. (a) Printed specimens for impact test as per the experimental design. (b). Impact specimen
with scale.

Figure 11. FIT-300-D model impact tester.
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Figure 12. ASTM D790 specimen for flexural testing [23].

Figure 13. (a). Printed specimens for flexural test as per the experimental design. (b). Printed flexural
specimen with scale.

3. Results and Discussion

Table 4 contains the experimental design that varies five process parameters and the
results of the tests that were conducted using that design. When compared to others,
specimen 7 demonstrated greater values for all the test findings and had the greatest tensile
strength rating, which was 50.57 MPa. It demonstrated the second greatest output in the
flexural test, which shows that this particular design parametric combination produces
superior mechanical qualities.

Table 4. Experimental design with output responses.

Trial No.

Process Parameters Responses

Part
Orientation
(Axis) (A)

Printing
Temperature

(◦C) (B)

Layer
Height (mm)

(C)

Infill
Density (%)

(D)

Raster
Angle (◦) (E)

Tensile
Strength

(MPa)

Flexural
Strength

(MPa)

Impact
Strength
(J/mm2)

1 X 245 0.08 30 15 46.84 77.45 0.14
2 X 245 0.12 70 30 43.20 73.11 0.11
3 X 245 0.16 100 45 43.54 74.35 0.10
4 X 255 0.08 30 30 45.50 74.74 0.12
5 X 255 0.12 70 45 43.41 72.28 0.10

12
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Table 4. Cont.

Trial No.

Process Parameters Responses

Part
Orientation
(Axis) (A)

Printing
Temperature

(◦C) (B)

Layer
Height (mm)

(C)

Infill
Density (%)

(D)

Raster
Angle (◦) (E)

Tensile
Strength

(MPa)

Flexural
Strength

(MPa)

Impact
Strength
(J/mm2)

6 X 255 0.16 100 15 48.19 79.34 0.13
7 X 265 0.08 70 15 50.57 81.43 0.17
8 X 265 0.12 100 30 48.95 80.90 0.15
9 X 265 0.16 30 45 42.19 71.23 0.10

10 Y 245 0.08 100 45 44.72 77.32 0.14
11 Y 245 0.12 30 15 42.76 71.60 0.11
12 Y 245 0.16 70 30 39.97 72.53 0.09
13 Y 255 0.08 70 45 43.46 75.12 0.13
14 Y 255 0.12 100 15 46.72 78.32 0.15
15 Y 255 0.16 30 30 39.67 69.82 0.09
16 Y 265 0.08 100 30 49.88 82.87 0.17
17 Y 265 0.12 30 45 43.26 70.36 0.11
18 Y 265 0.16 70 15 45.32 75.21 0.13

3.1. Tensile Strength

The experimental data are provided as input to the MINITAB software for regression
analysis in order to identify the most influential parameter which serves as the determining
factor in producing output results. The tensile strength was determined to range between
39.97 MPa and 50.57 MPa. The majority of specimens subjected to tensile loads exhibited
superior extension properties, as shown by the lengthening of the specimens prior to
failure [24]. The majority of specimens exhibited plastic deformation prior to failure or
cracking. The failure of the specimens happened approximately at the specimen’s center,
indicating that the specimens are defect free and that the load acts at the proper place. It
also demonstrated that the tests yield precise findings. The experimental values were then
inputted into the software for regression analysis in order to determine the most influential
parameter affecting the results. The coefficient of regression is 93.82%, which is closer to
the acceptable value. The most influential criteria for tensile strength were found to be
layer height and infill density. The specimens subjected to tensile testing demonstrated an
extended fracture failure mechanism rather than a brittle fracture. Figure 14 depicts the
deformed portion following a tensile test, which has an extended section due to plastic
deformation. Due to enhanced tensile characteristics, the specimen did not fail completely
while undergoing deformation. Table 5 represents the elongation of the specimen at break
and yield point values. The ANOVA findings are presented in Table 6, where the Fisher
value of each selected parameter reflects the extent of its influence.

Figure 14. Tensile tested specimen.
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Table 5. Elongation at break and yield point values for tensile test results.

Trial No.
Responses

Tensile Strength (MPa) Elongation at Break (mm) Yield Point (MPa)

1 46.84 25 52.32
2 43.20 12 48.87
3 43.54 9 45.35
4 45.50 14 51.67
5 43.41 7 47.75
6 48.19 24 53.83
7 50.57 34 59.13
8 48.95 21 56.82
9 42.19 15 47.26
10 44.72 18 50.1
11 42.76 26 47.98
12 39.97 10 45.73
13 43.46 16 50.9
14 46.72 28 53.42
15 39.67 7 46.82
16 49.88 29 57.12
17 43.26 15 50.13
18 45.32 20 52.47

Table 6. Tensile test response ANOVA.

Source DF Adj SS Adj MS F-Value p-Value

Regression 5 156.8 31.3595 36.44 0
Printing temperature 1 30.53 30.5283 35.47 0

Layer height 1 40.66 40.664 47.25 0
Infill density 1 37.51 37.505 43.58 0
Raster angle 1 32.74 32.736 38.04 0

Part orientation 1 15.36 15.3643 17.85 0.001
Error 12 10.33 0.8606
Total 17 167.12

S R-sq R-sq (adj) R-sq (pred)
0.92769 93.82% 91.25% 85.64%

Figure 15a–d depict the main effects, interaction, contour and contribution plots for
tensile tested results. The larger is better concept was followed when plotting the S/N
ratio’s main effects. It was projected that ‘X’ part orientation, printing temperature of 265 C,
layer height of 0.08 mm, 100 percent infill density and a raster angle of 15 (A1, B3, C1, D3,
E1) would result in the highest tensile strength. The interaction plot reveals that there is
no interaction between printing temperature and part orientation, other than the fact that
all components are dependent on one another. The contour plot was drawn between the
layer height and the infill density, as these were the most influential parameters among the
others. In order to achieve higher tensile strengths, the contour plot indicates that the layer
height and infill density must be 0.08 mm and 100 percent, respectively.

3.2. Flexural Strength

The specimen with the highest tensile strength also possessed superior flexural proper-
ties. Specimen number 16, having a ‘Y’ axis part orientation printed at 265 ◦C, with a layer
height of 0.08 mm, a 100 percent infill density and a raster angle of 30 degrees, exhibited
a maximum flexural strength of 82.87 MPa. Figure 16 depicts the specimen following the
flexural test, which demonstrates that even after failure the cracks are not visible to the
naked eye. Due to the formation of microscopic fractures that do not propagate further, the
specimen did not fail completely or shatter into two pieces. It demonstrates the flexural
stiffness of the specimen and the behavior of ASA prior to failure. The flexural strength
ANOVA findings are presented in Table 7, and according to the Fisher value, infill density
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was the most influential parameter, followed by layer height. In addition, the regression
coefficient was determined to be greater than 90 percent, demonstrating the significance of
the model.

Figure 15. Cont.
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Figure 15. (a). Main effects plot for tensile test responses. (b). Interaction plot for tensile test
responses. (c). Contour plot for maximum tensile strength. (d). Contribution plot of parameters for
tensile strength.

16



Polymers 2022, 14, 3256

Figure 16. Deformed specimen after flexural test.

Table 7. Flexural test response ANOVA.

Source DF Adj SS Adj MS F-Value p-Value

Regression 5 245.4 49.08 26.59 0
Printing temperature 1 20.384 20.384 11.04 0.006

Layer height 1 58.314 58.314 31.6 0
Infill density 1 116.216 116.216 62.97 0
Raster angle 1 42.903 42.903 23.25 0

Part orientation 1 7.583 7.583 4.11 0.065
Error 12 22.147 1.846
Total 17 267.547

S R-sq R-sq (adj) R-sq (pred)
1.35853 91.72% 88.27% 81.70%

A1, B4, C1, D3 and E1 were the anticipated optimal values for maximal flexural
strength, based on the main effects figure. The same predictions were made regarding
the tensile property. It illustrates the relationship between tensile and flexural properties,
which are directly proportional. The interaction plot provides the same information as
tensile responses. The orientation of the part and the printing temperature are unrelated.
Figure 17d depicts the effect of each parameter on the flexural properties as a percent-
age. Figure 17a–c depict the main effects, interaction and contour plots for the flexural
strength results.

3.3. Impact Strength

The specimens with the highest impact resistance to sudden loads were numbers 7
and 16. The maximum impact strength observed was 0.17 J/mm2, whereas the minimum
was 0.09 J/mm2. Figure 18 depicts the front view of a specimen that was fractured due to
impact stresses with the effect of layer height and infill density evident. The crack began at
the location of the notch and the layers impeded its progression. There are irregularities in
the fracture propagation as the specimen was not shattered in a straight line. The specimen
remained intact during the impact test, demonstrating its resistance to impact loads. The
layer height appears to be the most influential factor in impact test analysis, as shown in
Table 8 of the ANOVA results. With 93.01 percent, the regression coefficient is adequate.
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Figure 17. Cont.
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Figure 17. (a). Main effects plot for bending test responses. (b). Interaction plot for bending test
responses. (c). Contour plot for maximum flexural strength. (d). Contribution of each factor for
maximum flexural strength.
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Figure 18. Optical microscopic view of the deformed specimen after impact test, side view.

Table 8. Impact test response ANOVA.

Scheme DF Adj SS Adj MS F-Value p-Value

Regression 5 0.010085 0.002017 31.94 0
Printing

temperature 1 0.001633 0.001633 25.86 0

Layer height 1 0.004332 0.004332 68.59 0
Infill density 1 0.002032 0.002032 32.17 0
Raster angle 1 0.00208 0.00208 32.94 0

Part orientation 1 0.000008 0.000008 0.13 0.728
Error 12 0.000758 0.000063
Total 17 0.010843

S R-sq R-sq (adj) R-sq (pred)
0.007947 93.01% 90.10% 82.68%

Figure 19a–d represent the main effects plot, the interaction plot and the contour plots,
respectively. According to the forecast of the main effects plot, A1, B3, C1, D3 and E1 are
the optimal values that result in greater impact strengths. It is apparent from the interaction
plot that all the components are interrelated. Contour plots were created for infill density
and layer height, as well as for layer height and raster angle, since these are the most
influential elements in terms of impact strength [25]. The contribution and effect of each
factor can be understood from Figure 19e.
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Figure 19. Cont.
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Figure 19. Cont.
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Figure 19. (a). Main effects plot for impact test responses. (b). Interaction plot for impact test
responses. (c). Contour plot between layer height and infill density for maximum impact strength.
(d). Contour plot between layer height and raster angle for maximum impact strength. (e). Contribu-
tion plot of various factors for maximum impact strength.

4. Validation Test Details

From the experimental data that were fed into the software, optimization outcomes
and the factors that influence outputs were determined. The software predicted a re-
sult for each test and provided the optimal process parameters for the predicted result.
Figure 20a–c depict the optimized parameters and the expected output for the optimal
values. The comparison of anticipated and experimental values, together with the per-
centage of error, is displayed in Table 9. Specimens were prepared for each test using the
optimum process parameters. For each test, three specimens were manufactured with
identical process settings and their mean values were used to determine the final output.
Validation was conducted by comparing the outcomes of each test, and the percentage of
error was determined by computing the difference between the expected and experimental
outcomes [26]. It was noticed that the error rate was less than 3 percent, which is within
acceptable parameters.

Figure 20. Cont.
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Figure 20. (a–c). Predicted results and optimum process parameters.

Table 9. Predicted and experimental results with error percentage.

Output Factors
Optimal Control Parameters

Error (%)
Predicted Experimental

Tensile strength in MPa
A1B3C1D3E1 A1B3C1D3E1

1.31
52.58 51.89

Flexural strength in MPa
A1B3C1D3E1 A1B3C1D3E1

2.22
84.44 82.56

Impact strength in J/mm2
A1B3C1D3E1 A1B3C1D3E1

0.55
0.181 0.180

5. Conclusions

• The L18 orthogonal array was constructed using the software MINITAB and specimens
were produced in accordance with the experimental design.

• Specimens created with a 3D printer were tested to establish their mechanical proper-
ties in compliance with the standards and the results were then optimized.

• The optimized results enabled the identification of the process factors that had the
largest impact on the output of each test, as well as the process parameters that
produced the best results overall.

• The enhanced process parameters were then applied to the production of three further
specimens, which were subsequently evaluated using the same criteria.

• The outcomes of the experiment were validated by comparing them to the predicted
values based on the experiment’s results.

• When the specimen was built in accordance with the predicted input factors, ten-
sile strength of 51.86 MPa, flexural strength of 82.56 MPa and impact strength of
0.180 J/mm2 were obtained.
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• The proportion of inaccuracy discovered between the predicted and experimental
results fell within the permitted range.

• A1B3C1D3E1 were the software’s projected input factors, and the software’s proposal
was followed to make the specimens and validate the results.

• It was determined that the infill density and the layer height have the most effect on
the outcomes when it comes to the fabrication of 3D-printed objects.

6. Future Scopes of Inquiry

Already, elements and things that have been created using a 3D printer are being used
in every industry. The advantages of 3D printing include the ease with which difficult
profiles can be manufactured, less material waste, shortened production times and lower
overall energy requirements. In the not-too-distant future, virtually all items and parts will
be produced using 3D printing. A pie chart has been used in Figure 21 to show the many
different applications for 3D printing technology. The quality of the items produced by
additive manufacturing is also being improved through the utilization of a great number of
recently developed methods and procedures. To further extend the scope of this work, the
mechanical properties of the printed specimens could be improved by applying ceramic
or metal coatings to them. The ASA polymer can be mixed with several fillers, each of
which has the potential to contribute to an improvement in the polymer’s fundamental
properties. Wear, water absorption, abrasion resistance, conductivity and flammability are
some additional tests that can be carried out in addition to the ones already mentioned. It
is possible to reinforce ASA with high performance fibers in order to determine the extent
of the improvement in all qualities necessary for specific applications.

Figure 21. Contribution of 3D printing in various applications [27] Copyright 2018 with permission
from Elsevier.
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Nomenclature

ASA Acrylonitrile styrene acrylate
NIR Near infrared radiation
CPE Chlorinated Polyethylene
BR Polybutadiene rubber
3D Three dimensional
FDM Fused deposition modelling
ASTM American Society for Testing and Materials
SEM Scanning electron microscopy
RAFT Reversible addition–fragmentation chain-transfer
LSCM Laser scanning confocal microscopy
PVC Polyvinyl chloride
ANOVA Analysis of variance
PLA Polylactic acid
ABS Acrylonitrile butadiene styrene

References

1. Jakus, A.E. An Introduction to 3D Printing-Past, Present, and Future Promise. 3D Print. Orthop. Surg. 2018, 1–15. Available online:
https://www.sciencedirect.com/science/article/pii/B9780323581189000014 (accessed on 16 July 2022). [CrossRef]

2. Delda, R.N.M.; Basuel, R.B.; Hacla, R.P.; Martinez, D.W.C.; Cabibihan, J.-J.; Dizon, J.R.C. 3D Printing Polymeric Materials for
Robots with Embedded Systems. Technologies 2021, 9, 82. [CrossRef]

3. Thiam, B.G.; El Magri, A.; Vanaei, H.R.; Vaudreuil, S. 3D Printed and Conventional Membranes—A Review. Polymers 2022,
14, 1023. [CrossRef]

4. Tian, M.; Chen, C.; Han, A.; Ye, M.; Chen, X. Estimating Thermal Insulation Performance and Weather Resistance of Acrylonitrile-
Styrene-Acrylate Modified with High Solar Reflective Pigments: Pr3+/Cr3+ Doped BaTiO3. Sol. Energy 2021, 225, 934–941.
[CrossRef]

5. Mao, Z.; Zhang, J. Largely Improved the Low Temperature Toughness of Acrylonitrile-Styrene-Acrylate (ASA) Resin: Fabricated
a Core-Shell Structure of Two Elastomers through the Differences of Interfacial Tensions. Appl. Surf. Sci. 2018, 444, 345–354.
[CrossRef]

6. Sánchez, D.M.; de la Mata, M.; Delgado, F.J.; Casal, V.; Molina, S.I. Development of Carbon Fiber Acrylonitrile Styrene Acrylate
Composite for Large Format Additive Manufacturing. Mater. Des. 2020, 191, 108577. [CrossRef]

7. Xiang, B.; Zhang, J. A New Member of Solar Heat-Reflective Pigments: BaTiO3 and Its Effect on the Cooling Properties of ASA
(Acrylonitrile-Styrene-Acrylate Copolymer). Sol. Energy Mater. Sol. Cells 2018, 180, 67–75. [CrossRef]

8. Qi, Y.; Zhang, J. Chemically Modified Sb2O3, a New Member of High Solar-Reflective Material Family, Incorporating with ASA
(Acrylonitrile-Styrene-Acrylate Copolymer) for Fabrication of Cooling Composite with Lower Wetting Behavior. Compos. Part B
Eng. 2019, 162, 112–121. [CrossRef]

9. Raj, S.A.; Muthukumaran, E.; Jayakrishna, K. A Case Study of 3D Printed PLA and Its Mechanical Properties. Mater. Today Proc.
2018, 5, 11219–11226. [CrossRef]

10. Meyer, T.K.; Tanikella, N.G.; Reich, M.J.; Pearce, J.M. Potential of Distributed Recycling from Hybrid Manufacturing of 3-D
Printing and Injection Molding of Stamp Sand and Acrylonitrile Styrene Acrylate Waste Composite. Sustain. Mater. Technol. 2020,
25, e00169. [CrossRef]

11. Magadum, S.; Gilorkar, A.; Amol Deepak, M.; Rakshith, B.S. Design, Simulation and Experimental Investigation of 3D Printed
Mechanical Metamaterials. In Proceedings of the 2021 International Solid Freeform Fabrication Symposium 2021, Austin, TX,
USA, 2–4 August 2021; University of Texas at Austin: Austin, TX, USA, 2021; pp. 2–12. [CrossRef]

12. Huang, J.; Luo, Y.; Gao, X. Morphology and Mechanical Properties of Acrylonitrile-Styrene-Acrylate Toughened Plastics with
Block Copolymer Chain Structure. Polym. Eng. Sci. 2019, 59, 389–395. [CrossRef]

13. Huang, J.; Kuo, C.; Tsai, H. Stiffness Enhancement, Anti-Aging, and Self-Forming Holes in Polycarbonate/Acrylonitrile-Styrene-
Acrylic by the Core-Shell Structure of Acrylic ResinStructure of Acrylic Resin. Polymers 2022, 14, 782. [CrossRef] [PubMed]

14. Zhang, K.; Hamza Bichi, A.; Yang, J. Effect of Acrylonitrile Styrene Acrylate on Mechanical, Thermal and Three-Body Abrasion
Behaviors of Eucalyptus Fiber Reinforced Polyvinyl Chloride Composite. Mater. Res. Express 2021, 8, 025305. [CrossRef]

15. Xiang, B.; Zhang, J. Effects of Content and Surface Hydrophobic Modification of BaTiO 3 on the Cooling Properties of ASA
(Acrylonitrile-Styrene-Acrylate Copolymer). Appl. Surf. Sci. 2018, 427, 654–661. [CrossRef]

26



Polymers 2022, 14, 3256

16. Veselý, P. Nozzle Temperature Effect on 3D Printed Structure Properties. In Proceedings of the ELEKTROTECHNOLÓGIA 2019,
Zuberec, Slovakia, 21–23 May 2019.

17. Dey, A.; Yodo, N. A Systematic Survey of FDM Process Parameter Optimization and Their Influence on Part Characteristics.
J. Manuf. Mater. Process. 2019, 3, 64. [CrossRef]

18. Ramezani Dana, H.; Barbe, F.; Delbreilh, L.; Ben Azzouna, M.; Guillet, A.; Breteau, T. Polymer Additive Manufacturing of ABS
Structure: Influence of Printing Direction on Mechanical Properties. J. Manuf. Process. 2019, 44, 288–298. [CrossRef]

19. Popescu, D.; Zapciu, A.; Amza, C.; Baciu, F.; Marinescu, R. FDM Process Parameters Influence over the Mechanical Properties of
Polymer Specimens: A Review. Polym. Test. 2018, 69, 157–166. [CrossRef]

20. Raam Kumar, S.; Sridhar, S.; Venkatraman, R.; Venkatesan, M. Polymer Additive Manufacturing of ASA Structure: Influence of
Printing Parameters on Mechanical Properties. Mater. Today Proc. 2020, 39, 1316–1319. [CrossRef]

21. Ganapathy, S.B.; Sakthivel, A.R.; Sultan, M.T.H.; Shahar, F.S.; Shah, A.U.M.; Khan, T.; Sebaey, T.A. Effect of Prosopis Juliflora
Thorns on Mechanical Properties of Plastic Waste Reinforced Epoxy Composites. Polymers 2022, 14, 1278. [CrossRef]

22. ASTM D638-14; Standard Test Method for Tensile Properties of Plastics. ASTM International: West Conshohocken, PA, USA, 2014.
[CrossRef]

23. ASTM D790-17; Standard Test Methods for Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating
Materials. ASTM International: West Conshohocken, PA, USA, 2017. [CrossRef]

24. Guessasma, S.; Belhabib, S.; Nouri, H. Microstructure, Thermal and Mechanical Behavior of 3D Printed Acrylonitrile Styrene
Acrylate. Macromol. Mater. Eng. 2019, 304, 1800793. [CrossRef]

25. Ezeh, O.H.; Susmel, L. Fatigue Strength of Additively Manufactured Polylactide (PLA): Effect of Raster Angle and Non-Zero
Mean Stresses. Int. J. Fatigue 2019, 126, 319–326. [CrossRef]

26. Sakthi Balan, G.; Nandha Gopan, S.; Santhosh Kumar, V.; Ravichandran, M. Effect of Chemical Treatment on Mechanical
Properties of Prawn Antenna Reinforced Waste Plastic Particulates Filled Polymer Composites. Mater. Today Proc. 2020, 33,
3668–3675. [CrossRef]

27. Dizon, J.R.C.; Espera, A.H.; Chen, Q.; Advincula, R.C. Mechanical Characterization of 3D-Printed Polymers. Addit. Manuf. 2018,
20, 44–67. [CrossRef]

27





Citation: Melchor-Martínez, E.M.;

Macías-Garbett, R.;

Alvarado-Ramírez, L.; Araújo, R.G.;

Sosa-Hernández, J.E.;

Ramírez-Gamboa, D.; Parra-Arroyo,

L.; Alvarez, A.G.; Monteverde, R.P.B.;

Cazares, K.A.S.; et al. Towards a

Circular Economy of Plastics: An

Evaluation of the Systematic

Transition to a New Generation of

Bioplastics. Polymers 2022, 14, 1203.

https://doi.org/10.3390/

polym14061203

Academic Editor: Maya Jacob John

Received: 5 February 2022

Accepted: 10 March 2022

Published: 17 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Review

Towards a Circular Economy of Plastics: An Evaluation of the
Systematic Transition to a New Generation of Bioplastics

Elda M. Melchor-Martínez 1, Rodrigo Macías-Garbett 1, Lynette Alvarado-Ramírez 1, Rafael G. Araújo 1,

Juan Eduardo Sosa-Hernández 1, Diana Ramírez-Gamboa 1, Lizeth Parra-Arroyo 1, Abraham Garza Alvarez 2,

Rosina Paola Benavides Monteverde 2, Karen Aleida Salazar Cazares 2, Adriana Reyes-Mayer 3,

Mauricio Yáñez Lino 4, Hafiz M. N. Iqbal 1,* and Roberto Parra-Saldívar 1,*

1 Tecnologico de Monterrey, School of Engineering and Sciences, Monterrey 64849, Nuevo Leon, Mexico;
elda.melchor@tec.mx (E.M.M.-M.); rodrigo.macias@tec.mx (R.M.-G.); a00814259@tec.mx (L.A.-R.);
rafael.araujo@tec.mx (R.G.A.); eduardo.sosa@tec.mx (J.E.S.-H.); diana.ramirez.gamboa@tec.mx (D.R.-G.);
a01036078@tec.mx (L.P.-A.)

2 Cadena Comercial OXXO S.A de C.V., Monterrey 64480, Nuevo Leon, Mexico;
abraham.garza@oxxo.com (A.G.A.); rosina.benavides@oxxo.com (R.P.B.M.);
karen.salazar@oxxo.com (K.A.S.C.)

3 Centro de Caracterización e Investigación en Materiales S.A. de C.V., Jiutepec 62578, Morelos, Mexico;
areyes@cecim.com.mx

4 Polymer Solutions & Innovation S.A. de C.V., Jiutepec 62578, Morelos, Mexico; myanezl@polysol.com.mx
* Correspondence: hafiz.iqbal@tec.mx (H.M.N.I.); r.parra@tec.mx (R.P.-S.)

Abstract: Plastics have become an essential part of the modern world thanks to their appealing
physical and chemical properties as well as their low production cost. The most common type of
polymers used for plastic account for 90% of the total production and are made from petroleum-based
nonrenewable resources. Concerns over the sustainability of the current production model and the
environmental implications of traditional plastics have fueled the demand for greener formulations
and alternatives. In the last decade, new plastics manufactured from renewable sources and biological
processes have emerged from research and have been established as a commercially viable solution
with less adverse effects. Nevertheless, economic and legislative challenges for biobased plastics
hinder their widespread implementation. This review summarizes the history of plastics over the
last century, including the most relevant bioplastics and production methods, the environmental
impact and mitigation of the adverse effects of conventional and emerging plastics, and the regulatory
landscape that renewable and recyclable bioplastics face to reach a sustainable future.

Keywords: bioplastics; biobased plastics; plastic degradation; bioplastic sources; plastic business
case; bioplastic legislation

1. Introduction

Since the creation of the first synthetic polymers in the 20th century, plastics have
become an essential material in human activities due to their valuable characteristics,
such as their low cost of production and broad potential applications. It is estimated that
370 billion tons of plastic materials are produced each year, a trend that is not expected
to diminish in upcoming years [1]. Plastics are highly praised due to the ease of their
production and diversity of applications thanks to their properties of durability, sturdiness,
and lightweightedness, which are unmatched by other material categories and the current
proposed alternatives [2].

Although there are an estimated 60,000 different plastic formulations, only six poly-
mers account for 90% of the total plastic production: polypropylene (PP), high-density
polyethylene (HDPE), low-density polyethylene (LDPE), poly(ethylene terephthalate)
(PET), polyvinyl chloride (PVC), polystyrene (PS), and polyurethane (PU) [3]. The most
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common synthetic polymers are manufactured from petroleum-derived compounds, a
nonrenewable resource that has raised concerns over its long-term sustainability, as its fab-
rication model uses declining resources at increasing prices [4]. Moreover, these resources
are not being used efficiently. Single-use plastics consume 1.6 billion liters of oil and are
disposed of immediately after use, with a limited possibility of recycling [5].

The lack of management strategies for plastics once they reach the end of their lives,
coupled with the inherent durability of polymeric materials, has given rise to the improper
disposal of plastic products and the accumulation of plastic-related particles. This issue
has been exacerbated by single-use plastics and an increase in the production of personal
protection equipment brought on by the COVID-19 pandemic [6]. Plastic is the predominant
type of human waste found in freshwater reservoirs, accounting for 57% of the total debris
by weight [7]. Discarded plastics subjected to natural degradation turn into secondary
microplastics, an emerging contaminant category of concern that often appears in modern
research due to its potential effects on the environment and wildlife, as well as its status as
a vector for adjunct pollutive particles such as heavy metals and hormone disruptors [8].

The critical impact of plastics on the environment as well as on human health, coupled
with the need for sustainable methods to produce synthetic plastic analogues to alleviate
the global demand, has been considered by policymakers and scientists in recent years. In
the UN Global Sustainable Development goals, Goal #14 specifically mentions the need
to mitigate the impact of plastic (Indicator 14.1.1 (b)—extraordinary efforts are required
to reduce microplastic discharge into marine and freshwater ecosystems [9]), and another
12 goals relate to the alleviation of the problems created by the plastic industry in the
human health and environmental spheres [10]. Nevertheless, the plastic alternatives that
are currently presented lack widespread adoption. This is mainly due to their perceived
inferiority, the lack of large-scale production processes to sustain their demand, and the
higher costs associated with their production [11]. In recent years, bioplastics have been
proposed as a promising alternative to conventional plastics because of their similar prop-
erties. The fabrication of this branch of polymeric materials has certain advantages over
petroleum-based resins, such as their renewable nature and lower costs of industrial-grade
production [12]. Bioplastics have recently been adopted for a few applications, such as
single-use plastics and 3D-printing materials; however, their sustainability and ecocom-
patibility have remained a topic of discussion. Their widespread usage has been hindered
by technical limitations in the production processes, as they offer lower yields than their
petroleum-based parallels [13].

This article summarizes the historical relevance of plastic materials, their adoption
and evolution, their current shortcomings, and the emerging trends in biobased plastic
manufacturing and implementation. The environmental effects of conventional and emerg-
ing plastics are approached, as well as their mitigation strategies and the main applications
of recent alternative materials. The challenges and opportunities of these biological plastics
are discussed, as well as the relevant market in the context of the modern demands for
plastic materials. The relevant legislation that concerns plastic production, certification,
and the regulation of its disposal is also briefly discussed.

2. Historical Development of Plastic Materials: A Brief Timeline

The field of plastics is currently extremely prevalent in research and innovation, par-
ticularly with relation to new polymeric products, with a focus on their application and
performance. Nevertheless, some concerns remain regarding their production, commer-
cialization, and final disposal. The synergy between biotechnology, bioeconomy, and the
chemical industry provides possible solutions to these problems [14].

Records of the use of plastics date from as early as a few centuries ago. Ancient
civilizations around the world used materials such as resins, insoluble oils, and amber
similarly to how we use plastics today. The first reference to rubber concerned cultures
native to Central America who congealed latex to create waterproof shoes. In 1839, Charles
Goodyear, an American inventor, discovered the elasticity and resistance of rubber heated
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with sulfur (Figure 1). This process was termed vulcanization and patented in 1844.
Subsequently, ebonite was created and became relevant because it was thermosetting and
was prepared from a natural material, rubber, though with larger quantities of sulfur. In
the 1850s, the conditions for controlling the nitration of cellulose were optimized in Europe.
A solid residue was produced from solvent evaporation, which demonstrated elastic and
waterproofing properties. In 1862, Parkesine was prepared by the dissolution of cellulose
nitrate in minimal solvent [15]. In 1863, two materials that had similar characteristics to
Parkesine were developed: xylonite and ivoride. In 1869, billiard balls were being made
out of cloth, ivory dust, and shellac in the US. In 1872, the term celluloid was first used to
describe a material obtained from cellulose nitrate and camphor. The first protein-based
member of the natural polymer family was developed in Germany in 1897 out of casein
that was reacted with formaldehyde. Casein was separated from milk by coagulation.
The formalized casein was used in buttons, dress ornaments, necklaces, manicure sets,
pens, and other decorations. In 1899, ebonite was patented in the UK. It was made by
reacting phenol and aldehyde resins and was used as an electrical insulation. In 1927, a
nonflammable replacement for celluloid was created, called cellulose acetate, which was
extensively used for artificial fibers [16].

Figure 1. Timeline of plastics from 19th to 21st century. Designed online at Freepik.com [Last accessed
23 February 2022].

Between 1930 and 1940, the current major industrial thermoplastics derived from
ethylene were created: polystyrene (PS); poly(vinyl chloride) (PVC); and polyolefins, such
as polyethylene (PE), polypropylene (PP), and polymethylmethacrylate (PMMA). During
World War II (WWII), PMMA, a rigid, transparent plastic, was used for aircraft glazing
and, to a lesser extent, in denture manufacture. The first polyurethane was synthesized
by Otto Bayer in Leverkusen, Germany, in 1937 [17]. The diversity of raw materials that
could act as sources for polyurethane production, as well as its wide range of uses, enabled
the wide application of plastics in settings such as buildings, automobiles, coatings, and
sealants [18].

More materials were designed before World War II. One was nylon, a sticky, bendable
material, first formulated in 1933. Afterwards, during WWII, polyamide 66 and Teflon
were discovered in 1941. During the mid-1950s, high-density polyethylene (PE) was
produced, followed by polypropylene (PP). In 1956, polycarbonates were developed in
the United States and Germany simultaneously. A variety of copolymers and blends were
produced during the period 1960–2000. In the 1960s, there was a growth in the variety
of synthetic fibers. Two important fibers to note were Nomex®® and Kevlar®®, the first
meta-aramid and para-aramid fibers created by DuPont™. Nomex®® had a higher melting
temperature [19], while Kevlar®®. had a structure that allowed it to create composites [20],
replacing steel fibers in racing tires and later being used for consumer products and human
armor [21].

Polybutylene terephthalate was introduced in 1969, and later, polycyclohexylenedimet
hylene terephthalate, which was a plastic polyester with a higher melting temperature.
High-performance thermoplastics were introduced during the 1970s and 1980s and could
withstand temperatures of above 200 ◦C. In 1977, polyetherether ketone (PEEK) was
invented, followed by polyether sulfone (PES) in 1983. In 1990, polyhydroxybutyrate
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was commercially produced under name “Biopol”. In the late 1990s, ethylene, propylene,
and styrene were first introduced [22]. In the 2000s, the field of plastics was focused
on materials produced from vegetable sources. Considerable research was carried out
in bioplastics such as polyhydroxyalkanoate and poly-lactic acid (PLA) extracted from
sugarcane, corn, and rice [23]. They were considered alternatives to petroleum-based
plastics and could be biodegraded. Biobased polymers such as bio-polyethylene (bio-PE)
and bio-poly(ethyleneterephthalate) (bio-PET) have been produced for its functionality
and considerable capacity in packaging application. In 2019, biobased polypropylene was
produced at a commercial scale, and its production capacity is expected to quadruple by
2025 [12,24].

3. Environmental Impact and Health Effects of Synthetic Plastics and Bioplastics

3.1. Plastic Degradation and Insertion into the Environment: An Overview

The affordability and desirability of plastic have enabled its ubiquity in all aspects
of human development. Plastic production reached 368 million metric tons in 2019 and
is projected to reach a total of 1.1 billion metric tons by 2050 [1,25]. Despite recent efforts,
local and global policies for plastic disposal and handling after products have reached the
end of their lifetimes have lagged behind production and consumption patterns, promot-
ing the unregulated discharge of plastic materials into the ecosystem [26]. The stability
conferred by the polymeric nature of plastics hinders their degradation in the environment
by natural means. This results in the accumulation of plastics in the ecosystem as well as
the macroscopic fragmentation of plastic particles through mechanical erosion, ultraviolet
weathering, and biological assimilation, meaning that extended periods are needed for
their complete breakdown beyond just their chemical degradation [27].

Once a plastic product is disposed of, its final fate can vary according to its geographi-
cal location; the available waste management infrastructure; the economy; and the intrinsic
properties of the discarded product, such as its morphology and composition. Plastic waste
can either be primed for reuse or recycling, managed through landfilling and incineration,
or directly disposed of into the environment [1]. Unlawful means of plastic disposal such
as littering and unregulated landfills also represent a significant source of plastic entry into
ecosystem elements such as rivers and soil [28]. The plastics’ morphology and chemical
nature also determine the polluting potential of discarded products. The diversity and
complexity of the interactions between plastic sources, compositions, morphologies, entry
pathways, and degradative mechanisms hamper the development of a holistic understand-
ing of the global plastic pollution issue, preventing practical and integral actions to mitigate
its environmental impact (Figure 2) [29].

 
Figure 2. Insertion pathways of plastic-related pollutants into the environment. Designed online at
flaticon.com [Last accessed: 23 February 2022].

As mentioned previously, the chemical nature of plastic hinders its quick breakdown
in the environment. It tends to accumulate in soil, freshwater reservoirs, and oceans.
Plastic permanence is estimated to last hundreds or even thousands of years, depending
on factors that facilitate passive ageing and degradation. The onset of polymer decay is
triggered by ultraviolet degradation and thermo-oxidative reactions promoted by the sun
and environmental components such as beaches and pavements [30]. Plastics may also
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degrade mechanically through erosion caused by continuous contact with rocks, wind,
and water, which shear and tear plastic particles [31]. Finally, plastics may also degrade
through biological means, either by the chewing and digestion of macroscopic animals or
by the microscopic biodegradation mediated by bacteria, fungi, and other biologic actors
(Figure 3) [32].

Figure 3. Size, features, and related effects of plastic-derived pollutants in the trophic chain. Designed
online at flaticon.com [Last accessed: 23 February 2022].

The natural routes of watersheds transfer plastic waste from soil-based landfills into
water bodies. Although pollution models have traditionally considered oceans as the final
destination of plastic waste, freshwater networks have recently been recognized as both
an active transport vector and a retention platform for polymeric waste [33]. The size and
composition distribution of plastic pollutants in rivers is heterogeneous and characterized
by retention in riverbeds, sediments, and vegetation reported throughout the world in
landmarks such as the Great Lakes [34], the Danube River [35], the Ganges River [36], and
the Thames River [37], to cite some examples. Polymer particles may then be ingested
or absorbed by organisms, inserting plastics into the ecosystem’s trophic chain [38]. The
presence of plastic particles in freshwater also poses a threat to human health, as it is the
primary source of drinking water worldwide, and the presence of microplastics has been
reported in local water-supply networks [39,40]. Oceans represent the major worldwide
sink for discarded plastic through natural transport pathways, and this is exacerbated by
the indiscriminate product disposal caused by human activities such as fishing, commerce,
industry, and tourism. Oceans are thus cited as the ecosystem most affected by human
plastic pollution, which impacts the marine biosphere in all degrees and interactions [41].
Marine plastic debris floats and is diffused by global currents, acting as a carrier and a
passive modifier of local ecosystems, introducing foreign particles and organisms, and
potentially disrupting local environment interactions. Marine plastic is also deposited
on beaches and shores. The persistence of marine plastic also favors material inflow as
opposed to outflow mechanisms such as degradation, leading to product accumulation,
with the Great Pacific Patch being the most well-known marine plastic reservoir in the
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world [42]. The uptake of plastic particles by living organisms has also been studied and
reported at macroscopic as well as microscopic trophic levels; nonetheless, the fate of this
uptaken plastic, whether retained in tissues or excreted, is poorly understood [43].

Plastic fragments in soil are accumulated and distributed according to their particle
size and the local environment dynamics, becoming a feature that alters soil properties and
health. Microplastics can hinder soil density and bulk volume, affecting water retention
and promoting the diffusion of other pollutants by creating surfaces with high adsorption
coefficients [44]. The presence of plastic particles in terrestrial ecosystems negatively
impacts biological developments at macroscopic and microscopic levels. Plastic debris
may be ingested by soil-based organisms such as earthworms that act as microplastic
concentrators, accumulating in their tissues [45]. Microplastics can thus be found in the
terrestrial food supply chain through the ingestion of such organisms by poultry, later
leading to negative implications for human health and posing a severe risk of microplastic
exposure and ingestion [46]. An investigation conducted by Sun et al. [47] demostrated
that polymer particles can also impact soil bacterial consortia, changing the composition of
bacterial communities directly related to microplastic concentration and morphology.

The pathways through which plastic and related contaminants enter the atmosphere
have been proposed, yet there still remains a knowledge gap. The incineration of plastic
products is a common waste-management strategy for energy recovery, along with recycling
and landfilling, as these are proposed as low-cost solutions that require minimal space [48].
Nevertheless, plastic incineration leads to the emission of hazardous contaminants and
poses a risk to human and animal health while disrupting the environment through the
release of carcinogenic and mutagenic compounds [49]. Plastic debris may also enter the
atmosphere by mechanisms of natural erosion of predominantly synthetic textiles in the
form of microfibres [50]. The fate of airborne plastic particles may vary according to the
local ecosystem conditions, and they can be deposited into water ecosystems and soil,
where they can be become airborne again in a dynamic cycle [51]. Plastic particles can
also be inhaled and deposited in animal respiratory tracts, providing another pathway for
trophic accumulation and transport [52].

3.2. Macroplastics

Macroplastics constitute a significant component of human litter and are commonly
defined as plastic pieces over 25 mm in size [53]. This class of plastic debris impacts
landscapes and ecosystem biology and serves as a source of secondary microplastics [54].
It is estimated that macroplastics kill 1 million marine animals through ingestion and
entanglement [55], and the recent onset of the COVID-19 pandemic has exacerbated the
disposal of single-use plastic products in the form of personal protection equipment,
packaging, disposable cutlery, and containers [56,57].

Macroplastics have a negative impact on the environment due to their several haz-
ardous effects. Depending on their nature, discarded plastic products have the potential to
entrap organisms, hindering their mobility and visual capacity [58]. Macroplastics also act
as vectors for the conveyance of undesirable ecosystem elements and pollutants through
agglomeration and passive transport through water and air currents, exacerbated through
climatic events such as rain and hurricanes [59], and may introduce nonindigenous species
to foreign biospheres, such as mollusk stocks and algae dispersal through a mechanism
known as rafting [60].

Animals may actively ingest macroscopic products which can be regurgitated, ex-
creted, or retained for extensive periods [61]. In the latter case, plastic pieces large enough
may cause gut blockage, starvation, or reduced nutrient absorption, leading to animal
mortality [62]. Over time, plastic ingestion may act as an evolutionary trap, affecting the
viability of animal populations and overall species through the persistent risk of prey
resemblance and ever-increasing animal–plastic encounters [63].

Sizeable plastic debris is also likely to accumulate at drainage basin constrictions,
causing blockages and leading to increased risks of flooding and raised water levels [64]. In
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urban settings, the blockage of drainage and sewer systems causes undesirable effects such
as bad smells in streets and propitiates the spread of diseases such as cholera and typhoid
through contaminated drinking water [65]. In natural ecosystems, water obstructions
promoted by plastic accumulation may promote changes in the hydrodynamics of rivers
and lakes, altering the immediate landscape by the accidental creation of ponds during
rainfall, leading to biofouling [66]. Floods caused by plastic blockages also provide a
breeding opportunity for vector arthropods, increasing the risk of infectious viral and
parasitic diseases in prolonged inundated zones [67].

Macroplastics can have adverse effects on soil, as they disrupt its physical and chemi-
cal properties. Plastic particles on land can alter the floor salinization and the root insertion
of neighboring plants, with potential effects on the emergence of crops of agricultural
interest [68]. Macroscopic plastic debris has also been evidenced to directly block photo-
synthesis and entangle plant seedlings, having a considerable impact in plant survivability
in ecosystems deeply affected by littering [69]. Soil can also preserve plastic through
earth-borne biota, such as earthworms, which are reported to burrow plastic particles
that hinder solar-dependent degradation through UV radiation and lead to slow plastic
decomposition [70].

3.3. Microplastics

The term microplastic has been commonly used in literature to describe a broad as-
sortment of plastic-derived particles classified according to their size. Although the term is
widespread and standard, the complexity and variety of microplastic compositions and
morphologies are often overlooked in categorizing these contaminants [71,72]. This simpli-
fication has led to the inadequacy of studies and protocols that assess the environmental
effect of microplastics, the irreproducibility of strategies for microplastic detection, and the
ineffectiveness of pollutant-mitigation governance strategies [73].

Microplastic particles have become ubiquitous in all environments, and their presence
has been reported in air, water, and soil ecosystems, as well as in food [74]. The primary
sources of entry into the environment are either the release of synthetically designed
plastic microparticles included in functional products such as cosmetics, drugs, and pellets
(primary microplastics) or by the natural degradation of larger plastic debris through
the previously discussed processes (secondary microplastics) [75]. The composition of the
plastic in addition to its physical properties, environmental effects, and exposure time define
a microplastic particle [30,76]. Its interaction with environmental elements, accumulation,
and association with other plastic and pollutive particles, given by its physical properties,
define its effects on the ecosystem [77]. Microplastic particles have a variety of shapes,
including spheres, fibers, fragments, and films, each related to their source and composition
with a varying pollutive potential through their macroscopic and microscopic biological
effects [78].

The emission of plastic residues into aquatic environments is estimated to be between
4.8 and 12.7 million metric tons annually [79]. A fraction of such debris is degraded to
create microparticles, along with the direct discarding of primary microplastics through
water drainages. Once in oceans and freshwater reservoirs, microplastic can be ingested by
fish and plankton and be inserted into food chains through trophic exchange into larger
predators and humans, ultimately affecting these species through the consumption of
contaminated prey [52]. Microplastics can float and drift in the water surface of oceans
and rivers, interfering with surface microbiota and inhibiting the photosynthetic efficiency
of algal plants, diminishing available nutrients in the marine ecosystem [80]. Degraded
microplastic particles can also be deposited in the marine environment. Once there, they act
as pollutant liberators, slowly releasing adjunct chemical pollutants such as endocrinal dis-
ruptors (BPA), while their further degradation is limited due to the inhibition of ultraviolet
degradation that converts river and ocean beds to central microplastic repositories [81,82].

Microplastics possess a large surface area and adsorptive potential, which allow them
to interact with other organic molecules, heavy metals, and other microplastics, making
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them a pollutant vector [83]. In the case of heavy metals, PVC and PS microparticles
have been reported to have a solid interaction with copper and zinc, common elements
found in chemical additives such as paint [84,85]. Bioactive molecules such as pesticides
and antibiotics have also been reported to have sorption activity through microplastic
molecules, making them a bigger hazard in estuaries compared to oceans and freshwater
due to a higher concentration of contaminant particles [86].

Human life is threatened by microplastics through several means. The ingestion of
plastic particles through contaminated food is considered the main route of human expo-
sure and can have molecular effects in cancer, obesity, and other oxidative-stress-related
conditions. Additives found in microplastics, such as bisphenol A, are also endocrine
disruptors that hinder proper development and have adverse reproductive effects [87].
Microplastic particles can also be inhaled, accumulating in lung tissue and causing cytotoxic
effects in pulmonary cells, resulting in bronchial inflammation, fibrosis, allergic reactions,
and interalveolar lesions [88]. Human exposure to airborne microplastics is estimated at
272 particles per day and is influenced by the material’s nature, the performed activity,
the quality of ventilation, and the particular season [89]. It is estimated that the primary
microplastic morphology in the atmosphere is microfibers composed of nylon, polyester,
and acrylic [90].

3.4. Other Plastic-Derived Pollutants

Besides the polymeric backbone, other chemicals are frequently added to synthetic
plastics to heighten the qualities of the final product, such as the color, mechanical features,
and stability. The classification of additives is as diverse as that of plastic polymers and
includes plasticizers, antioxidants, dyes, lubricants, and fillers [87]. The release of chemical
pollutants in conjunction with plastic debris particles may occur at all steps of the plastic
lifecycle. The release of such compounds is mediated by the composition of the plastic and
additive blend, the dynamic of the plastic particle with the additive, and the interaction of
the compound with the environmental features (e.g., leachate solubility) [91].

Plasticizers are frequently employed to improve polymeric mechanical features, such
as the flexibility and processability of polymer resins [84]. Over 90% of produced plasticiz-
ers are used to enhance PVC properties, expected to reach 59 million tons in 2020 [92,93].
Phthalic acid esters are the most used plasticizers globally, di(2-ethylhexyl) phthalate
(DEHP) being the most pervasive plasticizer added to plastic [94]. Phthalates are not
covalently associated with the polymeric matrix, and the mechanical wearing of the plastic
product allows its migration to food and the environment [93]. Phthalate esters are rec-
ognized as a predominant category with contaminant effects, and their occurrence in all
aspects of the environment has been comprehensively reported. This category of plastic
additives has been recognized as potentially hazardous to the environment and human
health through endocrine disruption [95]. DEHP also has a low toxicity threshold (LC50 of
0.50 ppm), causing embryonic mortality and necrosis in potentially exposed animals such
as zebrafish [96,97].

The deleterious effect of phthalates on human health is documented and includes
the alteration of estrogenic levels, infertility, asthma, diabetes, hyperglycemia, and en-
dometriosis [98]. Phthalate exposure has also been associated with an increased BMI and
the diagnosis of obesity in children [99]. The effects of DEHP exposure may also increase
multigenerational hepatic fibrosis risk through the alteration of regular DNA methyla-
tion patterns [100]. Microplastics are considered a source of phthalate emission in the
environment, and the high hydrophobicity and surface area of plastic particles enable the
adsorption and transport of phthalates into water, soil, and sediment deposition [101].
The most frequent human entry pathway for such a family of compounds is ingesting
contaminated foods that have come into contact with phthalate-supplemented packag-
ing [102], followed by microplastic consumption through the drinking of contaminated
water sources [103].
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Different kinds of technologies can also promote the oxidative degradation of synthetic
plastic based on fossil resources. This approach is frequently proposed as a pathway to
minimize the environmental impact through the enhanced breakup of plastic resins without
compromising their functionality [104]. Pro-oxidative additives are based on the salts of
transition metal ions such as Co2+, Fe2+, or Ni2+, which stimulate the degradation of
polymeric chains in the presence of oxygen and heat or radiation [105]. The most widely
used commercial oxodegradable additives are d2w and TDPAs (totally degradable plastic
additives); both are based on a combination of manganese, iron, cobalt, and nickel salts [106].
Oxodegradable plastics have enjoyed widespread adoption recently due to the technical
feasibility of their implementation in already established manufacturing processes [107].

Concern has been raised over using transition metal compounds as additives designed
to degrade environmental elements. Oxoplastics may then contribute and accelerate the
production and accumulation of microplastics worldwide, and legislative regulations have
recently been imposed due to the ambiguous nature of the conditions needed to degrade
the modified resins completely [108]. The incomplete fragmentation of oxodegradable
plastics also challenges their proenvironmental viability, as studies conflict with the true
degradative capabilities of discarded oxoplastics. The usage of pro-oxidative additives
does not ensure the complete degradation of plastics and may require special conditions
nonreplicable in the environment [109]. However, transition metal salts have been regarded
as safe due to their design as fatty acid salts of potential nutrient microelements [110].

Research has argued that the degradation pathway of oxoplastics may be further
assisted by biological mechanisms. The term oxo-biodegradable plastics refers to the two-
stage degradation of additive-enhanced polymers. The first stage of degradation occurs by
physical phenomena such as ultraviolet light and erosion, and the resulting plastic particles
are then degraded by microorganisms through enzymatic pathways [111]. The addition of
an oxodegradable additive has been found to enhance complete biodegradation with no
toxicological effects on the obtained compost [107]. The resulting oligomers from photo-
oxidized plastics have also been used as a carbon source for bacterial β-oxidation. Such a
phenonmenon was observed when Rhodoccocus rhodochrous was observed to assimilate
polyethylene film oligomers, leading to their biodegradation [112]. Both degradation mech-
anisms are considered biologically compatible, and the degradation of oxoenabled waste
can be accelerated by metabolic action through compatible enzymes [113]. The findings of
such reports show that the use of oxidant additives to promote plastic degradation may be
justified from a combined physical and biological mechanism standpoint.

The Parliament of the European Union has carried out a ban on oxodegradable plastics
under the “lack of evidence that oxo-degradable plastics are fully degraded in a reasonable
time, are not appropriate for recycling or composting, and there is a risk that small plastic
pieces will not completely biodegrade” [104]. Bioplastics are a better alternative in terms of
complete product degradation versus oxo-bioplastics [114].

4. New Generations of Plastics

Bioplastics are polymers that can be biodegradable or not. Additionally, they can be
synthesized from renewable biological sources such as bacterial, plant, and algal sources.
However, their biodegradability depends on the chemical structure, but not on the sources
used [115,116]. Nowadays, bioplastics represent only around one percent of the total
plastic produced annually. However, it is expected that the demand for bioplastics will
increase [117]. Figure 4 shows the current stages of bioplastic production, from the research
and development stages to the commercial stage.
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Figure 4. Stages of bioplastic production. PLA—polylactic acid; PBAT—poly(1,4-butylene adipate-co-
1,4-butylene terephthalate); Bio-PET—bio-poly(ethylene terephthalate); PHAs—polyhydroxyalkanoates);
Bio-PE—bio-polyethylene; Bio-PBS—bio-polybutylene succinate; Bio-PP—bio-polypropylene.

Bioplastics are generally reported in three categories (Figure 5): (i) fossil-resource-
derived but biodegradable, (ii) partially biobased or biobased and non-biodegradable, and
(iii) biobased and biodegradable [118,119].

 

Figure 5. Scheme of bioplastic classification. PLA—polylactic acid; PHAs—polyhydroxyalkanoates;
Bio-PBS—bio-polybutylene succinate; Bio-PE—bio-polyethylene; Bio-PP—bio-polypropylene; Bio-
PA—bio-polyamide; Bio-PET—bio-poly(ethylene terephthalate); PET—poly(ethylene terephthalate);
HDPE—high-density polyethylene; PVC—polyvinyl chloride; LDPE—low-density polyethylene;
PP—polypropylene; PS—polystyrene; PBAT—poly(1,4-butylene adipate-co-1,4-butylene terephtha-
late); PCL—polycaprolactone; PBS—polybutylene succinate.
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4.1. Biodegradable Plastics from Fossil Resources

Generally, synthetic polymers are obtained from crude oil or natural gas. Most of
these polymers are not biodegradable. Nevertheless, degradability can be achieved by
integrating unstable bonds (e.g., amide, ester, or ether) [120]. Examples of biodegradable
fossil-based plastics are poly(1,4-butylene adipate-co-1,4-butylene terephthalate) (PBAT)
and polycaprolactone (PCL). PBAT is a polyester that is synthesized by polycondensation
from the combination of dicarboxylic acids and diols. PBAT, due to its aliphatic unit in
its molecule chain, has good biodegradability and excellent mechanical properties [121].
PCL is a hydrophobic and biodegradable polymer with sufficient mechanical strength and
flexibility [122]. It has excellent biocompatible properties that enable its use for medical ap-
plications. To enhance their properties, PCL and PBAT can be used in blends with biobased
and biodegradable materials such as polylactic acid (PLA) and polyhydroxyalkanoates
(PHAs), and polybutylene succinate (PBS) [120].

Oxo-biodegradable plastics are composed of petroleum-based polymers such as
polyethylene (PE) with pro-oxidant additives that promote the degradation process [14].
The materials used as additives are generally transition metals such as iron, manganese,
cobalt, and nickel. The additive’s function is to break down the large molecular polymer
chain into smaller fragments that microorganisms can process and convert into biomass
and carbon dioxide (CO2) [104,123]. The degradation of these plastics can be initiated by
UV light, moisture, heat, and microorganisms. Usually, the degradation can be evaluated
by measuring the changes in physical properties such as the loss of molecular weight, the
amount of CO2 evolved, and the microbial growth on the polymer surface. The degradation
of oxo-biodegradable plastics generally takes months to years; however, this length of time
is occasionally unpredictable, because it depends on climate factors such as temperature
and the intensity of solar radiation. The most commercially successful additives used as
pro-oxidants are totally degradable plastic additives (TDPAs), Renatura, AddiFlex, d2W,
and Reverte. AddiFlex is employed to produce single-use plastic bags. Reverte is used for
bottle production, and different companies use d2W for their consumables, such as Pizza
Hut, Walmart, and KFC [104].

4.2. Biobased Non-Biodegradable Plastics

Biobased plastics that are not degradable represent a group of biopolymers such as
bio-polyethylene (bio-PE), bio-poly(ethylene terephthalate) (bio-PET), bio-polyamides (bio-
PAs), and bio-polypropylene (bio-PP) [115]. They can be synthesized from biobased sources
and offer a nearly equal chemical structure and properties to their fossil equivalents. Among
them, bio-PET is the most widely produced bioplastic [124]. Since 2010, the precursors
of PET, ethylene glycol and terephthalic acid (TPA), have been obtained from biological
sources. Nowadays, the Toyota Tsusho Corporation, Japan and Futura Polyesters, the
Coca-Cola–Gevo Venture, and the PepsiCo–Virent Venture are the principal producers
of bio-PET [115]. Bio-PE is obtained from biological resources by the dehydration of
bioethanol, obtained from glucose. Different natural feedstocks can be used to obtain
glucose, such as maize, wheat, sugar cane, and sugar beet. The biopolymer is identical
in its chemical, mechanical, and physical properties to fossil-based PE [115]. According
to European Bioplastics [117], biobased but non-biodegradable plastics represent almost
40% of the global bioplastic production capacity; nevertheless, it is predicted that in the
following years their participation will be lower.

4.3. Biobased and Biodegradable Plastics
4.3.1. Starch

Starch is an essential polysaccharide that plants synthesize and store in their structure
as an energy reserve. It is considered one of the best biopolymers with extraordinary
potential, because it is biodegradable, renewable, and available in huge quantities at a low
cost. Starch could be extracted from different sources such as corn, wheat, potato, rice,
tapioca, tam, and barley. However, most starch is produced from maize [104,125]. Starch
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polymers are divided into two principal forms, amylose and amylopectin; the composition
of these components can affect the properties of starch-based films [126]. Native starches
have limits in their mechanical properties, thermal stability, and brittleness; that is why
plasticizers (sorbitol, glycol, and glycerol) are necessary to improve the bioplastic function-
ality, transforming starch into thermoplastic starch [104]. Additionally, to enhance starch’s
characteristics, attempts have been made to mix it with synthetic polymers, lignocellulosic
biomass, or agricultural waste (Table 1) [125]. Different studies demonstrate the applicabil-
ity of starch bioplastics in shopping bags, food packaging, agriculture, and medicine.

Table 1. Biopolymer production from plants.

Biopolymer Source Reinforcement Plasticizer Reference

Starch Corn and cassava Cola cordifolia Glycerol [127]
Rice and corn Ethanol, rice, and olive oil Sorbitol [128]

Tapioca Sugarcane bagasse fiber Glycerol [129]
Banana peel Glycerol [130]

Corn, potato, and cassava Recycled newspaper pulp fiber Glycerol [131]
Cassava Microcrystalline cellulose Sorbitol [132]
Tapioca Acetyl Tributyl Citrate [133]

Corn Microalgae Nannochloropsis Glycerol [134]
Microalgae Spirulina sp. Poly(vinyl alcohol) [135]

Microalgae Chlamydomonas
reinhardtii 11-32A Glycerol [136]

Cellulose acetate Cotton linters Polyethylene glycol 600 [137]
Flax fibers Polyethylene glycol 600 [137]

Parthenium hysterophorus weed Polyethylene glycol 600 [138]

4.3.2. Cellulose

Cellulose is a polymer which is renewable and is present in large quantities. It is
widely used because it is inexpensive and biodegradable. Cellulose is a polysaccharide
chain that contains D-glucopyranose units joined by β-1,4-glycoside linkages. Cellulose
from plants can be found from wood and non-wood plant lignocellulosic biomasses. It
is the main constituent of plant fiber [139]. Cellulose is a potential film material with a
highly crystalline structure; however, it is not soluble in water or common organic solvents.
For this reason, it needs to be modified to transform it into water-soluble materials [139].
Cellulose acetate is a derivative of cellulose obtained from a chemical modification of
cellulose. It is extensively used in the production of membranes, cigarettes, and food
packaging [138].

Although cellulose is a plant material, some bacteria can produce cellulose, which is
known as bacterial cellulose (BC) [139]. This is an interesting material due to its unique
properties, making it an ideal candidate for industrial-scale production [140]. It has excel-
lent mechanical strength and degradability. Additionally, it is purer than natural cellulose,
and it has a higher water-holding capacity. These characteristics make it a promising natu-
ral polymer with multiple applications in medicine, food, electronics, and other fields [141].
Few companies produce this polymer on a large scale, such as Bowil Biotech (Poland) [140].
However, the high-cost production has limited its applications. Bacterial cellulose can
be synthesized by multiple bacteria species, such as Acetobacter sp. and Gluconacetobacter
sp. [141]. Using by-products and wastewater as raw materials for the synthesis of biopoly-
mer is a strategy for large-scale production at a low cost (Table 2) [142]. The production
of BC from agricultural and industrial waste uses food wastes [141,143,144], wastewater,
and crude effluents [142,145–147]. An important advantage of using these residues is the
reduction in both the cost of production and human waste [146].
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4.3.3. Polybutylene Succinate

PBS is an aliphatic polyester that is synthesized by the condensation of succinic acid
and 1,4-butanediol. Traditionally, the monomers were synthesized from fossil resources;
however, butanediol can be prepared from renewable sources such as renewable biomass
resources and succinic acid from sugar fermentation (Table 2) [148]. Furthermore, PBS has
good mechanical properties comparable to PE and PP, resulting in multiple applications
for food packaging, shopping bags, agriculture mulch film, and hygiene products [120].
Nevertheless, the production cost is high, so future developments are needed to make it
more economically viable [51].

4.3.4. Polylactic Acid

Polylactic acid (PLA) is an aliphatic polyester produced by chemical or biological
methods from cellulosic biomass [120]. It is biodegradable, and its mechanical properties
are equivalent to those of petroleum-based plastics such as PET and PS, in addition to
properties such as biocompatibility, innocuity, and compostability. The Food and Drug
Administration (FDA) allowed the direct contact of the material with food. PLA is produced
from lactic acid through the fermentation of renewable resources such as rice, corn, and
potatoes. The fermentation is performed principally by lactic acid bacteria; however,
different microorganisms have also been used (Table 2) [104]. PLA can be composed of
D- or L-lactic acid isoforms or by both. It is necessary to obtain both isomers in separate
processes [149], as the crystallinity and thermal stability of the final product depends on
the isomer proportion.

PLA is probably the most well-known bioplastic and can be synthesized from re-
newable and natural resources. Its high manufacturing cost must be reduced in order
to produce more bioplastics. Several works in the literature have reported the use of
lignocellulosic wastes and food-derived wastes, such as spent coffee grounds [150], fruit
wastes [149,151,152], alfalfa silages [153], and corn cobs [154] (Table 2). Despite PLA being
extensively adopted, it still has drawbacks such as its cost and its structural breakability
and fragility. Different approaches have been studied to improve its properties, such as the
incorporation of nanoparticles [155].

4.3.5. Polyhydroxyalkanoates

PHAs are natural aliphatic polyesters that consist of R-3-hydroxyalkanoate groups.
There are synthesized by fungal and bacterial strains [156] from different substrates such
as industrial by-products, oils, fats, lignocellulosic raw materials, agroindustrial waste
materials, sugars, and wastewater (Table 2) [157]. PHAs are less porous and therefore trap
less O2, CO2, and H2O, making them suitable for the production of packing materials such
as films, coatings, bottles, and bags [156]. Additionally, PHA has good thermal-mechanical
characteristics similar to synthetic polymers; therefore, it can substitute for PE and PP [118].
PHBs are one of the most studied polyhydroxybutyrates [158]. PHAs are commercialized
by different companies, for example, Metaboli (Woburn, MA, USA); Procter & Gamble
Co., Ltd. (Cincinnati, OH, USA); Tianjin Green Bioscience Co., Ltd. (Tianjin, China);
Bio-on (Emilia Romagna, Italy); Biocycle PHB Industrial S.A. (Serrano, SP, Brazil); and
Goodfellow Cambridge, Ltd. (Huntingdon, UK). The commercialization of this biopolymer
has been increased due to the progress in purification technologies. However, in 2020, PHA
biopolymers represented only 1.70% of the worldwide production of bioplastics [117]; the
high production costs represent the principal reason for the limited production. To make
the production of PHA competitive, it is necessary to use low-value waste materials as
a substrate [159]. Different waste streams have been evaluated (Table 2), such as waste
vegetable oil [160,161] and fruit waste [159,162,163].

41



Polymers 2022, 14, 1203

Table 2. Biopolymer production by microorganisms using agroindustrial residues as a substrate.

Biopolymer Microorganism Production Scale Employed Substrate Productivity Reference

Bacterial cellulose Gluconacetobacter xylinum
BC-11 Wastewater 1.77 g/L [147]

Gluconacetobacter xylinus Wastewater 0.659 g/L [145]
Komagataeibacter

saccharivorans
Static production in

flasks
Crude distillery

effluent 1.24 g/L [142]

Gluconacetobacter oboediens 1 L Crude distillery
effluent 0.85 g/100 mL [164]

Gluconacetobacter
sucrofermentans B-11267 Flask Whey 5.45 g/L [143]

Gluconaceter xylinus BNKC19 Pineapple peel 12.3 g/L [141]

Gluconacetobacter xylinum
CGMCC No.2955

Wastewater of
candied

jujube-processing
industry

2.25 g/L [146]

Bacillus cabrialesii
Grass straw, grass
husk, wheat husk,

and corn cobs
[144]

PHA 1 Pseudomonas putida KT2440 4 BB (3 L) Waste vegetable oil 1.91 g/L [160]

Pseudomonas chlororaphis 555 Pulse-fed batch
fermentation (5 L) Waste cooking oil 13.87 g/L [161]

Pseudomonas resinovorans 4 BB (15 L) Grease-trap waste 0.41 g/g
maximum mcl-PHA2 61.8% [165]

Pseudomonas chlororaphis
subsp. Aurantiaca

4 BB (2 L)
Diluted fruit pulp

waste
0.15 g/g

maximum mcl-PHA2 49% [166]

Halomonas campisalis MCM
B-1027

5 SF 250 mL
Banana and orange

peel
0.329 g/L (banana)
0.11 g/L (orange) [162]

PHB 3 Bacillus cereus 5 SF 250 mL Grape peel 0.53 g/L [159]

Bacillus subtilis 5 SF
Papaya and orange

peels

11.65 g/L (papaya)
9.68 g/L
(orange)

[167]

Klebsiella pneumoniae 5 SF 125 mL
Watermelon, papaya,
orange, and banana

peels

22.61 g/L
23.72 g/L
23.38 g/L
25.11 g/L

[163]

PHB 3 and
mcl-PHA 2

Cupriavidus necator,
Pseudomonas citronellolis

4 BB (10 L) Apple pulp waste 3.03 g/L [168]

L-lactic Bacillus coagulans Sugarcane bagasse 1.7 g/L·h [152]
Bacillus coagulans Corn cob residue 79 g/L [169]
Enteroccus mundtii 350 mL flask Spent sulfite liquor 56.3 g/L [170]

Lactic acid Bacillus subtillis and
Lactobacillus buchneri Alfalfa silage 44.2 g/L [153]

Lactobacillus bulgaricus,
Strepto- coccus thermophilus,

Lactobacillus acidophilus,
Lactobacillus plantarum, and

Lactobacillus casei.

1000 mL bottles Swine manure with
apple waste 28 g/L [151]

Lactobacillus rhamnosus B103 Dairy industry waste 143.7 g/L [171]

D-lactic acid Lactobacillus delbrueckii ssp.
delbrueckii CECT286

4 BB (1 L) Orange peel wastes 6.72 g/L·h [149]

Saccharomyces cerevisiae Spent coffee grounds 13.4 g/L [150]

1 PHA—polyhydroxyalkanoates; 2 bmcl-PHA—medium-chain-length polyhydroxyalkanoate; 3 PHB—polyhydro
xybutyrates; 4 BB—batch bioreactor; 5 SF—shake flask.

4.3.6. Other Natural Sources

Seaweed is an excellent alternative for bioplastic production because seaweeds can
grow fast and are easy to harvest and cheap. To improve their properties, they can be mixed
with other species or materials [172]. Additionally, the use of seaweeds for bioplastics can
reduce the impact on the food chain [123]. Standard methods include washing, milling,
drying, alkalinization, acidification, neutralization, filtration, and precipitation to produce
seaweed bioplastics. Nevertheless, the traditional methods are expensive and have a
low yield. For these reasons, green production methods have gained attention due to
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their high potential and viability [172]. Seaweed polysaccharides can be used for food
industry applications, packaging materials, and coatings [123]. Microalgae also represent a
promising feedstock for bioplastic production due to their fast growth rates. Numerous
researchers have implemented the use of whole microalgae cells such as Spirulina sp. [135],
Chlamydomonas sp. [135], and Scenedesmus sp. [173].

Similarly, fungal mycelia from seed peels and corn stalks were used to produce
biodegradable packaging and tilling; the mycelia were composed of polysaccharides, chitin,
proteins, and lipids. A New York company named Evocative and the Swedish company
IKEA have used this bioplastic [123,174]. Chitin and cellulose from crab shells and fiber
trees, respectively, have been used to contain liquids and foods [175].

5. Green Industry of Plastics

5.1. Global Market, Business Cases, and Applications

Currently, plastic products are the material of choice for different industrial, medical,
and personal applications, among others. Most plastic products are derived from petro-
chemicals and are single-use, representing losses of 95% of the material value, which is
reflected in annual economic losses between USD 80 and 120 billion [117]. To ensure greater
environmental sustainability, it is necessary to exchange non-biodegradable plastics of
petrochemical origin for biodegradable and compostable biobased materials. Bioplastics are
attractive alternatives due to their rapid biodegradation in the environment into CO2 and
H2O, causing fewer negative effects on the environment [176]. Environmental awareness
about the impact of the use of plastics of petrochemical origin has increased both at the
business and societal level; however, for economic reasons, bioplastics only represent about
1% of the 360 million tons that are produced annually. The advancement of knowledge
and the development or improvement of biopolymers allows the reduction in production
costs, and in turn the increased demand for bioplastics is generating an annual growth of
20–30% [177].

Currently, the production of bioplastics uses mainly carbohydrates from plants such
as sugar cane or corn as a raw material. Nevertheless, the use of these crops, called
primary crops, for bioplastics is in competition with the safety and economic stability of
the food industry. Another strategy to produce bioplastics is the use of non-food raw
materials, known as second-generation, such as cellulose from crop residues such as corn
and wheat stubble, and third-generation raw materials such as micro- and macroalgae.
The current production of bioplastics, 2.11 million tons, translates into approximately
0.7 million hectares of arable land, which represents 0.02% of the world’s agricultural area.
However, the growing demand for bioplastics will require a greater cultivation area, which
will generate greater food competitiveness and is why it is important to implement the
sustainable production of bioplastics through effective biotechnological processes from
food waste, non-food crops, and cellulosic or algal biomass [117].

The production of bioplastics began due to the need to replace the non-biodegradable
plastic materials of single-use products, such as bags, plates, bottles, plastic films, packag-
ing, containers, and cutlery. However, only in recent years has this transition increased due
to the decrease in the production costs of biodegradable biopolymers derived from new
technological advances and new renewable sources for the production of biopolymers, in
parallel with public policies and social conscientization, which have made it possible to
produce economically viable bioplastics. Table 3 summarizes the properties of biopolymers
in a relation to their applications. Biopolymers on their own do not provide the proper-
ties demanded by the market. The costs per kilogram were estimated according to the
literature [176].
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Table 3. Commercial applications of biobased polymers and their properties.

Biopolymer Applications Properties Cost USD/kg Reference

Starch

Translucent film, net packaging, bags,
containers, egg boxes, sandwich bags,
capsules, carrier bags, drinking straws,

drug-release films

Sealable, durable, fine finishing,
barrier for water 0.5–2.0 [118]

Cellulose
Packaging films, films, transparent films,
barrier films, cups for cold drinks, plates
and dishes, cups for hot drinks, labels

Sealable, barrier for water,
transparent, approved for direct

food contact
1.8–4.0 [118]

PLA 1

Bottles, cups, transparent films,
containers, dishes, fruit nets,

top-covering films, trays, tea bags, ice
cream cups, carrier bags

Approved for direct contact,
transparent, sealable, durable,
barrier for water and oxygen

4.0–6.0 [118]

PHA 2

Disposable cups, plates, and cutlery;
Tetra Pak covers; tubes to produce
vegetable seedlings; agrochemical
packaging; textile fibers; electronic

equipment components

Physical properties like conventional
plastics; insoluble in water, nontoxic,

and biocompatible; present
piezoelectric properties; some PHA
films exhibit gas-barrier properties

2.4–5.5 [157]

Bio-PE 3 Food packaging, cosmetics, personal
care, automotive and toy applications

Equal in its chemical, physical, and
mechanical properties to

fossil-based PE
2.3 [115]

PBS 4
Biopackaging, tissue-engineering, and
medical materials; agriculture mulch

film; plant pots; hygiene products

High processability, good
mechanical properties, thermal

properties
4.0–10.0 [120,178]

PLC 5 Drug delivery systems and
tissue-engineering scaffolds

High toughness and flexibility,
biocompatibility, and slow

degradation in in vivo conditions
4.5–10.0 [120]

PBAT 6
Compostable organic waste bags,

agricultural mulch films, packaging
(wrapping) films, disposable tableware

Excellent toughness, improved wear
and fracture resistance, good

chemical resistance to water and oils,
high strain at break

3.8–5.8 [120]

1 PLA—polylactic acid; 2 PHA—polyhydroxyalkanoates 3 Bio-PE—biobased polyethylene; 4 PBS—polybutylene
succinate; 5 PCL—polycaprolactone; 6 PBAT—polybutylene adipate terephthalate.

Throughout the world, various companies have been established that develop and pro-
duce biodegradable biopolymers/bioplastics for different applications, which in turn has
created greater competitiveness in the bioplastics market to reduce the costs of biodegrad-
able biopolymers (Table 4). The most widely produced biopolymers are mainly PLA, PHA,
and starch, which have been used in various applications from packaging to bioplastic ma-
terials for toys, parts for the automotive industry, construction, electronics, and agriculture,
among others.

The Qmilk®® company has developed one of the most innovative biopolymers, man-
aging to produce a 100% natural polymer from whey with antimicrobial, biodegradable,
and compostable properties; it is also a flame-retardant with a low density and high hy-
drophobicity. This product is created by casein and forms an excellent barrier to gases
such as oxygen and CO2 and aromas. All these properties give it a great advantage against
other biopolymers for food and grocery packaging and textile-fiber production with silklike
characteristics [179].
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Table 4. Commercial bioplastics and business cases.

Company Bioplastic Applications Properties Country

Plantic®®1 Starch Food and goods packing, agricultural
plastics

Biodegradable and
compostable Australia

Mater-Bi®®-
Novamont 2 Starch Bags, toys, food, and cosmetic

containers
Biodegradable and

compostable Italy

BIOPAR®®3 Starch Bags and flexible packaging Biodegradable Portugal

Biofase®®4 Starch-based Cutlery Biodegradable Mexico

Solany®®5 Starch-derived

Flowerpots, tomato clips, cultivation
tubes, promotional items, toys, CD and

DVD trays, protection covers for
packaging, cup holders, plant stakes,

golf tees

Biodegradable and
compostable Canada

Bionolle StarclaTM

-Showa Denko 6 Starch- and PLA-based Bioplastics Biodegradable and
compostable Japan

BIOFRONT-Teijin 7 Stereocomplex PLA 13

Automotive, films and packaging,
molded parts for civil engineering and

construction, parts for electronic
devices

Biodegradable Japan

IngeoTM-Nature Works 8 PLA 13

Bottles, gift cards, durable goods, films,
layers of paper, cups and containers for
food, fabrics, clothing, disposables, and

base material for many compounds

Biodegradable and
compostable USA

WeforYou 9 PLA 13 Reusable bags Biodegradable and
compostable Austria

Total-Corbion 10 PLA 13 Biopolymer Biodegradable and
compostable

Netherlands/
Thailand

Danimer Scientific 11 PHA 14

Straws, cups, lids, bottles, produce
bags, shopping bags, cutlery, diaper

linings, plates, wipes, toys, trash bags,
seals, labels, glues, and much more

Biodegradable and
compostable USA 15

Qmilk 12 Milk protein Textile fibers Compostable Germany

1 Website: https://plantic.com.au/ (accessed on 3 February 2022); 2 Website: https://materbi.com/ (accessed
on 3 February 2022); 3 Website: https://unitedbiopolymers.com/ (accessed on 3 February 2022); 4 Website:
https://biofase.com.mx/ (accessed on 3 February 2022); 5 Website: https://solanylbiopolymers.com/ (accessed
on 3 February 2022); 6 Website: https://www.sdk.co.jp/ (accessed on 3 February 2022); 7 Website: https://
www.teijin.co.jp/ (accessed on 03 February 2022); 8 Website: https://www.natureworksllc.com/ (accessed
on, 3 February 2022); 9 Website: https://weforyou.pro/ (accessed on 3 February 2022); 10 Website: https:
//www.total-corbion.com/ (accessed on, 3 February 2022); 11 Website: https://danimerscientific.com/ (accessed
on 3 February 2022); 12 Website: https://www.qmilkfiber.eu/ (accessed on 3 February 2022). 13 PLA—Polylactic
acid; 14 PHA—Polyhydroxyalkanoates; 15 USA—United States of America.

Biofase®® is a Mexican company that has also stood out for the development of
biobased biopolymers with avocado seed starch. This company uses an agroindustrial
waste widely produced in Mexico to manufacture single-use bioplastics for applications
such as cutlery, straws, and food containers [180].

Ingeo®® is a biopolymer developed by NatureWorks®® based on environmental
sustainability and a circular economy, using greenhouse gases such as CO2 as a raw
material to generate a polymer that is biodegradable and compostable. Ingeo®® polymers
are currently obtained from sugars produced by plants such as cassava, sugar cane, corn,
and beets, which function as CO2-sequestering plants, making them sustainable. These
polymers are produced by a chain of technological bioprocesses that convert sugars into
PLA and are used to create different products such as coffee capsules and electronic
components [181].

The development and production of different polymers from biological origins with
biodegradable and compostable characteristics have been carried out worldwide, but with
greater impact and production in developed countries such as the US and European and
Asian nations. Mexico is an example of a developing country where there are still a few
limitations to the use of petrochemical plastics. However, the change of some single-use
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products (bags and packaging) to biobased or oxo-biodegradable products that have a
lesser impact on the environment is the way towards a sustainable use of plastics.

Advances in the production chains of biopolymers and the environmental and social
commitments of companies have been the result of public policies that limit the use of
fossil-derived plastics to encourage a switch to the new generation of plastics. However,
with these great changes come new challenges and a need to enhance the production
of biopolymers.

5.2. Strategies for Plastic Reinsertion and Environmental Impact Mitigation

The recycling and reuse of plastic waste creates new challenges for strategies of
collecting, separating, and treating materials of different chemical natures in mixed-waste
streams [182]. The diversity of discarded plastic materials and the loss of mechanical
properties in recycled polymers have given raise to alternative treatment strategies, such as
chemical recycling, which turns plastic waste into chemical products of high value [183].
Biological routes of plastic waste degradation allow its reinsertion into natural carbon cycles,
mitigating its environmental impact [184]. Current trends in modern plastic material design,
such as biobased plastics, integrate recycling and degradation pathways in the polymer
composition [185]. Recent chemical and biological strategies for assimilation are discussed
in Table 5.

Table 5. Chemical and biological strategies for degradation.

Plastic
Biodegradation Conditions

(Chemical/Biological)
Biodegradation Reference

Cassava-based bioplastic Burial-soil pH measurement, 14 days
(using microorganisms) [127]

Starch (TPS)–PLA 1 Ulomoides dermestoides, 5 days TPS biodigestion—biodegradation
(80%) and PLA biodisintegration (50%) [186]

PHA 2 Alluvial-type soil, 35% soil moisture,
60 days 35% [187]

HDPE 3

Incubation with microbial consortium,
357 days

15%

[188]LDPE 4 4.96%
PP 5 6.7%
PS 6 5.29%

Incubation under standard test
aerobic and anaerobic conditions

Aerobic conditions, 117 days

[189]

PHB 7 PHB 7 83%
PBHV 8 87.4%

PHBV 8 PCL 10 77.6%
PBS 9 Anaerobic, 77 days

PCL 10 PHB 7 83.9%
PLA 1 PBHV 8 81.2%

PET 11 PET7 hydrolase enzyme, 10 h 90% [190]

PET 11
Recombinant bacterial polyester hydro-

lase TfCut2, expressed in Bacillus subtilis,
70 ◦C, 96 h

50% [191]

LDPE 2 and HDPE 3 Thermal degradation (pyrolysis),
30 to 550 ◦C at 5 ◦C min−1

1-oleofins and n-paraffins if C2–C6
were the major products [192]

LDPE 2 and PS 6 Pyrolysis, 300–500 ◦C, nitrogen pressure
of 0.3 MPa

LDPE 2 was degraded to oil at 425 ◦C
PS 6 was degraded at around 350 ◦C

[193]
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Table 5. Cont.

Plastic
Biodegradation Conditions

(Chemical/Biological)
Biodegradation Reference

PS 6 Pyrolysis, room temperature 800 ◦C
under inert atmosphere 70% [194]

Polyethylene (HDPE) 3 pellets Thermal pyrolysis, 350 ◦C

81%;
the oil consisted mainly of paraffinic

hydrocarbons, most of which contained
between 6 and 16 carbon atoms

[195]

Cellulose
Enzymatic degradation (endoglucanases,

β-glucosidases, endoxylanases,
β-xylosidases, mannosidases), 7 days

0.5% (w/v) [196]

PCL 10 Enzymatic degradation (external PCL 5

depolymerase), 10 days
>80% [197]

1 PLA—polylactic acid, 2 PHA—polyhydroxyalkanoate, 3 HDPE—high-density polyethylene; 4 LDPE—low-density
polyethylene; 5 PP—polypropylene; 6 PS—polystyrene; 7 PHB—poly(3-hydroxybutyrate-co-3-hydroxyvalerate); 8

PHBV—poly(butylene succinate); 9 PBS—poly(butylene adipate-co-terephthalate); 10 PCL—poly(ε-caprolactone);
11 PET—polyethylene terephthalate.

6. Challenges and Opportunities for Biodegradable Plastics from Production to
Degradation, and Further Perspectives under Circular Economy

The world demand for plastics has grown rapidly in recent years due to their economic
advantages, properties, and applications, with the packaging sector representing about
40% of the demand. As a result of this demand, the production of plastics is growing, while
recycling systems are limited [198]. For a long time, there was no need to recover used
plastic, since there was not a large demand for these raw materials, the costs were very low,
and the impact of the presence of plastics in the environment had not been determined or
recognized [199].

In recent years, challenges have arisen regarding the scale of production, the cost
of production, industrial implementation, recycling, and the effects of degradation and
contaminants derived from plastics, as well as issues relating to their regulation. The
scale of the production of biodegradable plastics is small compared to plastics from fossil
sources. The processes for the production of plastics from agroindustrial wastes such
as corn crops and sugarcane bagasse are limited due to issues relating to the logistics
of collecting, drying, and storing the raw materials. For example, in PLA production,
optimization requires the selection of a microorganism that maximizes the yield [200].
Additionally, the microbial fermentation of lactic acid is associated with high costs derived
from the pretreatment of the agroindustrial wastes and their conversion into fermentable
sugars for the downstream biotechnological process. The optimization of cost–performance
sustainability for bioplastics produced from organic wastes is needed before there can
feasibly be a switch from fossil-based plastics to bioplastics [201].

The issues in the industrial implementation of biodegradables plastics are very clear
in the food sector. For food packaging, biodegradable plastics should be a barrier against
the transfer of gases and water vapor, preferably be transparent for the visual attraction of
the customers, and form films with proper tensile and mechanical strength. Currently, the
majority of these plastics are opaque, with limited tensile properties and a susceptibility to
UV-triggered oxidation [202].

Biodegradable plastics are more susceptible to hydrolysis than petroleum-based plas-
tics, depending on their composition. In the process of degradation, they exhibit a reduction
in their molecular weight, leading to a low recycling quality. Their physical and chemical
characteristics limit the possibility of mechanically recycling conventional and biobased
plastics. The technologies and equipment used and the specific plastic waste influences the
recyclability [120].
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Additionally, the contamination of plastic waste with organic materials leads to the
formation of thin films that often limit the recyclability of petro- and biobased plastics [203].
Of all the plastic produced, only 7% is recycled, about 8% is incinerated, and the rest reaches
landfills or the environment [123]. Recyclability is a key element of the circular economy
and is of great importance in biodegradable materials such as bioplastics. In the case of
plastics of petrochemical origin, the recycling process is already well-established, while
for bioplastics, it is still under development, since a fully effective and viable process has
not yet been achieved [204]. Most bioplastics of biological origin (PLA, PHA, starch, etc.)
may require separation based on their chemical composition; otherwise, they may suffer
a loss in their quality and physical integrity due to contamination with other polymers.
Currently, the most effective process for the treatment of bioplastics of biological origin is
biodegradation [205]. The recycling of bioplastics for food-grade applications is a process
that requires a higher degree of processing for the removal of contaminants, which is
sometimes not economically viable when compared to the production of enriched compost,
which is a more profitable process [176]. Biobased plastics, such as bio-PE, can be recycled
by the same processes as their fossil-fuel counterparts, as well as with other plastics of
petrochemical origin that are structurally similar [206].

The main concerns for the use of petrochemical plastic materials are their low rate of
decomposition in the environment, as well as the release of microplastics and various toxic
organic compounds that are known to be harmful to the environment and human health.
Bioplastics, on the other hand, have a low environmental impact, since their biodegradation
does not lead to the release of highly toxic compounds [207]. Different biopolymers
obtained from natural resources are easily converted into bioplastics with biodegradable
and compostable properties; however, these new bioplastics need regulations that verify
and certify these properties to guarantee their safety of use and the lack of harm they pose
to the environment [208]. On the other hand, the oxidation of biopolymers during burning
releases the same amount of CO2 into the atmosphere as petroleum-based polymers. In
this sense, strategies to control plastic use and its release are still needed to solve this
environmental problem.

Despite the many efforts made in the design of standards to evaluate the composta-
bility and biodegradability of bioplastics, at the industrial level, they have still not been
extensively explored and remain unregulated [209].

From the perspective of a circular economy, which aims to properly use renewable
natural resources without affecting the environment, biobased bioplastics are the most
studied plastic materials, since they present the most advantages in their disposal after
use [176]. Adopting a circular economy incorporating biobased resources hopes to reduce
greenhouse-effect emissions while increasing the ecoefficiency of resources, valorizing
waste and by-products, and thus reducing dependence on nonrenewable resources to
reduce the impact of climate change and carbon footprints [210].

The European Commission (EC) implemented an action plan for the circular economy
of plastics in 2015. The EC published two legal documents for the packaging industry and
its waste management: Directive (EC) 2018/851 of the European Parliament and of the
Council of May 30, 2018 which modifies Directive 2008/98/EC on waste, and Directive
(EC) 2018/852 of the European Parliament and of the Council of 30 May 2018, which
modifies Directive 94/62/EC on packaging and packaging waste. These regulations, based
on a circular economy, focused on the reuse and recovery of plastic containers to allow
a longer life for the products while minimizing waste and reducing the environmental
impact; however, the full recycling potential of the European Union remains untapped,
since only 30% of plastics are recycled, with hopes to reach 55% by 2025 [211]. The goal of
the “Plastics 2030 Voluntary Commitment” is to recycle 60% of all plastic used and reduce
the production of petroleum-based plastic by 100% by 2040 [212].

Biorefineries focus on the comprehensive use of different organic wastes such as food,
agroindustrial waste, forestry, and algae biomass, which are of great interest for generating
new precursors of bioplastics. Through different strategies, such as bioprocesses with
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microorganisms, the reduction in the use of nonrenewable products has been notable.
Different natural resources can be used or explored to obtain biopolymers for bioplastic fab-
rication, such as PLA, PHA, and PBS. These approaches advance society towards a circular
economy and produce different single-use bioplastic products that are transformed into
natural compostable compounds without any negative effects on the environment [210].

Biodegradable plastics are not the only solution to the problem of garbage accumula-
tion in landfills and the environment. However, the use of biodegradable bioplastics that
are degraded by biological agents under certain conditions and within certain time-frames
allows a reduction in their environmental impact, which will leave a significant ecological
footprint in the future [114].

7. Legislation and Certifications for Biodegradable Plastics

Due to the evolution of bioplastics over the last few decades, their regulation has
become imperative. Experts from different fields have been working with organisms across
the world to provide standards to analyze the properties, composition, and composability
of different bioplastics using specific techniques and conditions that can be replicated.
The major organizations creating these standards are the International Organization for
Standardization (ISO), the European Committee for Standardization (CEN), and the Ameri-
can Society for Testing and Materials (ASTM). Table 6 is a compilation of the most used
and cited standards from different organizations regarding plastics. The United States of
America and the European Union currently have many regulations in place, and these are
regarded with significant concern, since they have a great impact at the international level.
In comparison, in Mexico, there are few reports of standards for bioplastics; meanwhile, the
key standardization bodies have a wide variety of standards covering most of the bioplastic
family known to this date.

Table 6. Standards related to bioplastics from selected countries.

Country Nomenclature of the Standard Title of Standard

Mexico NMX-E-273-NYCE-2019 Plastic Industry—Compostable plastics—Specifications and essay methods
NMX-E-267-CNCP-2016 Plastic industry—Biobased plastics—Essay methods

USA ASTM D5071-06(2013) Standard practice for exposure of photodegradable plastics in a xenon arc apparatus
ASTM D5208-14 Standard practice for fluorescent ultraviolet (UV) exposure of photodegradable plastics

ASTM D5272-08(2013) Standard practice for outdoor exposure testing of photodegradable plastics

ASTM D5338-15 Standard test method for determining aerobic biodegradation of plastic materials under
controlled composting conditions, incorporating thermophilic temperatures

ASTM D5511-18 Standard test method for determining anaerobic biodegradation of plastic materials under
high-solids anaerobic-digestion conditions

ASTM D5526-18 Standard test method for determining anaerobic biodegradation of plastic materials under
accelerated landfill conditions

ASTM D5988-18 Standard test method for determining aerobic biodegradation of plastic materials in soil

ASTM D6400-19 Standard specification for labeling of plastics designed to be aerobically composted in
municipal or industrial facilities

ASTM D6691-17 Standard test method for determining aerobic biodegradation of plastic materials in the marine
environment by a defined microbial consortium or natural sea water inoculum

ASTM D6866-21 Standard test methods for determining the biobased content of solid, liquid, and gaseous
samples using radiocarbon analysis

ASTM D6868-21
Standard specification for labeling of end items that incorporate plastics and polymers as

coatings or additives with paper and other substrates designed to be aerobically composted in
municipal or industrial facilities

ASTM D6954-18 Standard guide for exposing and testing plastics that degrade in the environment by a
combination of oxidation and biodegradation

ASTM D7444-18a Standard practice for heat and humidity aging of oxidatively degradable plastics

ASTM D7475-20 Standard test method for determining the aerobic degradation and anaerobic biodegradation
of plastic materials under accelerated bioreactor landfill conditions

ASTM D7991-15 Standard test method for determining aerobic biodegradation of plastics buried in sandy
marine sediment under controlled laboratory conditions
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Table 6. Cont.

Country Nomenclature of the Standard Title of Standard

UK BS 8472:2011 Methods for the assessment of the oxo-biodegradation of plastics and of the phyto-toxicity of the
residues in controlled laboratory conditions

BS ISO 16620-1:2015 Plastics. Biobased content General principles
BS ISO 16620-2:2019 Plastics. Biobased content Determination of biobased carbon content

PD CEN/TR 16721:2014 Biobased products. Overview of methods to determine the biobased content (British standard)
BS ISO 16620-3:2015 Plastics. Biobased content Determination of biobased synthetic polymer content

BS ISO 22526-3:2020 Plastics. Carbon and environmental footprint of biobased plastics Process carbon footprint,
requirements, and guidelines for quantification

BS ISO 23517:2021 Plastics. Soil biodegradable materials for mulch films for use in agriculture and horticulture.
Requirements and test methods regarding biodegradation, ecotoxicity and control of constituents

BS ISO 5412 Biodegradable plastic shopping bags for industrial composting

EU CSN EN ISO 10210 Plastics—Methods for the preparation of samples for biodegradation testing of plastic materials

DIN EN 13432 Requirements for packaging recoverable through composting and biodegradation—Test scheme
and evaluation criteria for the final acceptance of packaging

CSN EN ISO 14851 Determination of the ultimate aerobic biodegradability of plastic materials in an aqueous
medium—Method by measuring the oxygen demand in a closed respirometer

CSN EN ISO 14852 Determination of the ultimate aerobic biodegradability of plastic materials in an aqueous
medium—Method by analysis of evolved CO2

CSN EN ISO 14853 Plastics—Determination of the ultimate anaerobic biodegradation of plastic materials in an
aqueous system—Method by measurement of biogas production

CSN EN ISO 14855-1 Determination of the ultimate aerobic biodegradability of plastic materials under controlled
composting conditions—Method by analysis of evolved CO2—Part 1: General method

CSN EN ISO 14855-2
Determination of the ultimate aerobic biodegradability of plastic materials under controlled

composting conditions—Method by analysis of evolved CO2—Part 2: Gravimetric measurement
of CO2 evolved in a laboratory-scale test

CSN EN 14995 Plastics—Evaluation of compostability—Test scheme and specifications

CSN EN ISO 15985 Plastics—Determination of the ultimate anaerobic biodegradation under high-solids
anaerobic-digestion conditions—Method by analysis of released biogas

CSN EN 16640 Biobased products—Biobased carbon content—Determination of the biobased carbon content
using the radiocarbon method

CSN EN 16760 Biobased products—Life Cycle Assessment

EN 16785-1 Biobased products—Biobased content—Part 1: Determination of the biobased content using the
radiocarbon analysis and elemental analysis

CSN EN 16785-2 Biobased products—Biobased content—Part 2: Determination of the biobased content using the
material balance method

CSN EN ISO 16929 Plastics—Determination of the degree of disintegration of plastic materials under defined
composting conditions in a pilot-scale test

CSN EN ISO 17556 Plastics—Determination of the ultimate aerobic biodegradability of plastic materials in soil by
measuring the oxygen demand in a respirometer or the amount of CO2 evolved

CSN EN 17417 Determination of the ultimate biodegradation of plastics materials in an aqueous system under
anoxic (denitrifying) conditions—Method by measurement of pressure increase

CSN EN ISO 18830
Plastics—Determination of aerobic biodegradation of nonfloating plastic materials in a

seawater/sandy sediment interface—Method by measuring the oxygen demand in
closed respirometer

CSN EN ISO 19679 Plastics—Determination of aerobic biodegradation of nonfloating plastic materials in a
seawater/sediment interface—Method by analysis of evolved CO2

International ISO 14851 Determination of the ultimate aerobic biodegradability of plastic materials in an aqueous
medium—Method by measuring the oxygen demand in a closed respirometer

ISO 14852 Determination of the ultimate aerobic biodegradability of plastic materials in an aqueous
medium—Method by analysis of evolved CO2

ISO 14853 Plastics—Determination of the ultimate anaerobic biodegradation of plastic materials in an
aqueous system—Method by measurement of biogas production

Even when standards are in place, they are not mandatory but are a set of rules and
tests to analyze the bioplastic. The portion of the industry sector that analyzes their bio-
plastic is motivated to obtain a certification for customer approval, particularly when their
customers prefer brands with sustainable commitments [213]. The process to obtain the
certification is to test the product by an independent certification laboratory that determines
whether it complies with the standards and is deserving of a certification. Multiple organi-
zations and associations offer these services and guide the business to obtain certifications
that are recognized by governments and society in general. The Biodegradable Product
Institute, Tüv Austria (formerly Vinçotte), DIN Certco, the Australasian Bioplastics Associa-
tion, and the Japan BioPlastics Association are the most in-demand organizations that offer
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this service (Figure 6). For instance, the Tüv Austria group offers diverse certification logos,
which include the Seedling logo, OK compost INDUSTRIAL, and OK compost HOME,
all of which are related to the compostability of organic material; the first two logos are
acquired when products are in compliance with the standard EN 13432, and the later was
developed by the Tüv Austria group without referring to a specific standard, but it contains
all the technical requirements that a product must meet to serve as a basis for the creation
of other standards across Europe and Australia [214]. Tüv Austria also offers logos that
describe the biodegradation of plastic materials depending on the environment in which
this process occurs, the logos being OK biodegradable MARINE, OK biodegradable SOIL,
and OK biodegradable WATER. All of these are based on the idea of stopping littering and
giving information as to the right environment for the biodegradation of a particular mate-
rial to occur [215]. OK biobased is another logo that rewards companies that manufacture
their products with an alternative to fossil-based raw materials. This certification presents
the biobased percentage of renewable raw materials used as a base in the product, and the
product can be rated up to four stars [216]. Lastly, the logo NEN BIO-BASED CONTENT
refers to the biomass content in materials and products in general; this certification is
based on the European standard EN 16785-1 and was recently added to the list of the TÜV
AUSTRIA group [217].

 
Figure 6. Bioplastic certification world map. (A) Biodegradable Product Institute; (B) Tüv Austria;
(C) DIN Certco; (D) Australasian Bioplastics Association; (E) Japan BioPlastics Association.

Notwithstanding the tendency to use bioplastics for their wide-ranging properties,
functionalities, and applications, the scheme of regulations and certifications is changing
towards more sustainable approaches. Alliances to join the governmental, industrial, and
academic sectors to establish new regulations and improve the existing ones are needed. In
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this sense, it should be a reality in the near future that there are more initiatives to certify
the characteristics of industrial products which are standardized worldwide and that there
are key standardization bodies to legislate and certify products with logos that describe the
properties of the family of bioplastics.

8. Conclusions

The field of plastics has been changing over the years, with biobased molecules orig-
inally made to be synthetic, complex, and nonbiodegradable. The stability conferred by
the polymeric nature of traditional plastics hinders their degradation in the environment,
resulting in the accumulation of plastics in the ecosystem instead of their chemical degra-
dation, macroscopic fragmentation, and biological assimilation. Research in the plastic
field is overwhelmingly focused on tackling its environmental and economic problems.
Trends in the use of oxodegradable additives and their potential degradation by microbial
and physical means are an insight into these topics. Nevertheless, the expectation to use
different raw materials derived from natural sources and create a circular economy to
make biopolymers that substitute for fossil resources to produce plastics is on the rise.
Although the physicochemical properties of the materials could be exceptional in relation
to biodegradability, challenges derived from their production, implementation, and recy-
clability have been identified. The relationship between the activities of (1) governments
with public policy, (2) academics with research on new materials and their properties,
(3) the industry with the implementation and products, (4) international organizations and
nonprofit organizations that supply regulations and certifications, and (5) the social culture
regarding the use of plastics and recyclability will bring better initiatives for the future
of plastics.
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Abstract: Plastics are unavoidable at this times, putting our planet in danger. The Prosopis juliflora
(PJ) thorns are collected, processed, and powdered. The mechanical characteristics of these powders
are examined when combined with polymer composites. Pores are the main cause of moisture
input, hence using powder filler materials reduces the number of pores in the composite, increasing
water resistance. The composites are made by altering three parameters: waste plastic content, filler
powder composition, and chemical treatment. It was discovered that the integration of thorn powder
increased the wear resistance. The composites were tested in accordance with ASTM standards,
and the results were optimized. Based on the results, composite specimens were created and tested
for validation.

Keywords: waste plastics; fillers; Prosopis juliflora; thorn powder; abrasive wear resistance

1. Introduction

Due to the plastic thrash, the land, water, and air are polluted [1]. If the plastics
are dumped in the landscapes, they will block the percolation of rainwater into the land
which leads to a decrease in the groundwater levels. If the plastics are thrown into water
bodies, it leads to leaching, and the water gets polluted. We cannot burn the plastics,
as it would release harmful gases into the atmosphere. To avoid the degradation of the
earth, the used plastics have to be reused in some way. In the growing world, the need
for alternate materials is increasing. At the same time, lots of landscapes are occupied by
Prosopis juliflora plants, which makes it difficult to cultivate crops and also it absorbs the
water and nutrients from the land and makes it uncultivable [2,3]. A lot of research works
are undergoing to use these plants effectively for various applications. Kailappan et al.
produced the activated carbon from Prosopis juliflora using a chemical method and proved
it can be used in oil, food, and pharma industries [4]. As the plastics are used in this
composite, it can be used in automobile, marine applications where lightweight and less
corrosive materials are required. Plastics have moisture repelling property and the Prosopis
juliflora thorn powder provides hardness to the composites and also it fills the minute
pores produced during the production of composites.
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When Saravanakumar and his colleagues analysed the parameters of the fibres, they
found that they had an average microfibril angle of 10.64 and utmost elongation strength of
558 MPa. It was found that the aspect ratio of the PJ fibres had a significant impact on the
mechanical qualities of the finished product. A fibre aspect ratio of 136 and fibre loading
of 23.53 wt. percent were found to yield the best mechanical properties. [5]. The tensile
and thermal properties of treated PJ fibres were shown to be superior to those of untreated
fibres in a study by Madhu et al. [6].

Structural applications may benefit from the properties of PJ fiber- and glass-fiber
reinforced polymer composites, according to Manoj Kumar et al. [7]. Due to the presence
of lignin, researchers led by Luis Valencia found functional nanomaterials with a mean
radius of 10 nm and a length of 150 nm in the PJ [8]. Filler-reinforced epoxy composites
can improve mechanical properties by as much as 45 percent, according to research by
Santhosh et al., who studied the morphology and properties of PJ and RH—reinforced
composites [9]. PJ ash powder can be used as a substitute for cement up to 20%, according
to Parthiban Kathirvel et al., and they were able to attain the same strength for their
newly designed concrete [10]. An onion-like porous carbon made from the PJ has been
advocated as an efficient electrode material by Sathyanarayanan Shanmugapriya and his
colleagues [11].

The novel composites’ mechanical, tribological, and water absorption properties must
be thoroughly investigated. It was discovered by Sakthi Balan et al. that adding 30 wt
percent of waste plastic particle to jute fibre and waste plastic-filled composites resulted
in high resistance to water absorption [12]. Water absorption and tribological properties
were increased by the inclusion of filler and fibres to the composite, which was made of
plastic waste, fiber glass, and silica sand fillers. It has been reported that the thermal and
mechanical characteristics of epoxy composites manufactured with 20% fibres and NaOH
treatment have been improved [13] by Arthanarieswaran and colleagues. Using dates palm
seeds and glass fibre reinforced polymer composite, Heba I. Elkhouly et al. demonstrated
an increase in the composite’s wear resistance and toughness. Tapas by Priyadarshi Tapas
Ranjan Swain et al. made a composite out of jute fibres and studied how it wore. The
wear resistance has been modified by the chemical treatment [14]. They observed that the
abrading distance was the most important element in determining the wear of waste silk
fiber-reinforced epoxy composites [15], followed by the loading of fibers.

Taguchi is an effective strategy for designing experiments. Materials scientists use it
to their advantage when examining the effects of various process variables. Polymer-based
composites are being made using the Taguchi method. Boron nitride reinforcement of
Nylon composite was studied by Shiva Kumar and Chennakesava Reddy using the Taguchi
approach and it was found that the composite’s wear resistance was improved by the
addition of boron nitride [16]. It was proposed by Wahid Ferdous et al. that the bond
length and thickness for higher strength be studied using Taguchi design in polymer-based
composites [17]. Polymer composites with various reinforcements such kevlar, carbon, and
glass fibers were subjected to the Taguchi technique by Karthik et al. in order to optimize
the wear parameters [18]. They found that the hybrid composites had improved wear
behaviors. As a result of the Taguchi approach and ANOVA, Siva Prasad and Chaitanya
were able to optimize the drilling parameters for the GFRP composites [19].

Natural fibers have gained popularity and are beginning to supplant synthetic fibers,
owing to their contribution to sustainable practices. As a result of environmental, social, and
economic development, numerous industries have altered their manufacturing processes,
materials, and procedures in order to ensure a sustainable future. While natural fibers have
significant disadvantages, they can be overcome with appropriate chemical treatments and
fiber processing. Numerous goods composed of natural fibers are developed and used
in sports, electronics, and musical instrument manufacturing [20]. Natural fibers exhibit
comparable wear resistance to synthetic fibers. The wear resistance of natural fibers can be
increased by reinforcing them with synthetic fibers [21]. Recent research has concentrated
on green fillers such as date seed powders, coconut and cashew nut shell powders, and
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rice and maize husks. Natural fibers and fillers are used in composites because they are
inexpensive, widely available, biodegradable, recyclable, and lightweight [22]. Researchers
are becoming more interested in starch-based bioplastics due to their environmentally
beneficial characteristics. Starches have been isolated from a variety of plants, including
PJ plants, and bio composites have been constructed and tested for mechanical properties
and biodegradability. The results indicated that composites might be used as a substitute
material in the packaging industry [1].

Plastic trash and PJ thorn granules are both included into the polymer matrix in this
study. The motive of this work is to investigate the influence of chemical treatment, the
amount of waste plastics, and PJ thorn powders on the composite’s hardness and moisture
absorption and wear capabilities using the Taguchi technique.

2. Experimental Details

2.1. Materials

The scraped compact discs are employed as reinforcement in this composite fabrication,
and most of them are constructed of polycarbonate. The decomposition of polycarbonate
can take hundreds of years, yet it is possible. The reinforcements are placed in a matrix
made of epoxy resin. Araldite AW106 grade resin and HV 953U hardener are utilized in
this. Epoxies have features that distinguish them from other resins, and adjustments can be
made to meet our specifications. Epoxies have superior mechanical qualities, including
increased thermal stability, wear and chemical resistance, and resistance to ageing caused
by environmental factors [22]. In order to improve a composite’s specific characteristics
and traits, fillers are incorporated into the material. Fillers in this work include PJ thorn
powders. In general, PJ plants cause a wide range of issues for both humans and the
environment. As a result, the PJ plant’s thorns are harvested, dried for a period of time, and
ground into a powder. The waste compact discs were collected from Vellore, Tamilnadu,
India, the resin and hardener were purchased from Ayishwarya polymers, Coimbatore,
Tamilnadu, India, and the PJ thorn powders were made manually by collecting the PJ
thorns from nearby areas in and around Vellore, Tamilnadu, India, drying them in the sun,
and then powdering them using a mixer grinder. Finally, before use, the PJ powder is
sieved and processed. Once these powders have been chemically treated, they can be used
as reinforcements and the matrix, as they have been neutralized of their characteristics.

2.2. Fabrication Method

Initially, the raw materials are collected like waste used plastics. The collected plastics
are then separated according to their grades, cleaned, dried, and then they are crushed
into particulates. Then the filler powder is made by collecting the PJ thorns, drying and
then they are chemically treated with alkalis and silanes for one hour. The NaOH solution
(5% w/v) is used for alkali treatment and Triethoxy vinyl silane (5% v/v) is used for silane
treatment [23]. In both cases, the thorn powders are dipped into the chemicals for an
immersion time of one hour. After the alkali treatment, the thorns are washed with HCL
solution to make their pH value-neutral and the silane treated thorns are washed with
de-ionized water and then dried. Then they are crushed and made into powders. The
resin and the hardener are mixed in the proper ratios and the composite is made by the
spray layup method. Spray layup has some added advantages to the hand layup method
and the defects are low when compared to other manufacturing techniques. As the plastic
particulates and PJ thorn powder can be dispersed through air medium, spray layup is
preferred. Initially, the resin was applied and then the reinforcement and the fillers are
loaded in the spray gun, and with the help of compressed air as a medium, the particles
are sprayed evenly on the resin surface. This ensures the even spread of the fillers.
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2.3. Mechanical Properties Examination Methods

The Vickers micro hardness tester manufactured by Fuel Instruments & Engineers
Pvt. Ltd., Ichalkaranji, Maharashtra, India, is used to measure micro hardness, and the
ASTM E10 standards are followed for the method. Test specimens are imprinted in Vickers
hardness testers with 2.5-mm diameter balls of 10 kg of force. The specimen was indented
in numerous places, and the average value is used to get the end result. To compute the
average values, the diagonals of the cavity generated by pressing a diamond pyramid,
are used.

The elongation of specimens on a UTM was measured using the ASTM D 3039-76
standard testing procedure. In this experiment, we used a UK-made H10KS model from
Tinius Olsen, Redhill, UK. Crosshead speed and strain rate are maintained at 5 mm/min.
Water jet cutting minimizes the formation of micro cracks compared to other cutting
procedures, the specimens are cut using this method.

ASTM D570 standards were used to conduct the water intake examination for com-
posites. As a precautionary measure, sticky tape is used to cover the specimen’s sides. A
scale is used to weigh the samples in advance of testing, and the results are recorded. Test
pieces are then submerged in water for 24 h for examination. Afterward, the test pieces are
taken out, patted dry, and weighed to determine the weight gain that occurred during the
testing period. The percentage of water consumed will be determined by comparing the
pre- and post-testing results. The moisture percentage is calculated using the following
equation [12].

MA% = (W2 − W1)/W1 × 100, (1)

where,

MA% = Moisture absorption percentage
W1 = Sample weight before the experiment in gms
W2 = Sample weight after the experiment in gms

The abrasive wear of the composite is measured using a pin on a disc wear testing
equipment. The specimen was cut in accordance with the specifications of ASTM G99-05.
Wear testing equipment supplied by DUCOM instruments, Peenya Industrial Area, Ben-
galuru, Karnataka, India, has a maximum wear track diameter of 135 mm and a maximum
disc speed of 2000 rpm, which was used for the testing. A frictional force of 200 N and a
load of 20 Kg are the maximums that can be applied. An abrading distance of 420 m and a
load of 10 Newtons are applied to the specimen, which measures 5930 mm in size. With
the use of a cantilever unit, the specimen is put into the holder and held there by the disc.
Before loading the specimen, it is weighed, and then the test is performed. The samples
will be weighed before and after the tests. The density is used to compute the wear volume.
In order to calculate the wear rates, Equation (2) is used [24].

Wear rate (Ks) = Differences in wear volumes in mm3/(Normal load in N) × (Abrading distance in m) (2)

2.4. Optimization Technique

Optimization was done on three concepts based on our requirements. Larger is better,
nominal is better, and smaller is better are the three concepts under which the optimization
was done [5]. In our case for water absorption, the percentages must be low, so smaller is
better concept is used [25]. For micro hardness, larger is better concept is used as normally
polymer composites have good tensile and bending characteristics [6]. The hardness
is required in some cases where it is subjected to wear and abrasion applications. The
influencing parameters such as the composition of waste plastics, PJ thorn powder, and
type of chemical treatment are chosen and the most influencing parameter which affects
the hardness and the water intake properties are found out. The optimum values of these
parameters are also found and the validations were done to find out the nearness of the
results with the predicted results. The design for specimen production is obtained through
Taguchi’s L27 full factorial experimental design, then the prepared specimens are tested
and the test results are fed to the software and run for getting the optimum values [21].
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In full factorial design the number of experiments is more, so that the results of the full
factorial will be more accurate than the fractional factorial. The process parameter chosen
and its stages were indicated in Table 1. The experimental results are given in Table 2.

Table 1. Process variables and their various stages.

S. No. Variables Units
Stages

1 2 3

1 Particulates of waste plastics Wt% 10 20 30
2 Prosopis juliflora thorn powder Wt% 5 10 15

3 Chemical treatment - Nil NaOH (Alkali) Triethoxy
vinyl silane

Table 2. Full factorial inputs and outcomes.

Trail
No

Process Parameters
Hardness

(Hv)
Tensile

Strength (MPa)
Water Intake

Percentage for 24 h
Wear Rate ×

10−5 mm3/NmPlastic Particulates
(Wt%) (A)

Thorn Powder
(Wt%) (B)

Type of Chemical
Treatment (C)

1 10 5 1 23.6 63.56 1.35 9.55
2 10 5 1 23.5 63.55 1.32 9.55
3 10 5 1 23.7 63.56 1.33 9.58
4 10 10 2 27.2 62.44 1.44 8.6
5 10 10 2 27.5 62.44 1.41 8.62
6 10 10 2 27.3 62.46 1.43 8.61
7 10 15 3 32.1 62.12 1.53 7.2
8 10 15 3 32.4 62.11 1.54 7.22
9 10 15 3 32 62.09 1.54 7.2

10 20 5 2 24.8 65.22 1.15 9.2
11 20 5 2 24.6 65.22 1.12 9.21
12 20 5 2 24.1 65.21 1.13 9.21
13 20 10 3 27.8 64.87 1.23 8.33
14 20 10 3 27.9 64.85 1.24 8.32
15 20 10 3 27.8 64.86 1.26 8.33
16 20 15 1 32.5 64.15 1.36 7.01
17 20 15 1 32.6 64.12 1.35 7.02
18 20 15 1 32.8 64.13 1.37 7
19 30 5 3 25.9 70.54 0.8 8.91
20 30 5 3 26.1 70.51 0.79 8.91
21 30 5 3 26.2 70.52 0.75 8.92
22 30 10 1 29.1 69.3 0.97 8
23 30 10 1 29.2 69.31 0.96 8.01
24 30 10 1 29.5 69.31 1.04 8.02
25 30 15 2 34.1 68.79 1.18 6.5
26 30 15 2 34.2 68.8 1.15 6.49
27 30 15 2 34.05 68.79 1.1 6.5

3. Results and Discussion

3.1. Hardness Analysis

The primary effect map for the composite samples’ hardness may be seen in Figure 1
with mean of the output factor in the Y axis and values of the levels in the X axis. Figure 1
shows that the amount of plastic and the type of chemical treatment have the less impact
on hardness, than composition of PJ thorn powder. In this case, the chemical therapy
has the least impact. The harder the final product is obtained as a result of the increased
filler content. The fillers in the matrix provide resistance, which enhances hardness [26].
Another component that improves the composite’s properties is the bonding between the
matrix and filler [27]. Not all materials will adhere to the resin. Fillers are distributed
uniformly throughout the composites; however there is some variance in hardness due
to the substance with which the indenter makes contact. At times, the indenter comes
into touch with the filler, and at other times, it comes into contact with the resin or plastic
particles, resulting in a range of hardness values. To ensure accuracy, readings are taken
at multiple locations and the average values are used as the final result. Due to the
hydrophobic nature of natural fillers and fibers, they will have low wettability. This
renders them incompatible with resins, and following a chemical reaction, the hydrophobic
nature of the fillers is converted to hydrophilic, increasing their wettability. Figures 2 and 3

65



Polymers 2022, 14, 1278

illustrate the interaction and contour plot for the hardness of the material. Using a contour
map, hardness enhancement by the plastics and thorn powder composition inclusion
is clearly seen. It is possible to see the ANOVA findings in Table 3. Thorn powder
composition is determined to have the greatest impact on hardness properties, according
to ANOVA results.

In addition, the composition of plastics as well as the chemical treatment has least
effect on the hardness of the material. According to the model summary table, the R-
square number indicates how near the findings are to the mean values; an R-square value
of 98.53 percent indicates that the results are extremely close to the mean values. The
contribution plot for the hardness is depicted in Figure 4. The contribution plot is created
by plotting the F-values from the ANOVA results together. The F-value indicates that the
addition of thorn powder has the most influence on hardness among all of the components,
and the contribution plot suggests that the addition of plastics has the second greatest
influence on hardness. As seen in Equation (3), the regression equation for hardness is a
linear relationship.

Regression equation for Hardness (HV) = 18.057 + 0.1058 Composition of plastics + 0.8250 Composition of
thorn powder + 0.094 type of chemical treatment

(3)

M
ea

n 

 
 Level values 

Figure 1. Effects chart for Hardness.
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Figure 2. Interaction plot for SN ratios for Hardness.

 

Figure 3. Contour plot for Maximum Hardness.
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Figure 4. Contribution plot for Maximum Hardness.

Table 3. Hardness ANOVA.

Source DOF Adjacent SS Adjacent MS F-Values p-Values

Regression 3 326.603 108.868 514.7 0
Composition Of Plastics 1 20.161 20.161 95.32 0

Composition Of Thorn Powder 1 306.281 306.281 1448.02 0
Type Of Chemical Treatment 1 0.161 0.161 0.76 0.393

Error 23 4.865 0.212
Lack-Of-Fit 5 4.253 0.851 25.03 0
Pure Error 18 0.612 0.034

Total 26 331.468

S: 0.459911, R2 (Adjacent): 98.53%, R2 (Predicted): 98.03%.

3.2. Water Absorption Property

Figure 5 shows that the plastic composition should be 30%, the inclusion of thorn
powder should be 5%, and it should be silane-treated. In Figure 5, the mean values of the
output factor (water absorption percentage) is in the Y axis and the level values are in the
X axis. The water absorption property of waste plastic is more strongly influenced by its
composition. As a general rule, water cannot be absorbed by plastic. As a result, adding
plastic to the composite makes it more water resistant [28]. Additionally, the chemical
bonds that bind the monomers are strong enough that plastics take years to breakdown.
Plastics are constructed in such a way that water cannot percolate into them. Additionally,
the filler powders aid in resisting water percolation, albeit only to a certain amount [29].
If they come into direct touch with water, they dissolve and, in certain situations, cause
the composites to bulge. Figure 6 depicts the interdependence of the variables, showing
how they interact with one another. It demonstrates that the addition of waste plastics
and the addition of thorn powder are not interdependent. Figure 7 shows the contour
plot, which shows that for the least amount of water absorption, 30 weight percent of
plastics and 5 weight percent of thorn powder are added. Table 4 shows that the addition of
waste plastic particles has the greatest impact on the composites’ ability to absorb moisture,
followed by the composition of thorn powders. The water intake qualities of PJ thorn
powders are unaffected by the chemical treatment that was performed on them. Nearness
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to the mean is indicated by the R-Square value of 97.06. The F-value from the ANOVA table
was used to generate the contribution plot in Figure 8.

The regression equation for minimum water intake in 24 h = 1.45−0.023056 Composition of plastics +
0.02644 Composition of thorn powder − 0.02056 types of chemical treatment

(4)

M
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 Level values 

Figure 5. Effects plot for water absorption.

 
Figure 6. Interaction plot for water absorption.
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Figure 7. Water intake test result through contour graph.

Table 4. Water intake results from DOE.

Variables D.F Adj SS Adj MS F-Value p-Value

Regression 3 1.2791 0.426367 253.2 0
Composition of Plastics 1 0.95681 0.956806 568.21 0

Composition of Thorn Powder 1 0.31469 0.314689 186.88 0
Chemical Treatment 1 0.00761 0.007606 4.52 0.045

Error 23 0.03873 0.001684
Lack-of-Fit 5 0.02813 0.005626 9.55 0

Error 18 0.0106 0.000589
Total 26 1.31783

S: 0.041035, R-Sq: 97.06%, R-Squared (Adj): 96.68%, R-Squared (Predicated): 95.98%.
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Figure 8. Contribution plot for water absorption.

3.3. Tensile Strength

According to the results of the optimization, in order to achieve optimum tensile
strength, the amount of plastics added must be maximized, and the amount of thorn
powder added must be 5 weight percent, with the treatment of the thorn powder having
little effect. The addition of greater volumes of waste plastic improved the elongation
strength. It is possible to achieve an improvement in tensile strength by improving the
bonding between the matrix and the reinforcement [30]. The tensile results demonstrate
that the plastics introduced as reinforcement have a stronger bonding to the matrix. There
will be gaps between the reinforcements and the matrix in some locations due to the
resin shrinking during curing, which will result in the composite failing when the load
is applied. However, in this scenario, the problem is resolved, since the fillers cover the
gaps and improve the composite’s performance under pressure. As shown in Figure 9, the
scanning electron microscope pictures were captured after the sample had ruptured, with
the emphasis being on the ruptured area of the sample. SEM images will show the wear
and erosion mechanisms that happened during wear testing [21]. The key effects plot for
tensile strength is depicted in Figure 10 in which the tensile strength mean is mentioned in
the Y axis and their levels are indicated in X axis.

Particulate plastics are visible; thorn powder is equally dispersed on top of the com-
posite. The fiber-matrix interface reveals improved adhesion between plastics and fibers.
Due to the detachment of plastic particles, pits can form on the surface. Figure 11 shows the
relationship between the input and output parameters through an interaction plot. A3B1C3
are the input elements needed to achieve maximal tensile strength. In Figure 12, contour
plot likewise mirrors the main effect plot’s results. To see the tensile strength of the plastic
and thorn powder mixture, look at the graph in Figure 13. Plastic particles make up most,
while thorn powder has little effect on tensile characteristics which is seen in Table 5. There
is almost a 95 percent confidence level in the model is seen based on the R-Squared value.
The results are in agreement with the findings of earlier researchers [6,7]. Figure 13 displays
the tensile strength contribution plot.

Regression equation for Maximum tensile strength = 60.079 + 0.3419 Composition of plastics −
0.1421 Composition of thorn powder + 0.082 type of chemical treatment

(5)
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Figure 9. (a). SEM image with 50 μm magnification (b). SEM image with 500 μm magnification.
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Figure 10. Effects graph for tensile strength.

 

Figure 11. Interaction plot for Maximum tensile strength.
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Figure 12. Tensile strength results through contour graph.

Figure 13. Contribution plot for Maximum tensile strength.

Table 5. Tensile strength results from DOE.

Variables D.F Adj SS Adj MS F-Value p-Value

Regression 3 219.608 73.203 136.59 0
Composition Of Plastics 1 210.398 210.398 392.57 0

Composition Of Thorn Powder 1 9.088 9.088 16.96 0
Type Of Chemical Treatment 1 0.122 0.122 0.23 0.638

Error 23 12.327 0.536
Lack-of-Fit 5 12.325 2.465 20797.84 0
Pure Error 18 0.002 0

Total 26 231.935

S: 0.732084, R2: 94.69%, R−2 (Adj): 93.99%, R−2 (Pred): 92.84%.

73



Polymers 2022, 14, 1278

3.4. Abrasion Wear Behavior

For the lowest wear rate, the main effects plot is shown in Figure 14 in which the mean
value of the wear rate is mentioned in Y axis with their levels in X axis. Porosity reduction
due to the inclusion of thorn powder is the important factor in deciding composite’s wear
resistance. However, the amount of waste plastic and the type of chemical treatment do not
have a significant impact. The increase in hardness is due to the increased amount of thorn
powder [14]. Hardness has a direct correlation to wear resistance [31]. Wear resistance
is improved by increasing the amount of hardness. The wear-resistant is boosted by the
thorn powder. Results for several polymer-based composite fillers have been published by
others [14,15,32,33]. The interaction plot for the lowest wear rate can be seen in Figure 15.
Plastic and thorn powder have the strongest interactions. For a clearer picture of the wide
range of possible reactions, see the contour plot in Figure 16. There must be 30 percent
plastics and 15 percent thorn powder added in order to achieve a minimum wear rate
of 0.05%. The main effect plot for minimal wear rate is shown in ANOVA Table 6, thorn
powder contributes more to wear resistance than other additives. Thorn powder contributes
93 percent of the total contribution, while plastics supply 7 percent. The wear resistance
of the composite is not affected by the chemical treatment. The composites’ wear rate
contribution plot is shown in Figure 17. Equation (4) contains the regression equation,
and an R-Squared value of 98.39% shows that the experimental responses are closer to the
mean values.

Regression equation for Minimum rate of wear = 11.168 − 0.03261 composition of plastics −
0.232 composition of thorn powder − 0.0222 type of chemical treatment

(6)
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 Level values 
Figure 14. Main effect plot for minimum wear rate.
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Figure 15. Interaction plot for minimum wear rate.

 
Figure 16. Wear rate results through contour graph.

Table 6. Wear rate results from DOE.

Variables D.F Adjacent SS Adjacent MS F-Value p-Value

Regression 3 26.1904 8.7301 467.52 0
Composition Of Plastics 1 1.9143 1.9143 102.51 0

Composition Of Thorn Powder 1 24.2672 24.2672 1299.58 0
Type Of Chemical Treatment 1 0.0089 0.0089 0.48 0.497

Error 23 0.4295 0.0187
Lack-of-Fit 5 0.4278 0.0856 888.4 0
Pure Error 18 0.0017 0.0001

Total 26 26.6199

S: 0.13665, R−2: 98.39%, R−2 (Adj): 98.18%, R−2 (Pred): 97.86%.
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Figure 17. Contribution plot for Minimum wear rate.

4. Conclusions

PJ fibers are mixed with a variety of natural and synthetic fibers to create enhanced-
property hybrid composites. Natural fibers’ high strength-to-weight ratio, longevity, and
inexpensive cost make them an excellent choice for polymer composites. Natural fiber
composites are widely used in defense, automotive, and marine applications. A composite
is made and tested using glass fiber and PJ in powder form. The results indicate that
adding 6% PJ powder to glass fiber composites leads in increased impact and compressive
strengths, as well as increased hardness [34].

In this study, the composite was created by combining waste plastic particles with
Prosopis juliflora thorn powder according to Taguchi’s full factorial design and laying it out
by spraying. The trials are carried out in accordance with ASTM standards, and the results
are entered into a software programme for further optimization. According to the optimal
values, the additions of thorn powder improves the hardness and wear resistance property,
and the inclusion of waste plastics improves the resistance to moisture absorption and
the tensile properties of the material. A material with a high hardness will have a higher
resistance to wear due to friction and abrasion. The use of fillers increases the composite’s
hardness, which is reflected in the composite’s wear rate [35].

It is necessary to have a 30 weight percent composition of plastics, a 15 weight percent
addition of thorn powder, and it must be silane treated in order to get maximum hardness.
In order to get the lowest possible water intake while maintaining the highest possible
tensile property, 30 weight percent waste plastic particles and 5 weight percent thorn
powders must be incorporated. Due to the natural nature of the filler powder, its inclusion
must be kept to a minimum to ensure optimal resistance to moisture absorption. Even if
chemically treated, they will lose their hydrophobic properties in extreme circumstances
and for extended periods of time, allowing water to permeate through the composites.
Overall, chemical treatment had little effect on the hardness, tensile strength, or moisture
intake characteristics of the material. Finally, in order to get the lowest possible abrasion
wear, the maximum amount of polymers and thorn powder should be used. The validation
tests are carried out for hardness in accordance with the projected levels, and it is discovered
that the error value falls below the acceptability criteria.
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Abbreviations

PJ Prosopis juliflora
RH Rice husk
NaOH Sodium hydroxide
ANOVA Analysis of Variance
GFRP Glass fiber reinforced polymer
W/V Weight by volume
V/V Volume by volume
HCL Hydrochloric acid
pH Potential of Hydrogen
UTM Universal testing machine
ASTM American society for testing and materials
UK United Kingdom
DOE Design of Experiments
DOF Degrees of freedom
SS Sum of squares
MS Mean sum of squares
F-value Fisher’s value
p-value Probability value
R2 Regression square
SEM Scanning electron microscopy
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Abstract: Fly ash (FA) and sugarcane bagasse ash (SCBA) are the wastes from lignite power plants
and sugar industries, usually disposed of as landfills. In this research, these wastes were effectively
utilized as a construction material, namely geopolymer. The effect of the SCBA (0–40 wt.%) addition
to the FA geopolymers was investigated. The compressive strength of the FA geopolymers was
reduced with the SCBA addition. The reduction was mainly due to the presence of the highly
stable and non-reactive quartz (SiO2) phase in SCBA. The SCBA was not dissolved in the alkaline
activated solution and hence did not contribute to the geopolymerization process. The unreacted
SCBA particles remained in the geopolymer matrix but did not provide strength. However, if the
amount of SCBA was about 10 wt.% or less, the impact on the characteristics and properties of FA
geopolymers was minimal. Furthermore, this research also studied the dielectric properties of the FA
geopolymer/SCBA composites. The relatively large dielectric constant (ε′ = 3.6 × 103) was found for
the pristine geopolymer. The addition of SCBA decreased the ε′ slightly due to high carbon content
in SCBA. Nevertheless, the variation in ε′ was mainly controlled by the geopolymerization process to
form the aluminosilicate gel structure.

Keywords: geopolymer; fly ash; sugarcane bagasse ash; mechanical properties; dielectric properties

1. Introduction

The Mae Moh power plant in Lampang province is Thailand’s largest lignite electricity
generating station. The process uses 45 thousand tons of lignite per day, or 16 million
tons per year, and emits 4.4 million tons of fly ash (FA) per year [1]. On the other hand, in
the sugar industry, sugarcane is crushed to extract the juice. The fibrous residue, called
bagasse, is used as a fuel source for feeding a boiler. Sugarcane bagasse ash (SCBA) is
thus a residue obtained from the burning of bagasse in the sugar industry [2]. Thailand
is the world’s fourth-largest sugar producer and the second-largest exporter. In 2019, the
sugar production capacity was 14.58 million tons, which used sugarcane of 125 million
tons, consequently producing 800,000 tons of SCBA [3]. In general, both FA and SCBA
are usually disposed of as landfills. Thus, vast space is necessary to dispose of these
wastes, which generate major environmental issues, harming flora, animals, and people’s
health. Recycling and reusing waste should be seen from both ecological and economic
standpoints. Therefore, several research studies have investigated waste utilization for
various technological purposes [4–6]. For example, FA has been utilized in construction
as a geopolymer-based material due to its high silica and alumina, low cost, and is highly
reactive for geopolymerization.
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Geopolymer is an inorganic binding material, mainly composed of alumina (Al2O3)
and silica (SiO2). Polymeric structures of Al–O–Si form the fundamental building blocks
of a geopolymer. Many types of materials can be used as raw materials in geopolymer
production. Most of them are recycled or by-product materials, such as FA, rice husk
ash, or metakaolin [7]. Alkali metal salts and/or hydroxide are usually required for
dissolving silica and alumina from raw materials [8]. Generally, geopolymer provides
excellent mechanical and thermal properties, high durability, high initial strength, and
environmental greenness [9,10]. Geopolymer manufacturing emits 80% less CO2 than OPC
production processes.

On the other hand, the SCBA contains a large amount of silica (62%) and some Al2O3,
CaO, Fe2O3, and K2O. Loss of ignition (LOI) of about 10% implies the high content of
unburnt organic matter [11]. Many researchers have used SCBA as pozzolanic materials, a
broad class of SiO2 and Al2O3 materials possessing cementitious properties. SCBA was
initially utilized in construction materials in 1998 [12]. The research studied the reaction
between limestone and SCBA with pozzolanic characteristics by analyzing the mechanical
properties of hardened cement pastes. It was found that adding a suitable amount of
SCBA could enhance the compressive strength of the cement pastes [12]. According to
most research, SCBA of 5–15 wt.% could be added to cement paste, mortar, and concrete
to enhance its strength [5,13,14]. However, when a higher amount of SCBA was added,
the mechanical properties dropped because of insufficient cement to bind aggregates and
the presence of incompletely burned sugarcane bagasse and amorphous carbon in SCBA
with poor strength [11,13–15]. However, Bahurudeen et al. reported that sieving SCBA
before mixing with cement concrete increased the strength due to the complete removal of
incompletely burned sugarcane bagasse and amorphous carbon [5]. As a result, SCBA could
be explored as pozzolanic materials in geopolymer for improving mechanical properties.

Moreover, while SCBA could improve the strength of construction materials, it could
act as a dielectric material due to its high silica content. A dielectric material is an electrical
insulator that can be polarized by an applied electric field. When an electric field is applied
to a dielectric material, electric charges do not flow through it as they do in an electrical
conductor. Instead, they move slightly from their normal equilibrium positions, resulting in
dielectric polarization [16]. Recently, many studies have been carried out on the dielectric
properties of geopolymer [17–21]. Geopolymer is a cross-link long-chain inorganic polymer
of AlO4 and SiO4 so that it requires charge balancing from alkali cations, such as Na+ and
K+. The dielectric constant (ε′) of the geopolymer paste and mortar at 24 h after mixing
were found as 3.5 and 7–10, respectively [22,23]. At room temperature, the most important
variables influencing the electrical conductivity and dielectric property of geopolymers are
water molecules and hydroxide [24].

In this research, we investigated the effect of SCBA addition in FA-based geopoly-
mer paste. The mechanical strengths, dielectric properties, microstructure, and functional
groups of the geopolymer/SCBA composites were studied and discussed. We demon-
strated that the waste from a lignite power plant (FA) and the waste from a sugar industry
(SCBA) could be turned into useful construction materials. However, the addition of SCBA
had a strong effect on the microstructure and properties of FA geopolymer. Therefore, the
added amount of SCBA should not be too high. Our research suggested that the SCBA
concentration should be limited to about 10 wt.% of the total FA + SCBA weight. By appro-
priately controlling the FA and SCBA, this research has the innovation to utilize industrial
wastes into more value-added products. The geopolymer/SCBA composites in this work
can be used as pre-formed bricks with dielectric properties that make them very useful as
functional and smart construction materials.

2. Experimental Section/Methods

2.1. Raw Materials

The source material for geopolymer preparation was high calcium lignite fly ash (FA)
from the Mae Moh power plant in Lampang Province, Thailand. Sugarcane bagasse ash
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(SCBA) was donated from the sugar plant in Thailand (Thai Roong Ruang Research &
Development Co., Ltd., Uthai Thani, Thailand). The alkaline-activated solutions were
sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) solutions. The 10 M NaOH
solution was prepared by diluting NaOH flake (98% purity, AGC Chemicals (Thailand
Co., Ltd., Samut Prakan, Thailand) in DI water. The Na2SiO3 solution was purchased from
Eastern Silicate Co., Ltd., Chonburi, Thailand (12.53 wt.% Na2O, 30.24 wt.% SiO2, and 57.23
wt.% H2O). The mole ratio of the Na2SiO3 solution was 2.49.

2.2. Sample Preparation

Process of treated SCBA as shown in Figure 1: the as-received SCBA was sieved to 75–
600 μm (200–30 mesh) to remove unwanted fragile residues, such as incompletely burned
sugarcane bagasse and other impurities. It was further treated by oven drying at 120 ◦C for
24 h to eliminate moisture. To prepare the FA-based geopolymer/SCBA composite, firstly,
FA and SCBA were blended into a bowl for 5 min. The SCBA content was set to be 0, 10,
20, 30, and 40 wt.% of the powders’ total weight. Then, the NaOH solution was added to
the mixture and stirred by a mechanical blender at 285 rpm for 5 min. Subsequently, the
Na2SiO3 solution was added and mixed for another 5 min at the same speed. The ratio of
Na2SiO3 to NaOH was 1.0, and a liquid to ash ratio (L/A) of 0.45 was used. After that, the
geopolymer paste was poured into a 2.5 × 2.5 × 2.5 cm3 acrylic mold for the mechanical
property test. It was also poured into a disk-shaped mold (2.4 cm diameter and 0.6 cm
thick) for the dielectric properties measurement. Finally, the geopolymer paste was left at
the ambient temperature for 1 h, before being wrapped with a plastic film and cured in an
oven at 60 ◦C for 24 h. This way of curing is useful for the pre-formed geopolymer bricks
but may not be suitable for manufacturing at the construction sites. The sample was kept
in a control room (25 ◦C and 50% RH) before the tests at 7 and 28 days.

Figure 1. A process for treatment of the raw sugarcane bagasse ash (SCBA).

2.3. Characterization Techniques

The rheological behavior of the geopolymer/SCBA paste right after mixing was tested
using a miniature slump (mini-slump) cone test. [25,26]. The paste was injected into a
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truncated conical mold, which was then lifted to a vertical position in accordance with
ASTM C143. The mixture was allowed to spread after the conical mold was removed, and
the diameters of the paste were measured. The workability (%W) was calculated as:

%W =

(
d − d0

d0

)
× 100 (1)

where d is the spread-out diameter of geopolymer paste, and d0 is the original diameter.
X-ray fluorescence spectroscopy (XRF, Rigaku, ZSX Primus, Texas, USA) was used

to evaluate the chemical composition of the as-received FA ash and the treated SCBA.
The phase and crystal structure of the raw materials and geopolymer composites were
examined by X-ray diffraction (XRD, Panalytical, Empyrean, Worcester, UK). Scanning
electron microscopy (SEM, SEC, and SNE-4500M) was used to assess the microstructure
of the geopolymer/SCBA composite. The fractured specimen after the mechanical test
was gold-coated before being subjected to SEM investigation. The functional groups of the
geopolymer were identified using a Fourier transform infrared spectroscope (FTIR, Bruker,
TENSOR27, Boston, MA, USA). Moreover, the surface composition of the as-received
FA ash and the treated SCBA were measured using X-ray photoelectron spectroscopy
(XPS, PHI5000 VersaProbe II, ULVAC-PHI), at the SUT-NANOTEC- SLRI research facility,
Synchrotron Light Research Institute (SLRI), Thailand.

The compressive strength was conducted on the geopolymer/SCBA specimens cured
for 7 and 28 days using a universal testing equipment (Chun yen, CY-6040A12). Compres-
sive load was applied at a rate of 50 kN/min until the specimen fractured, according to
ASTM C109/C109M-20b [27]. Six samples were used for each experiment, and the average
value was calculated for the compressive strength.

For dielectric measurement, the disk-shaped sample was used. The silver paste was
painted at the top and bottom surfaces of the samples (diameter of 2.4 cm), before heating in
air at 60 ◦C for 15 min to make good electrode contact. The impedance analyzer (Keysight
E4990A) was used for dielectric measurement over the frequency range from 40 to 107 Hz
using an oscillation voltage of 0.5 V at room temperature. The relative permittivity or
dielectric constant (ε′) was calculated from:

ε′ = Ct
ε0 A

(2)

where C is the sample’s capacitance, t is the sample’s thickness, ε0 is the permittivity of free
space (8.854 × 10−12 F/m), and A is the electrode area.

3. Results and Discussion

The raw SCBA was treated, as explained in Section 2, before mixing with FA and
other chemicals to form a geopolymer. The chemical compositions of the FA and treated
SCBA were determined using XRF, as shown in Table 1. The major oxides of FA are SiO2,
CaO, Al2O3, and Fe2O3. The high CaO content indicates the FA as Class C fly ash. In
contrast, the main composition of SCBA is SiO2 (66.9 wt.%) with relatively low other oxides.
The microstructure of raw FA and treated SCBA was observed under scanning electron
microscopy (SEM), as shown in Figure 2, along with the particle size distribution curves.
The FA was spherical particles with a smooth surface. The particle size was around 2–20 μm,
with the average particle size of 2.23 μm. On the other hand, the treated SCBA was of
irregular shape with a rough surface. The size of the SCBA particle was more than an order
of magnitude larger than the FA particle, with the average particle size of 105.22 μm.
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Table 1. Chemical composition of as-received FA and treated SCBA.

Oxide Compound Fly Ash (wt.%) Treated SCBA (wt.%)

Silicon dioxide (SiO2) 28.54 66.91
Calcium oxide (CaO) 26.37 9.48

Aluminum oxide (Al2O3) 14.94 6.66
Ferric oxide (Fe2O3) 18.14 8.11
Sulfur trioxide (SO3) 4.56 0.32

Potassium oxide (K2O) 2.80 3.49
Magnesium oxide (MgO) 2.01 1.62

Sodium oxide (Na2O) 1.05 0.40

Figure 2. SEM micrographs and particle size distribution curves for (a,b) raw FA, and (c,d) treated
SCBA.

The workability of the geopolymer composite as a function of SCBA concentration is
presented in Figure 3. Workability significantly deteriorates at the SCBA levels greater than
10 wt.%. Figure 3b–d show the pictures of the geopolymer pastes during the workability
test. For the geopolymer paste without SCBA, the paste spreads readily and exhibits good
rheological flow. However, adding SCBA into the paste increases its viscosity, especially
the geopolymer/SCBA-40 wt.% paste, which becomes so viscous that it hardly flows. This
result could be due to the SCBA’s high porousness and high rate of solution absorption.
Workability between 150–250% is suitable for the casting and drying processes [28,29]. As
a result, the optimal concentration of the added in SCBA in the geopolymer paste was
between 10 to 30 wt.%.
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Figure 3. (a) Workability of the geopolymer/SCBA pastes; (b–d) the spread of geopolymer pastes
during workability tests.

The X-ray diffraction (XRD) patterns of raw FA, treated SCBA, geopolymer paste, and
geopolymer/SCBA composite are shown in Figure 4. The raw FA shows a broad XRD
hump around 2θ = 20–40◦, a common characteristic of an amorphous phase. Apart from
that, other crystalline peaks are observed for the raw FA, namely Anhydrite (A), quartz
(Q), hematite (F), and calcium oxide (C), as indicated in Figure 4. For the treated SCBA,
the XRD pattern clearly shows the high crystalline peak of the quartz phase, similar to
previous reports [30]. The FA geopolymer exhibits mostly an amorphous phase with minor
quartz peaks. The amorphous phase is the characteristic of geopolymeric gel as observed
elsewhere [17], whereas the minor quartz peaks are due to the quartz crystal in FA. When
SCBA was added to the geopolymer, the XRD pattern became the combination between
the FA geopolymer and the raw SCBA. In other words, it shows the feature of the broad
hump from the amorphous phase of geopolymeric gel and also the sharp quartz peak from
SCBA. The intensity of the quartz peak increased proportionally with the amount of SCBA
addition. It implies that the highly crystalline quartz phase of SCBA did not interact or
form chemical bonds with geopolymeric gel during the geopolymerization process [31].
Thus, the SCBA did not contribute to the aluminosilicate building block of geopolymer.

The compressive strengths of the geopolymer/SCBA composite pastes at 7 and 28 days
are presented in Figure 5. The obvious point from the figure is that the strength at 28 days is
much higher than at 7 days. In addition, the general trend shows that adding SCBA reduces
the strength of geopolymer both at 7 and 28 days. The explanation for both observations is
as follows. Geopolymerization consists of three stages: deconstruction, polymerization,
and stabilization [32]. Deconstruction dissolves alumina and silica from FA in the alkaline-
activated solution. The alumina and silica then form aluminosilicate geopolymeric gel
during the polymerization stage. For stabilization, the gels are interconnected to form more
extensive networks, and the strength of the geopolymer paste develops. However, the
stabilization is slow and requires many days for the strength to be fully developed [33].
That is why the overall strengths are lower for the 7-day sample.

86



Polymers 2022, 14, 1140

Figure 4. XRD patterns of the raw fly ash, treated SCBA, geopolymer paste, and geopolymer/SCBA
composite. Denote the initial of phases: Q = quartz, A = anhydrite, C = calcium oxide, F = hematite.

The reduced strength with higher SCBA could be due to the highly crystalline quartz
(SiO2) in SCBA. Although the basis of the geopolymer structure is an Al-O-Si polymeric
chain [34], the initial alumina and silica sources need to be firstly dissolved in an alkaline
activated solution before proceeding to the subsequent geopolymerization stages. Thus,
they are better in an amorphous form for ease of dissolution. This is what happens to the
raw FA for their geopolymerization. However, since SCBA contains a significant amount
of quartz, which is very stable and nearly undissolved in the alkaline activated solution,
the deconstruction step was not achieved, and the geopolymerization never occurred.
Therefore, SCBA did not contribute to the formation of aluminosilicate gels, as evidenced
from XRD in Figure 4. Adding more SCBA means there is less FA geopolymer, which
provides the strength. The other reason is attributed to the different sizes of the raw FA
and SCBA, as shown in Figure 2. As the size of SCBA particles is more than 10 times larger
than the FA, the SCBA is less reactive and thus had a negative impact on the geopolymer
strength.
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Figure 5. Compressive strength of geopolymer paste and geopolymer/SCBA composite pastes.

Furthermore, the effect of strength reduction with SCBA is more prominent for the
geopolymer pastes aged for 28 days. The strength at 28 days reduced from 47.8 MPa
for the geopolymer paste without SCBA to 32.7 MPa for the geopolymer/SCBA-40 wt.%
composite, which accounts for >30% in strength reduction. On the other hand, the strength
of the geopolymer/SCBA-10 wt.% composite is 45.7 MPa, almost unchanged compared to
the pristine paste. Thus, it can be concluded that a small amount of SCBA (up to 10 wt.%)
can be added in FA geopolymer, as an effective way for utilizing SCBA wastes, without
sacrificing its mechanical property.

The microstructures of geopolymer/SCBA pastes were examined, as illustrated in
Figure 6. The fractured surfaces were examined after mechanical tests at 7 and 28 days.
The distinct features from the SEM images are that the geopolymer paste without SCBA
is fully dense with a smooth surface due to the formation of aluminosilicate gels from
geopolymerization. However, few unreacted FA particles could still be observed (red
arrows). In contrast, the surface of the composite pastes is rougher and is covered by
flaky unreacted particles. These particles are partly unreacted FA but mostly are unreacted
SCBA, which mainly consists of stable crystalline SiO2. As more SCBA was added to
the geopolymer composites, a higher fraction of unreacted SCBA particles is observed
(yellow circles in Figure 6i). It was reported that the number of unreacted particles and the
contact between them and the geopolymer matrix had a substantial negative impact on
the overall strength of the material [35]. Thus, the observation from SEM also supports the
changes in compressive strengths. As more SCBA particles were added to the geopolymer
composite, these SCBA particles did not involve geopolymerization. Instead, it resulted in
more unreacted particles left in the geopolymer matrix, which led to decreased mechanical
property.

It should be noted that the SEM images in Figure 6 are not significantly different
between the 7-day and 28-day. This implies that the microstructure of the geopolymer paste
did not change much by aging. However, the geopolymerization process still goes on at
the chemical bonding level. To prove this, the FTIR spectra were measured, as shown in
Figure 7. Figure 7a shows a broad scan spectrum of the geopolymer paste. Several absorp-
tion bands are observed, for instance, the symmetric stretching of Al-O at 684 cm−1 [36], the
asymmetric stretching vibrations of Si-O-Si or Al-O-Si at 948 cm−1, [36,37], and the stretch-
ing vibration of O-C-O at 1416 cm−1 [38]. Moreover, water absorption on the geopolymer
surface resulted in the bending vibration of H-O-H at 1648 cm−1 [39], and the hydroxyl
(–OH) functional groups at 3356 cm−1 [40].

88



Polymers 2022, 14, 1140

Figure 6. SEM micrographs of the geopolymer pastes at 7 and 28 days with SCBA of (a,b) 0 wt.%,
(c,d) 10 wt.%, (e,f) 20 wt.%, (g,h) 30 wt.%, and (i,j) 40 wt.%.
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Figure 7. FTIR spectra of the geopolymer/SCBA composite pastes: (a) wide scan from 500 to
4000 cm−1; (b,c) expanded views from 850 to 1250 cm−1 for determining the change in Si-O-Si and
Al-O-Si band as a function of SCBA wt.%.

Geopolymerzation is related mainly to the asymmetric stretching vibrations of Si-
O-Si or Al-O-Si at 948 cm−1, as they indicate the formation of aluminosilicate building
blocks. Therefore, we expanded that band spectra and compared them amongst different
samples, as shown in Figure 7b,c. The intensity of the Si-O-Si (Al) band decreases as higher
SCBA (0–40 wt.%) is added in the geopolymer composite. The same trend is observed
for the samples aged 7 and 28 days. This indicates that the addition of SCBA suppresses
the formation of aluminosilicate geopolymeric gels. Thus, the FTIR result is another key
evidence to support the changes in mechanical properties.

The dielectric properties of the geopolymer/SCBA composites were measured, as
shown in Figure 8. The dielectric constants (ε′) for all samples decrease with increasing
frequency. The dielectric response in a low-frequency region is usually caused by the
interfacial polarization of composite materials or sample–electrode contact [41,42]. At low
frequencies, the molecules are given sufficient time to spin and orient themselves in the
direction of the applied AC at low frequencies [43]. However, at high frequencies, the time
for re-orientation is not sufficient, resulting in the decreased ε′ from the relaxation of a
polarization process within the system [44].
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Figure 8. The dielectric constant ε′ of geopolymer/SCBA pastes at (a) 7 days and (b) 28 days. (c) The
variation of ε′ at 1 kHz as a function of SCBA wt.% in geopolymer.

Furthermore, compared between the samples aged 7 and 28 days, the ε′ constants
of 28-day geopolymers are one order of magnitude larger. For example, the ε′ values at
1 kHz of the geopolymer paste without SCBA were 1.2 × 102 and 3.6 × 103 for a 7-day
and 28-day age, respectively. The increased ε′ with the geopolymer age could be attributed
to aluminosilicate gel and relative humidity. As mentioned earlier, geopolymerization
is a slow process, and the aluminosilicate geopolymeric structure continues to develop
with time. Thus, the extensive network of geopolymeric gel is more developed at 28 days,
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leading to larger ε′, in an agreement in previous reports [45]. Moreover, the dielectric
property is strongly affected by humidity in the samples—the higher the humidity, the
lower ε′ [17]. Therefore, as the aluminosilicate structure is in the more advanced stage at 28
days, the relative humidity in the geopolymer composite is decreased, contributing to the
higher ε′.

The dielectric constants were also affected by the addition of SCBA. The ε′ values
decreased with SCBA inclusion in the FA geopolymer at 7 days (Figure 8a) and 28 days
(Figure 8b). The variation of ε′ at 1 kHz as a function of SCBA wt.% in geopolymer is
plotted in Figure 8c. The decreased ε′ could be attributed to an electrically conductive phase
presented in SCBA. Table 2 shows the chemical compositions of the raw FA and the treated
SCBA determined by X-ray photoelectron spectroscopy (XPS) analysis. Obviously, the
carbon content of the SCBA is significantly higher than that of the FA. Figure 9 compares
the XPS carbon peaks between FA and SCBA. It shows that the intensity of the carbon for
SCBA is much higher. As carbon is a conductive material, the higher carbon fraction in
SCBA reduces the sample’s insulative property and suppresses the dielectric constants.
However, the effect of SCBA addition was minor when compared to the geopolymer curing
age (Figure 8c). In other words, the geopolymer/SCBA composites at 28 days still exhibit
much higher ε′ with respect to the pristine geopolymer paste at 7 days. It infers that a
crucial factor in controlling the dielectric constant is the geopolymerization process to form
the aluminosilicate gel structure.

Table 2. Chemical compositions of raw FA and treated SCBA determined by XPS analysis.

Compound Fly Ash (at.%) SCBA Treated (at.%)

C 1s 34.26 41.14
O 1s 52.66 46.75
Si 2p 7.92 10.88
Ca 2p 5.16 1.23

 
Figure 9. The carbon (1S) XPS spectra of the raw FA and the treated SCBA powders.

4. Conclusions

In this research, we have utilized the waste from a lignite power plant (FA) and the
waste from a sugar industry (SCBA) to fabricate a construction material, the geopolymer.
The FA geopolymer without SCBA shows excellent properties, such as good rheological
flow of the paste after mixing (workability = 255%), high compressive strength (47.8 MPa),
and relatively large dielectric constant (ε′ = 3.6 × 103). These excellent properties were due
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to the formation of the aluminosilicate gels from the geopolymerization process of FA when
dissolved in an alkaline-activated solution. The amorphous phase of geopolymeric gel was
detected by XRD. The SEM images showed the fully dense samples with a smooth surface
of aluminosilicate gels. Moreover, the intensity of the asymmetric stretching vibrations
of the Si-O-Si (Al) observed from FTIR was very strong, supporting the formation of
aluminosilicate building blocks.

On the contrary, the FA geopolymer composited with SCBA showed inferior char-
acteristics. The workability, compressive strength, and dielectric properties deteriorated
as compared to the pristine geopolymer. The main reason is due to the highly crystalline
quartz (SiO2) phase in SCBA, which is very stable and not reactive. Thus, the SCBA did
not dissolve in the alkaline-activated solution and did not take part in the geopolymeriza-
tion process. This led to the unreacted SCBA particles leftover in the geopolymer paste.
These particles did not provide strength to the geopolymer and thus led to decreased
mechanical properties. Furthermore, the high carbon content in SCBA contributed to an
electrically conductive phase in the geopolymer composite, which in turn reduced the
dielectric constant. However, our results suggested that if the amount of SCBA was about
10 wt.% or less, the impact on the characteristics and properties of FA geopolymers was
minimal. Therefore, the FA with approximately 10 wt.% SCBA could be utilized to fabricate
geopolymer composites.
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DI Deionization
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SEM Scanning electron microscope
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XPS X-ray photoelectron spectroscopy
ε′ Dielectric constant
C Sample’s capacitance
t Sample’s thickness
ε0 Permittivity of free space (8.854 × 10−12 F/m)
%W Workability
d Spread-out diameter of geopolymer paste
d0 Original diameter
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Abstract: Bark extracts are sustainable sources of biopolymers and have great potential to replace
fossil-based polymers in wood coating applications. The present study investigated the applicability
of suberin fatty acids hydrolysate (SFA) extracted from the outer bark of silver birch (Betula pendula
Roth.) for coating of aspen wood (Populus tremula L.). The SFA combined with maleic anhydride
(MA) and octadecyltrichlorosilane (OTS) as a curing agent was prepared in ethanol and used in
surface coating. The water contact angle, surface reflectance spectra, FTIR, and SEM-EDS were
used to characterize the physical and chemical properties of the coated wood samples. Further, the
long-term stability of the SFA coating was analyzed via artificial aging. The wood surface became
hydrophobic, as the contact angle for the water droplet (WCA) was over ~120◦, and was stable for all
of the prepared combinations of SFA, MA, and OTS.

Keywords: birch bark; wood coating; suberin fatty acids; hydrophobicity; artificial aging

1. Introduction

As a hydrophilic, hygroscopic, porous, and fibrous material, wood is especially vulner-
able to water sorption, because water penetrates rapidly into the wood structure causing
swelling and eventually a loss of mechanical strength as well as providing conditions for
biological degradation [1,2]. Several wood modification methods have been developed to
improve the overall chemical and physical properties of the material. Wood modification
can be divided into two main categories: active and passive wood modification. Active
modification includes chemical, thermal, and enzymatic modifications of the wood cell wall
and surface, whereas passive modification consists mainly of impregnation of the pores and
lumen space of the cell wall with chemicals [3,4]. Wood surface coating is one of the active
chemical modification techniques to improve the service life of wood and wood products,
and various synthetic polymeric coatings have been investigated for this purpose [2,5].
However, in recent years, polymers and monomers derived from bio-based materials have
attracted enormous interest due to the dwindling of non-renewable feedstock such as
petrochemicals [6,7].

The wood processing industry provides large amounts of bark as a side stream, and
most of it is incinerated for energy instead of cascading for potential green chemicals [8–10]).
The global annual generation of bark is estimated to be between 300 and 400 million m3 [11].
In birch bark, in particular, the chemical composition of the outer and inner bark differs
considerably. The outer bark of silver birch (Betula pendula Roth.) is made up of 45%
suberin, 40% extractives, 9% lignin, 4% hemicelluloses, and 2% cellulose, on average [12].
The extractives mainly consist of different triterpenoids but only few phenolics—in contrast
to inner bark with its very high phenolic contents [13,14]. Birch wood is especially rich
in the valuable biochemicals such as the naturally occurring biopolyester suberin and the
triterpenoids betulinol and lupeol [12,15]. The content of betulinol and lupeol in outer
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bark varies between 30% and 35%, and the content of suberin can be up to 40–50% [16].
Birch bark containing both inner and outer bark from a pulp mill has been reported to
contain 5.9% suberin [16]. Suberin fatty acids have various functional applications such as a
hybrid co-polymer and polyols for polyurethane [17,18], a source of organosolv lignin [19],
a thermoset resin from epoxy ω-hydroxyacids and methacrylates [20], a water vapor barrier
hybrid film of cellulose [21], and as a hydrophobic coating for a lignocellulosic fiber net-
work [15]. Handiso et al. [22] evaluated the physico-chemical properties of cellulose surface
modified with suberin and suberin fatty acids, and the outcomes from this strongly support
the use of SFA in cellulose modification for better hydrophobic and barrier properties.

In this study, the suberin fatty acids hydrolysate (SFA) of outer birch bark was in-
vestigated as a potential hydrophobic coating application on aspen wood surface. Two
crosslinking agents, maleic anhydride (MA) and octadecyltrichlorosilane (OTS), were used
in several combinations. The coated wood samples were evaluated by Fourier transform
infrared spectroscopy (FTIR), surface reflectance spectra, and scanning electron microscopy
with energy-dispersive X-ray analysis (SEM-EDX). In addition, the water contact angle was
measured using the sessile drop method. Further, the effectiveness of the hydrophobic
properties of wood samples was evaluated by exposing them to artificial aging.

2. Materials and Methods

2.1. Materials

The outer bark of silver birch (Betula pendula Roth.) was manually removed from
freshly cut stems (tree diameter: 200–300 mm), followed by air-drying at room temperature.
The outer bark was then ground using a cutting mill Fritsch PULVERISETTE Type 15.903
(Fritsch GmbH, Germany) with a sieve cassette having 4 × 4 mm2 square openings. The
ground outer bark was then freeze-dried and stored in an airtight polyethylene bag.

European aspen wood (Populus tremula L.) was procured from a local sawmill in
southern Finland and prepared as specimens free from knots and cracks with straight
grains and normal growth ring widths. The wood samples were prepared to uniform
dimensions (100 × 45 × 5 mm) and oven-dried at 105 ◦C for 24 h prior to coating.

Isopropyl alcohol 99.8% (Merck KGaA, Darmstadt, Germany), sodium hydroxide
99.0% (Merck KGaA, Darmstadt, Germany), ethanol 94.0% (Altia Oyj, Rajamäki, Finland),
and sulfuric acid 95% (VWR International S.A.S., Briare, France) were used in the exper-
iments. Then, 2 molar sulfuric acid was prepared by pouring 112 mL of concentrated
sulfuric acid into 600 mL of maxima ultrapure water. The final volume was adjusted with
ultra-pure water to 1000 mL after the solution was cooled to room temperature.

2.2. Suberin Fatty Acids Extraction Process

The dry solid content of the ground and dried outer bark was 97.8%. The hydroly-
sis and extraction were carried out according to a protocol described by Korpinen et al.
(2019) [15]. In the process, 150 g o.d. of outer bark was used with a liquid-to-bark ratio of
10 mL/g. Ethanol was used as the solvent with a solvent-to-water ratio of 9:1 (v/v). On o.d.
bark, 20% NaOH was applied, and the bark was boiled in the solution for 3 h. The betulinol
fraction and suberin fatty acids were then separated. The extractions were repeated three
times. The different fractions were characterized separately and mixed before the wood
surface treatment.

2.3. Wood Samples and Coating Solutions Preparation

The wood samples without any coating were selected as a control (C). Figure 1 shows
a schematic of the extraction and coating process of SFA on wood surface. The following
SFA-based coating formulations were prepared and applied on the wood surface:

a. SFA and maleic anhydride (MA) (treatment name, SFA–MA): Fixed amounts (70:30)
of SFA and maleic anhydride as a hardener were mixed and boiled at 45 ◦C in ethanol.
A manual brush coating was used to prepare a uniform two-layer coating of SFA–MA
on wood and dried for 24 h at 105 ◦C;
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b. Treatment of coated samples with octadecyltrichlorosilane (OTS) (treatment name,
SFA–MA + OTS): SFA–MA-coated samples dipped into a solution (1/100) (v/v) of
OTS and n-hexane for 30 min and dried for 24 h at 105 ◦C;

c. OTS treatment of sample: Wood samples dipped in a solution (1/100) (v/v) of OTS
and n-hexane for 30 min and dried at 24 h at 105 ◦C;

d. SFA–OTS: In 100 mL ethanol, 5 g SFA and 500 μL OTS were mixed and boiled at
120 ◦C (10 min) and cooled down to room temperature and applied manually to the
wood surface (two coatings).

Figure 1. Schematic of SFA extraction and hydrophobic coating on wood.

2.4. GC and GC-MS Analysis

Suberin fatty acids were derivatized using a mixture of N,O-bis(trimethylsilyl)trifluoro-
acetamide (BSTFA):chlorotrimethylsilane (TMCS):pyridine (120:20:20) and heated for 50 min
at 70 ◦C. The silylated samples were quantified by gas chromatography flame ionization
detection (GC-FID), and the peak identities were confirmed by gas chromatography mass
spectrometry (GC-MS) as described by Korpinen et al. (2019) [15].

2.5. SEM and EDS Analysis

The surfaces of coated wood samples and uncoated reference samples were evaluated
using scanning electron microscopy (SEM, JEOL JSM-5500LV, Osaka, Japan). The specimens
were coated with a thin evaporated layer of carbon to improve conductivity prior to the
analysis. The prepared specimens were mounted 12 mm from lenses. The chamber pressure
< 1.0 × 10−5 (high vacuum) and acceleration voltages of 15 and 10 kV were used to measure
the specimen’s surface. Further, energy-dispersive X-ray spectroscopy (EDS) was applied
with ESPRIT v.2.1.2.17832 coupled with SEM.

2.6. Color Measurement

The surface reflectance spectra of coated wood samples and uncoated reference sam-
ples were measured at intervals of 8 mm in diameter for each specimen in the visible light
wavelength range of 360–740 nm using a Konica Minolta CM-2600d spectrophotometer
(Konica Minolta Inc., Tokyo, Japan). Spectral data were converted to CIEL*a*b* color coor-
dinates using a 2◦ standard observer and a D65 light source for lightness (L*), redness (a*),
and yellowness (b*), according to the CIEL*a*b* color space (ISO 11664-4:2008). For each
sample group, the mean and standard deviations of the color coordinates were calculated.

One-way ANOVA was performed using the Origin (Lab 9.1, MA, USA) statistical data
analysis software to calculate the samples’ mean difference at p < 0.05 levels for the color
differences in samples before and after artificial aging.
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2.7. Water Contact Angle Measurement

The wettability of the coated wood samples and uncoated reference samples was
evaluated based on the water contact angle (WCA) using the sessile drop method. The
contact angles were measured by means of computer-aided analysis (OCA 50 instrument
coupled with SCA 20 CA software, DataPhysics Instruments, Berlin, Germany) of elliptical
shapes of liquid drops as observed in an optical goniometer and recorded by a digital
camera installed in axial extension of the lens and statistics of 5 droplets per specimen.
Drops of approximately 4–6 μL, the volumes being calculated from images of the drops,
were applied by means of a dispenser.

2.8. ATR-FTIR Measurement

Fourier transform infrared spectrophotometer (Shimadzu Cooperation, Kyoto, Japan,
IRPrestige-21/IRAffinity-1/FTIR-8000 series) coupled with IRsolution software were used
to gain, control, and process the data. Semi-thin layers were cut from wood specimens
with a razor blade and then dried at 60 ◦C for two hours. The prepared specimens were
scanned while using an attenuated total reflection (ATR) setup in the absorbance range of
400–4000 cm−1 with a scanning rate of 2 cm−1 and 50 scans per run.

2.9. Artificial Aging

The artificial aging of coated wood samples and uncoated reference samples were
performed to compare and understand the long-term performance of prepared coating
formulations. The aged samples were characterized to see the changes due to the fact
of aging. The artificial aging was carried out according to ISO 4892-2:2013 using an
Atlas Xenotest 440 weather testing chamber (Ametek Inc., Baton Rouge, LA, USA) for
500 h. Xenon light exposure at 60 Wm−2 in the range of 300–400 nm at 65 ◦C was used
(black standard).

3. Results and Discussion

3.1. Analysis of the SFA Hydrolysates

Two integral and characteristic peaks of a long aliphatic chain in suberin appeared at
2919 and 2851 cm−1 as shown in Figure 2. A high-intensity band vibration at 1738 cm−1 of
the carbonyl groups of typical esters was present in suberin. The symmetric and asymmetric
bonds associated with vinyl groups, such as C–O and C–H, were present at 1245, 1164, and
722 cm−1. The characteristic epoxy band was present at 845 cm−1 of hydroxyl-fatty acids,
i.e., 9,10-epoxy-18-hydroxy-18:0 acid [23,24], which accounted for ~10% of the dry birch
outer bark [25]. The bands of saturated aliphatic chains of vinyl (C–H) in-plane bending
were present at 1463 cm−1 [22].

The chemical composition of the suberin fatty acids in the hydrolysate can be seen
in Table 1. The monomer composition was similar to the results obtained by Pinto et al.
(2009) [10]. The main difference was found in the amount of 9,10,18-trihydroxy-18:0 acid;
the trihydroxy acid was formed during the hydrolysis in ethanol instead of isopropanol.
The chlorinated substances were most probably artefacts from the silylation of the samples
for the chemical analysis. The small amounts of triterpenoids, such as betulinol and
betulinic acid, were derived from the first filtration process, where the betulinol fraction
was separated [9]. The filtration process was not fully complete, but further separation
techniques are required if fully pure fractions are needed.
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Figure 2. FTIR ATR spectrum corresponding to the SFA hydrolysate.

Table 1. The composition of suberin fatty acid (SFA) hydrolysate from birch outer bark estimated
using GC-MS.

Compound
MEAN

mg g−1 (o.d.)
SD

16:0 Fatty acid (palmitic acid) 0.83 0.06

Ferulic acid 5.48 1.42

17:0 fatty acid 0.12 0.02

18:2 Fatty acid (linoleic acid) 0.97 0.03

18:1 Fatty acid (oleic acid) 0.37 0.00

18:0 Fatty acid (stearic acid) 0.09 0.01

16-Hydroxy-16:0 acid 1.38 0.11

20:0 Fatty acid (arachidic acid) 0.19 0.03

1,16-Dioic-16:0 acid 3.36 0.25

18-Hydroxy-(9)18:1 acid 41.55 4.36

9,16- and 10,16-Dihydroxy-16:0 acids 13.70 0.22

18-Hydroxy-18:0 acid 1.31 0.17

1,18-Dioic-(9)18:1 acid 16.64 0.42

22:0 Fatty acid 0.00 0.00

1,18-Dioic-18:0 acid 6.93 0.53

9,18-Dihydroxy-(9)18:1 acid 5.22 0.02

9,10-Epoxy-18-hydroxy-18:0 acid 138.71 28.18

20-Hydroxy-20:1 acid 5.07 0.48

Dihydroxyoctadecanoic acid 3.73 0.13

20-Hydroxy-20:0 acid 8.60 1.52
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Table 1. Cont.

Compound
MEAN

mg g−1 (o.d.)
SD

1,20-Dioic-20:1 acid 2.89 0.04

24:0 Fatty acid 0.22 0.05

1,20-Dioic-20:0 acid 7.44 1.17

9,10,18-Trihydroxy-18:0 acid 130.53 40.72

(9)10-Chloro-10(9),18-dihydroxy-18:0 acid 22.99 11.72

22-Hydroxy-22:1 acid 1.21 0.08

22-Hydroxy-22:0 acid 11.29 3.17

1,22-Dioic-22:0 acid 13.59 7.10

24-Hydroxy-24:0 acid 0.00 0.00

Lupenone (lup-20(29)-en-3-one) 0.00 0.00

Sitosterol 0.66 0.08

Olean-12-ene-3,28-diol 0.94 0.18

Lupeol 0.24 0.04

Betulinol 20.49 2.22

Betulinic acid 18.17 2.49

Monogynol A (lupane-3b,20-diol) 0.00 0.00

Lupaen-3b,20,28-triol 0.00 0.00

Total identified (mg g−1) 484.91 25.07

Total eluted (mg g−1) 573.24 21.71

3.2. Analysis of SFA Hydrolysates-Based Coatings
3.2.1. ATR-FTIR

The infrared spectra of uncoated reference aspen wood (Sample C) showed absorption
bands at 3345 cm−1 of the O–H group stretching vibration from the intermolecular and
intramolecular hydrogen bonds [26] in Figure 3. The C–H stretching absorption between
2850 and 2930 cm−1 in the methyl and methylene groups [1,27] and the fingerprint region
between 1800 and 900 cm−1 showed the absorption bands of functional groups present
such as C–O at 1732 and C–C at 1505 cm−1 [28]. Several other important vibration modes
present in lignin and carbohydrates were also observed at 1157, 1107, and 1052 cm−1,
etc. [28]. The OTS-coated sample showed characteristics peaks at ~2850 and ~2920 cm−1

for terminal methyl groups with different intensities and Si–O–C at 1192 cm−1. The OTS
treatment usually deposited the hydrophobic self-assembled monolayers via a hydrolysis
and condensation process [1]. In a wood polymer system, the OTS is hydrolyzed, most
likely by free –OH groups, while layered n-alkylsiloxane (PODS) gels are formed and
polymerized into OTS layers on the wood surfaces [29].

In this study, two crosslinking agents were used to crosslink the hydroxy groups
present in the SFA hydroxylates. At first, MA was used as a crosslinking agent, and
the SFA underwent a maleation reaction due the reaction with MA and maleated SFA
having two-way interactions with hydroxy groups; it reacted with epoxides first and the
remaining hydroxy groups later [15]. After SFA-based coating with different combinations
of crosslinkers, the FTIR spectra showed the formation and changes in the characteristics
of the functional groups of the wood surface as shown in Figure 3. The stretching peak
at 1030 cm−1 associated to cellulose C6–O6H C–O stretching in lignin shifted to a lower
absorbance intensity, and a major shift appeared in the SFA–OTS combination. Similar to
this, several other functional groups (i.e., 1165 cm−1 (C1–O–C4′ antisymmetric stretching in
cellulose and hemicellulose); 1462 cm−1 (lignin C–H bending); 1736 cm−1 (C=O stretching);
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aliphatic chain (CH3 and CH3 at 2919 and 2851 cm−1) were more visible in the SFA–OTS
coating system. The peak at 1248 cm−1 associated with C–O stretching in carboxylic acid
shifted to a lower absorbance intensity after all the different coatings, possibly due to
the bonding with reactive moieties of SFA and crosslinking agents. Another important
characteristic peak belonged to SFA’s ester group at 1736 cm−1, and hemicellulose (C=O)
significantly shifted to a higher peak absorbance for the SFA–OTS coating system, while
it did not change for other combinations of coatings. Importantly, the OH stretching at
~3350 cm−1 also changed after SFA-based coating systems.

Figure 3. ATR-FTIR spectra of aspen wood coated with SBF hydrolysate-based coatings and uncoated
reference wood (sample C).

3.2.2. SEM-EDS

The SEM images of the longitudinal section of the samples are presented in Figure 4.
The uncoated reference sample C showed a defibrillated longitudinal surface, because we
used rough wood samples with no surface finishing to obtain a better penetration of the
coating and clearly visible open voids. The EDS scanning mainly showed the presence of
the chemical compounds of carbon (62.24 atom%) and oxygen (37.76 atom%). The SEM
micrograph of sample SFA–MA looked similar to the reference sample C; however, EDS
scanning revealed a change in the chemical compositions of the C atom% that increased
from 62.24% to 65.75% and of the O atom% that decreased from 37.76% to 34.35%. The
changes were mainly due to the interaction of SFA–MA and free hydroxyl groups on the
wood surface [15].
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Figure 4. SEM-EDS analysis of aspen wood coated with hydrolysate-based coatings and an uncoated
reference wood (sample C). The SEM micrographs were captured at a scale of 100 μm. The EDS
scanning was performed at the same scale and surface.

The OTS coating seemed to reduce the surface roughness of specimens due to the depo-
sition of self-assembly monolayers [1,29]. EDS scanning confirmed the deposition of silicon
(0.35 atom%), residual chlorine (0.30 atom%) as well as increased carbon (62.45 atom%) and
reduced oxygen (36.90 atom%). It was also confirmed by the ATR-FTIR results via the for-
mation of S–O–C bonding at 1192 cm−1 that the OTS hydrolyzed first and reacted with free
–OH groups (see also [1]). The SEM-EDS of the sample SFA–MA + OTS provided a different
prospective on the coated wood surface, as the wood was first coated with SFA–MA and
the second layer of OTS was formed after curing on the surface. The SEM image showed a
uniform surface, and most of the roughness and voids were filled due to the coatings. EDS
scanning confirmed significant changes in the atom% of carbon and oxygen, and silicon
and chlorine also appeared due the additional OTS coating. Similar changes were observed
in SEM-EDS scanning for the sample coated with SFA–OTS composition.

3.2.3. Water Contact Angle (WCA)

The mean water contact angle of the uncoated reference (sample C) was 60 ± 10◦,
and it was reduced to 17◦ after 7 s from when the water droplet was absorbed onto the
wood (Figure 5). The WCA of the OTS sample was 140 ± 5◦, and it remained stable even
after 60 s (139 ± 5◦). This change occurred due to the deposition of hydrophobic layers
of an alkyl group and silicon groups [1]. The SFA–MA coating also increased the wood’s
hydrophobicity due to the deposition of long-chain fatty acids. The WCAs of the coated
specimens were 126 ± 5◦, reducing slightly to 124 ± 2◦ after 60 s. A similar behavior was
observed when cellulosic paper was coated with an SFA–MA formulation [15,22]. The
combination of SFA–MA and OTS coating improved the WCA slightly in comparison with
SFA–MA only, as it is clearly shown in Figure 4. The SFA–OTS combination provided the
highest WCA value of all the protocols tested, being 142 ± 5◦ and remaining constant
for 60 s.
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Figure 5. Water contact angle (WCA) of aspen wood coated with SBF hydrolysate-based coatings
and an uncoated reference wood (sample C) according to time after applying water droplets on the
wood’s surface.

3.2.4. Color

In the color measurement, the uncoated reference (sample C) averaged 89 ± 2 for
lightness, 2 ± 1 for redness, and 21 ± 2 for yellowness (Figure 6). After OTS coating, the
color of the wood’s surface did not change significantly. Instead, significant changes were
observed after SFA–OTS coating, the lightness reducing to 67 ± 3, redness increasing to
7 ± 2, and yellowness increasing to 27 ± 3. The SFA hydrolysates were the main reason
behind the color changes. Similar changes were observed in other coating combinations
where SFA was a part of the coating. The largest color changes were observed for the
SFA–MA-coated samples. Interestingly, the second coating of OTS on the sample SFA–MA
+ OTS had the largest impact on the color of the wood’s surface. The SFA-based coatings
changed the color of the wood surface, making it more reddish and yellowish.

Figure 6. Color of aspen wood coated with SBF hydrolysate-based coatings and an uncoated reference
wood (sample C) using the Lab coordinate system, representing lightness (L*), redness (a*), and
yellowness (b*).
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3.3. Artificial Aging
3.3.1. ATR-FTIR

Comparison of FTIR spectra of unexposed and aged wood surfaces with different
coatings are shown in Figure 7. The significant changes in the lignin aromatic structure
were observed due to the exposure to xenon light in the uncoated reference (sample C).
The two observed changes appeared at 1596 (aromatic skeletal vibration plus C=O stretch)
and at 1510 cm−1 (aromatic skeletal vibration). The intensity of all these bands and peaks
almost diminished due to the exposure to UV light [30]. The vibration peak at 1268 cm−1

of syringyl ring vibration and the C–O stretch of lignin and xylan also disappeared due to
the fact of aging under xenon light. On the other hand, the change in the polysaccharides’
absorption bands at 1157 (C–O–C vibration in cellulose and hemicellulose), 1107, and
1052 cm−1 in comparison to the unexposed sample [28].

Figure 7. ATR-FTIR spectra of aspen wood coated with SBF hydrolysate-based coatings and artificially
aged (500 h) samples.

In the case of the coated samples, significant changes after aging were observed in the
SFA–MA samples. The peaks associated to C–H stretching absorption between 2850 and
2930 cm−1 in the methyl and methylene groups disappeared, and the intensity vibration
peak at 1268 cm−1 increased significantly, the results being associated with the presence
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of a syringyl ring. The peak associated to the carbonyl group at approximately 3400 cm−1

showed an increased intensity due to the fact of aging for the uncoated refence (sample
C), OTS samples, and SFA–MA samples. The samples being coated with combinations,
including SFA and OTS, showed high stability in terms of surface chemistry alteration due
to the fact of aging.

3.3.2. Water Contact Angle

Usually, most of the protection coating on wood surfaces deteriorates with time due
to the continuous change in external environmental conditions; therefore, the water contact
angle was measured after the artificial aging of wood surfaces (Figure 8). The WCA of
all samples decreased after 500 h of aging. The uncoated reference (sample C) became
highly hydrophilic due to the degradation of the aromatic lignin, the WCA being ~47◦, and
the water droplet being immediately absorbed into the wood. However, all the coating
formulations showed a better hydrophobicity with a WCA of over 115◦ after 500 h of aging.
The OTS and its combination with SFA showed a stability towards the aging and all such
samples showed a WCA over 120◦. Maybe the presence of silico, oxygen, and carbon in the
OTS coating provided resistance towards the artificial aging [1].

Figure 8. Water contact angle (WCA) of artificially aged (500 h) aspen wood coated with SBF
hydrolysate-based coatings and an uncoated reference wood (sample C) according to time after
applying water droplets on wood surface.

3.3.3. Color

As can be seen in Figures 9 and 10, the color of the wood surfaces changed much
due to the aging. The uncoated reference (sample C) became whiter due to the aging, as
yellowness decreased with time. A similar behavior was observed in the OTS samples. In
the SFA-based samples, the lightness increased with the aging time; in contrast, especially
yellowness but also redness decreased.
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Figure 9. Color of aspen wood coated with SFA hydrolysate-based coatings and an uncoated reference
wood (sample C) after artificial aging for 0, 250, and 500 h by xenon exposure using the Lab coordinate
system, representing lightness (L*), redness (a*), and yellowness (b*).

Figure 10. Examples of aspen wood coated with SBF hydrolysates-based coatings and an uncoated
reference wood (sample C) before and after artificial aging (500 h) by xenon light exposure.

4. Conclusions

In this study, the suberin fatty acid hydrolysates (SBF) extracted from outer birch
bark with a majority composition of 9,10-epoxy-18-hydroxy-18:0 acid was investigated as
bio-based polymeric materials for wood coating applications. SFA alone was not able to
form any bonding with the wood surface; thus, two types of crosslinking agents, MA and
OTS, were used. Different combinations of SFA with OTS and MA were used for wood
coating, i.e., OTS alone, SFA–OTS, SFA–MA, and SFA–MA + OTS. The physico-chemical
analysis revealed that all SFA-based coating combinations significantly improved the wood
surface’s hydrophobicity. The use of OTS as a crosslinking agent for SFA was investigated
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for the very first time in this study. Even a layer of OTS on the SFA–MA coat contributed
to the hydrophobicity of the coating. The color of the wood surface changed notably
with the different coatings. Further, the long-term stability of coated wood samples was
evaluated using artificial aging up to 500 h in a xenon weather testing chamber, and the
aged samples were evaluated for physico-chemical properties. The results showed that
all of the coating combinations were stable. The color changes were most notable in the
SFA-based coatings: the lightness increased and, especially, the yellowness, but also the
redness decreased. Yellowness decreased also in the OTS-coated and uncoated woods,
making the wood lighter.

In terms of crosslinker impact on an SFA-coating formulation, MA is mostly used in
bio-based polyester crosslinking and is relatively successful in various application. OTS
was used for the very first time as a crosslinker for SFA, and it performed better than MA.
However, the combination of both MA and OTS performed better in comparison to all
combinations. The extraction process of suberin fatty acids from birch bark could affect
the quality of bio-based polyesters. Thus, important considerations need to be taken into
account during the extraction process in the future course of research work. In conclusion,
suberin fatty acid hydrolysates from birch bark could be potential bio-based, renewable
substitutes for fossil-based polymeric materials to be used in wood coating.
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Abstract: Agroindustrial wastes are a cheap and abundant source of natural fibers and macro-
molecules that can be used in the manufacturing of biocomposites. This study presents the de-
velopment and thermo-mechanical characterization of a bio-composite film (TPF/PF), made of
thermoplastic banana flour (TPF) matrix and plantain fibers (PF). Fabricated materials were character-
ized by physical analysis, chemical composition, Fourier-transformed spectroscopy (FTIR), thermal
analysis (TGA), mechanical analysis, and scanning electronic microscopy (SEM). The physical analy-
sis showed that TPF and PF have a low density and high affinity to water resulting in a lightweight,
renewable, and biodegradable TPF/PF composite. The chemical composition and spectra analysis of
the fiber showed that PF is a potential candidate for reinforcing composites due to its high α-cellulose
and low lignin content. The thermal analysis determined that TPF degrades at a lower temperature
than PF, therefore the matrix sets the processing temperature for TPF/PF composite films. The
mechanical test showed an improvement in the tensile properties of the composite in comparison to
neat TPF. Tensile strength and Young’s modulus were improved by 345% and 1196%, respectively,
when PF fibers was used. Good bonding and mechanical interlocking of PF to the TPF were identified
by SEM. Therefore, potential biocomposites can be developed using natural fibers and thermoplastic
starches obtained from plantain agroindustrial wastes.

Keywords: bio-based; plantain; natural fibers; agroindustrial waste; starch biopolymer

1. Introduction

Plastics are an essential part of modern economies and have been extensively used
in a variety of fields, such as food packaging, electronics, aerospace, and more. However,
the disposal of solid wastes in which plastics are included has proven to be a challenging
endeavor. The issue of solid waste disposal has turned into an urgent environmental
problem worldwide, especially petrol-derived plastics wastes. Therefore, governments
and researchers worldwide have intensified their efforts to develop novel biocomposites in
their quest to replace conventional plastic manufacturing with biocomposites [1].

Biocomposites are defined as biocompatible and/or eco-friendly composites, which
can consist of organic polymers such as polysaccharides and proteins [2]. Such materials
are important research topics in modern science and technology because they can help
industries achieve a more carbon-neutral production and replace the use of non-renewable
resources, like oil and gas, with renewable resources such as biomass [3]. Studies in the
field of biocomposites have focused mainly on fibers such as hemp [4], flax [5], sisal [6],
and bamboo [7]. Nevertheless, researchers have kept identifying new sources of potential
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natural fiber reinforcement that can improve the mechanical and physical properties of
biocomposites, such as Abelmoschus esculentus [8], Grewia tilifolia [9], Sterculia urens [10],
and Prosopis juliflora [11]. Following this trend, fibers extracted from the Musa paradisiaca
(plantain) tree are highlighted as a viable composite reinforcement due to its favorable
physical and mechanical characteristics [12]. Chamorro et al. [13] successfully tested the
possibility of incorporating Musa paradisiaca fibers into thermosetting polymeric resins such
as polyester and epoxy resins.

Exploring different composite matrices, organic biodegradable macromolecules, like
proteins and polysaccharides, are becoming ever more attractive to researchers, due to their
ability to form bio-based polymers. Even though macromolecules are found abundantly in
most organic solid wastes in landfills and other trash disposal facilities, they continue to be
left to decompose or even incinerate instead of using these wastes’ high potential as a source
of bio-based polymers for the manufacturing industry [14]. Among these macromolecules,
starch has been implemented in several studies [15–18] as the main component in the
fabrication of biodegradable films and coating, indicating the high interest of researchers in
implementing starch-based biopolymers, also known as thermoplastic starch, for product
manufacturing. Its biodegradability, high commercial availability, and easy processing
make starch very attractive for polymer production. Due to starch being mainly present in
the edible part of the fruit, recent studies began to evaluate the possibility of using fruit-peel
waste flour as a source of starch. Such flours contain not only starch but also proteins, lipids,
fibers, and other polysaccharides [16,19,20]. The interest in using starch-based biopolymers,
in combination with natural fiber reinforcements, lies in the possibility of creating added
value products by using agroindustrial wastes.

The banana fruit and its varieties, such as plantain, are a renewable source from which
both starch and natural fibers can be extracted. Unfortunately, it is used solely as a food
crop, meaning that most of the residues of its life cycle (peels and pseudostem) have no
current use in the industry [21], making finding new applications a research challenge. In
particular, plantain as a source of starch for bio-based polymer production has been studied
in the last decade. F.M. Pelissari et al. [19] compared the physical, thermal, mechanical, and
morphological properties of both plantain starch-based and plantain flour-based polymer
films, highlighting the potential of flour-based polymer films as a greener and cheaper
alternative to the use of pure starch for manufacturing, as well as championing the tenets
of a circular economy.

Even though the use of natural fibers as composite reinforcement and the development
of bio-based matrices has been evaluated, the integration of natural fibers and starch bio-
based matrices has not been deeply explored in literature. Therefore, the production
of biocomposites combining plantain flour bio-based polymeric matrices and plantain
natural fibers could combine both fields in the manufacturing of added-value products.
This new approach in the development of biocomposites would assess the possibility
of implementing most of the wastes of a single crop’s production (plantain fibers) and
consumption (plantain peels) stages.

Hence, this work presents the development and characterization of a bio-composite
film of plantain flour thermoplastic starch (TPF) reinforced with plantain tree fibers (PF).
The chemical, thermal, mechanical, and morphological characterization of TPF, untreated
PF, and the composite material (TPF/PF) are shown through chemical composition analysis,
Fourier-transformed infrared analysis (FTIR), thermos-gravimetric analysis (TGA), tensile
tests, and scanning electronic microscopy (SEM).

2. Materials and Methods

2.1. Materials

Unripe plantain bananas of the variety “Harton” were acquired during the 2021
harvest in local markets in Bogota, Colombia, and used to obtain the plantain flour. This
flour is extracted to produce TPF, in combination with industrial-grade glycerin (87%
w/w) provided by Roda Químicos S.A.S. Plantain fiber bundles with a diameter between
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94–189 μm were provided by farmers from San Agustín, Huila, Colombia, to implement
the fiber as reinforcement. This fiber was previously cut and combed manually by the
providers.

2.2. Chemical Composition of Plantain Fibers

A chemical composition analysis of the plantain fiber was carried out following TAPPI
methods. Ash, lignin, cellulose, and extractive contents were determined. A minimum of
3 samples were used in each test.

2.2.1. Ash Content

This test was performed following the TAPPI T211 Standard Method [22]. For this
procedure, a 1 g dry sample was exposed to a three-step drying cycle to avoid flames during
the experiment. First, the sample was heated at 105 ◦C for 1 h, then heated at 250 ◦C for
another hour, and finally at 575 ◦C for 4 h. This procedure guarantees good carbonization
and the calcination of the sample. For this test, a VIBRA HT224R analytical scale and a
Thermolyne 62700 furnace were used. The ash content was calculated as the recovered ash
mass (mash) divided by the initial sample mass (msample), as explained in Equation (1).

Ash content (%) =
mash

msample
× 100 (1)

2.2.2. Lignin Content

This test was performed following the TAPPI T222 Standard Method [23]. A 1 g dry
sample was treated with 72% (w/w) sulfuric acid for 2 h. The sample was then macerated
and stirred using a glass rod to dissolve extractive contents entirely during this process.
Next, water was added to the solution until a 3% sulfuric acid mixture was obtained.
Afterward, the solution was heated for 4 h to maintain constant volume to get lignin to
coagulate. Lignin content was filtered from the solution via glass vacuum filtration, washed
with water at 90 ◦C, dried in a Memmert UNE 200 forced convection oven at 105 ◦C, cooled,
and finally weighed. The lignin content was calculated as the ratio of recovered lignin mass
(mlig) to the initial sample mass (msample), as seen in Equation (2).

Lignin content (%) =
mlig

msample
× 100 (2)

2.2.3. Cellulose Content

This test was performed following the TAPPI T203 Standard Method [24]. A 1.5 g
sample was extracted using 17.5% sodium hydroxide solution at 25 ◦C. Alpha (α), beta
(β), and gamma (γ) cellulose were determined via oxidation with potassium dichromate;
therefore a two-step oxidation was carried out to determine the content of each cellulose
type correctly. In the first oxidation, beta and gamma cellulose content was separated
from α-cellulose content because α-cellulose is insoluble in sodium hydroxide. α-cellulose
content was then determined as the difference between the initial specimen (100%) and the
undissolved fraction, as seen in Equation (3).

α-cellulose content (%) = 100 − 6.85 × (V2 − V1)× N × 20
A × W

(3)

V1 corresponds to the sample titration volume; V2 corresponds to the blank titration
volumen; N is the normality of the titrate (ferrous amonium); A is the volume of the sample
used, and W is the dry weigth of the fiber sample. Subsequently, γ-cellulose was recovered
in the second oxidation of the solution, leaving behind the β-cellulose precipitated content.
γ-cellulose content was determined using Equation (4).

γ-cellulose content (%) =
6.85 × (V4 − V3)× N × 20

25 × W
(4)
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where V3 corresponds to the sample titration volume after filtering the precipitated β-
cellulose, and V4 corresponds to the blank titration volume. Finally, β-cellulose content
was determined by the difference between the first and second oxidations, see Equation (5).

β-cellulose content (%) = 100 − (α-cellulose + β-cellulose) (5)

2.2.4. Extractive Content

This test was performed following the TAPPI T204 Standard Method [25]. A 4 g
sample was oven-dried at 105 ◦C and milled to obtain a 0.4 mm granule size. Using an
ethanol-benzene mixture (1:2, v/v), the sample was boiled at 75 ± ◦C in a Soxhlet apparatus
for 5 h. Afterward, the solvent mixture was evaporated, and the residue was weighed.
Extractive content was calculated as the ratio of the extract dry weight (mext) to the initial
sample mass (msample), as seen in Equation (6).

Extractive content (%) =
mext

msample
× 100 (6)

2.3. Film and Composite Preparation

Plantain flour was extracted from plantain peels as a preliminary step to prepare the
TPF films. Peels were cut into small pieces, and the endocarp was separated from the
cellulose-rich outer peel. Then, the starch-rich endocarp was dried for 90 min at 105 ◦C
and subsequently ground using a Pulversisette 19 Universal Cutting Mill to obtain a fine
flour powder. Finally, the flour was sieved using a 100 μm sieve, achieving homogeneous
particle sizes and removing unwanted cellulose residue.

Films were prepared by casting method [15,16,19], a process in which a film-forming
suspension (FFS) is applied over a surface and dried until a film is obtained. The FFS was
obtained by homogenizing an aqueous solution of 4% w/w flour employing mechanical
stirring at a constant temperature between 70 ◦C and 80 ◦C for 30 min to dissolve the
starch content of the flour adequately. Industrial-grade glycerin was added at 2% w/w
to the solution and processed at the same conditions for 15 more minutes. The produced
suspension was poured into a mold to obtain a constant thickness film. The suspension
was dried in a Memmert UNE 200 forced convection oven at 50 ◦C for 1.5 h to achieve a
fast initial plasticization. Finally, the molds were left to dry approximately for 72 h at 20 ◦C
and 50% relative humidity. The final product is a film, which acts as the matrix for the
composite.

The composite films were obtained using the casting method described previously.
PF was placed and fixed in a unidirectional orientation on the mold. Approximately
60 individual fibers were placed at a separation distance of 1 mm to permeate the fibers
thoroughly. FFS was added to the previously conditioned mold with the fibers in place and
left to dry for approximately 72 h at 20 ◦C and 50% relative humidity. The resulting film
contained 6.54% w/w fiber content.

2.4. Physical Characterization

The thickness of each specimen was measured using an Ono Sokki GS-332 Linear
Sensor Gauge. To obtain an average thickness, five different measures, each 30.5 mm
apart, were taken along the length of the specimen. The density of TPF and TPF/PF was
determined as the ratio between the mass and volume. The moisture content of each
specimen was determined by a Precisa XM 60 Thermobalance and then averaged, following
the ASTM D4442 standard procedure [26]. A minimum of 10 samples of each material were
used for this test.

2.5. Fourier-Transformed Infrared Spectroscopy (FTIR)

An FTIR test was carried out to analyze the functional groups present in the TPF, PF,
and TPF/PF. For this test, all specimens were ground and mixed with KBr in a ratio of
100:1. The mixture was later homogenized and pressed at 9 MPa for 30 s to obtain a pellet.
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The wavelength range analyzed was between 4000 cm−1 to 400 cm−1. A Thermo Nicolet
380 FT-IR was used for these tests.

2.6. Thermo-Gravimetric Analysis (TGA)

Thermo-gravimetric analysis (TGA) tests for the TPF, PF, and TPF/PF, were carried
out using a TA Instruments Q600 analyzer and following the ASTM E1131 [27] standard
procedure. Samples were heated from room temperature (25 ◦C) to 600 ◦C at a rate of
10 ◦C/min in a nitrogen atmosphere.

2.7. Mechanical Characterization

Tensile properties of the TPF and TPF/PF were determined by an Instrom 3367 Uni-
versal Testing System following the D882-10 ASTM standard [28]. Rectangular specimens,
each 25 mm wide and 152.4 mm long, were tested. The specimens were cut utilizing
die-cutting. The initial crosshead speed and grip separation were set at 12.5 mm/min and
125 mm, respectively.

Additionally, tensile properties of PF were determined by an Instrom 3367 Universal
Testing System according to the C1557 ASTM standard [29]. A 50 mm long gauge length
with a 10 mm/min crosshead speed where used in this test.

A minimum of 10 specimens for each material were used for each test.

2.8. Scanning Electron Microscopy (SEM)

PF and the fractured surfaces of TPF/PF samples were observed by FE-MEB LYRA 3
TESCAN (SEM). Before the analysis, specimens were coated with a thin gold layer, increas-
ing sample conductivity, using a Desk® IV apparatus.

2.9. Statistical Analysis

An ANOVA one-way test was carried out to determine if the physical and mechanical
properties of TPF and TPF/PF presented a significant difference. A p-value lower than
0.05 (confidence level of 95%) was considered statistically significant [30]. To perform the
statistical analysis, Minitab 18 Statistical Software was used.

3. Results

3.1. Chemical Composition of Plantain Fibers

Natural fibers are composed mainly of cellulose and lignin with lesser amounts of
other components such as ash and extractives. The composition of a natural fiber directly
affects its physical and mechanical properties [31]; therefore, a chemical composition anal-
ysis of PF was carried out. As seen in Table 1, the main component is cellulose (81.05%),
from which 69.09%, 0.36%, and 11.40% correspond to alpha (α), beta (β), and gamma
(γ) cellulose, respectively. The main cellulose component in plantain fiber, α-cellulose,
is an advantage for composites, because it has been reported to have high strength and
stiffness per weight, allowing the formation of long fibrous cells [32]. Further, β-cellulose
corresponds to degraded cellulose, and γ-cellulose is composed mainly of hemicellulose. In
comparison to other natural fibers (see Table 2), PF shows a high cellulose content, making
it a competitive reinforcement choice because it correlates to better mechanical perfor-
mance [33,34]. In summary, PF’s high α-cellulose content makes it a suitable reinforcement
for composite applications.
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Table 1. Chemical composition of PF.

Component Percent (%)

Ash 3.50 ± 0.32
Extractives 2.28 ± 0.86
Lignin 13.17 ± 1.25
Cellulose a 81.05
α-cellulose 69.09 ± 0.36
β-cellulose 0.40 ± 0.25
γ-cellulose 11.40 ± 0.75

a Calculated from the difference of total constituents. Values are given as mean ± standard deviation.

Similarly, as shown in Table 2, PF has a low/intermediate lignin content (13.17%),
correlating to better fiber–matrix interface and increasing their compatibility [35]. This
results in a more reliable adhesion to polymeric matrices when employed in composite
manufacturing. Furthermore, the ash content (3.5%) and extractives content (2.28%) (see
Table 1) are in the range of other natural fibers reported by other authors, 0.6–8% [36] and
0.8–14.3% [37], respectively. In conclusion, the chemical composition analysis displays
that plantain fibers are a potential reinforcement alternative for the manufacturing of
composite materials.

Table 2. Chemical composition of plantain fibers compared to other cellulose-based natural fibers
[32,34,38,39].

Fiber Lignin (%) Cellulose (%)

Jute 12–13 61–71
Hemp 3 68
Sisal 8–10 65–78
Flax 3 71–81
Piassava 48.4 31.6
Bamboo 21–31 26–60
Caraua 7.5 81
Oil palm 29 40–50
Coir 40–45 32–43
Bagasse 25.3 52
Plantain (Present study) 13.2 81.1

3.2. Physical Characterization

In composite engineering, the physical characteristics of the matrix and the reinforce-
ment dictate the final properties of the composite; therefore, a physical characterization
(moisture content and density) of TPF matrix, PF fiber, and TPF/PF composite was carried
out. As seen in Table 3, the moisture content of TPF is 10.42%, this value is in the range of
other plantain thermoplastic starch films found in literature, 6.50–15.24% [17,19,40]. This
can be an advantage for composite applications because moisture creates a plasticizer effect,
increasing the flexibility of the bio-based polymer [41]. Additionally, PF displays a low
moisture content (8.39%) when compared to other widely used natural fibers, such as
jute (12.00%), sisal (11.00%), coir (10.00%), and hemp (9.00%) [38]. When TPF and PF are
implemented into a composite material, the result was a TPF/PF composite with an average
moisture content of 9.90%. TPF/PF composite appears to have a high affinity to water
molecules, due to the presence of hydrophilic components found in TPF and PF, such as
starch, cellulose, and, in lower amounts, proteins. According to the ANOVA test, there was
no significant difference in moisture content between TPF and TPF/PF (p-value = 0.051).
In general, this hydrophilic composite behavior promotes its faster biodegradation at the
end of its life cycle, which is an advantage when designing short life-cycle products.
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Table 3. Average density and moisture content of the TPF, PF, and TPF/PF.

Property TPF PF TPF/PF

Moisture (%) 10.42 ± 0.01 8.39 ± 0.72 9.90 ± 0.01
Density (g/cm3) 1.14 ± 0.04 0.83 ± 0.05 1.10 ± 0.06

Values are given as mean ± standard deviation.

Regarding density, TPF’s value is 1.14 g/cm3 (see Table 3) which is on par with
other plantain starch and flour bio-based polymers [19], and lower than that of synthetic
polymer resins such as epoxy (1.2 g/cm3 [42]), phenolic (1.4 g/cm3 [43]), and cyanate ester
(1.2 g/cm3). In the case of the fiber, it has a density of 0.83 g/cm3, a value lower than
other widespread natural fibers like hemp (1.48 g/cm3), flax (1.5 g/cm3), sisal (1.5 g/cm3),
and coir (1.2 g/cm3) [38]. Finally, the composite displays a density of 1.10 g/cm3, a good
alternative to be used for lightweight products applications. Nevertheless, the ANOVA
test determined that no significant difference in the densities of TPF and TPF/PF was
present (p-value = 0.070). In general, the physical properties of TPF and PF allowed the
manufacturing of a lightweight composite material.

3.3. Fourier-Transformed Infrared Spectroscopy (FTIR)

Figure 1 shows results from the FTIR spectra analysis for TPF, PF, and TPF/PF. Such
analysis was conducted to have a better comprehension of the functional groups present
in each material. TPF presents an energy absorption band around 3370 cm−1. These can
be attributed to stretching –OH groups caused by the formation of hydrogen bonds [44].
Energy absorption bands around 2920 cm−1 are evidence of the presence of C–H and
CH2 groups, most probably coming from amylose and amylopectin content [45], both are
polysaccharides found in plantain flour. The peak around 1690 cm−1 corresponds to amide
I, a functional group present mainly in proteins, in which the stretching of C=O groups
occurs [20]. Other amide groups such as amide III are also present, correlating to the bands
around 1323 cm−1 [46]. These amide groups are found mainly in organic proteins, meaning
that plantain peel flour does contain protein material. Additional energy absorption bands
around 1152 cm−1, 1077 cm−1, and 1021 cm−1 were associated with stretching the C–C,
C–O, and C–O–H bonds of starch [47,48]. Finally, an energy absorption band was also
observed around 960 cm−1, indicating the presence of glycosidic bonds in starch due to
amylopectin α-16 bonds [45]. Even though different plantain varieties were used, the FTIR
is in accordance with a similar analysis carried out by F.M Pelissari et al. [19] on plantain
starch and flour polymeric films, as well as other starch-based films from other sources
such as corn [49] and cassava [50]. In general, the main functional groups detected in
TPF correspond to polysaccharides and glycosidic bonds which allow the formation of the
polymeric matrix.

Figure 1. Fourier-transformed spectroscopy of the TPF, PF, and TPF/PF.
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The previous chemical characterization revealed that the main components of PF were
cellulose and lignin, substances also detected by the FTIR analysis. PF presents an energy
absorption band around 3370 cm−1, confirming the presence of α-cellulose due to the
stretching –OH groups caused by the formation of hydrogen bonds [44]. The peak around
2920 cm−1 correlates to the symmetric and asymmetric stretching of C–H and CH2 groups,
also related to α-cellulose [32,51]. Bands around 1152 cm−1, 1077 cm−1, and 1021 cm−1,
indicating the presence of asymmetrical stretching of C–C and C–O–C bonds also found
in cellulose. Additionally, the peak around 1638 cm−1 corresponds to C=C bonds found
primarily in lignin [51,52]. Finally, TPF/PF combines the behavior observed in both TPF
and PF, the materials used as constituents of the composite.

3.4. Thermo-Gravimetric Analysis (TGA)

The thermal stability of materials can determine processing conditions in composite
applications; therefore, a thermo-gravimetric analysis was carried out for the TPF matrix,
PF fiber, and TPF/PF composite. As seen in Figure 2, the matrix displays an initial phase, up
to 120 ◦C, which is attributed to moisture evaporation [53–55]. A second phase takes place
between 130 ◦C and 220 ◦C, due to the evaporation of a glycerol-rich phase. Finally, between
230 ◦C and 350 ◦C, a weight-loss step correlating to the degradation of the starch-rich phase
is observed [56–58]. A residual mass percentage of around 17% was found at 600 ◦C. This
thermal behavior agrees with other starch bio-based polymeric films reported by other
authors in literature such as cassava starch films [52,55], sugar palm starch films [57], and
corn starch films [58]. In summary, the thermo-gravimetric analysis determined that the
degradation of TPF starts around 130 ◦C; therefore, it should be processed at temperatures
below that.

 
(a) (b) 

Figure 2. TGA (a) and DTGA (b) for TPF, PF, and TPF/PF.

Organic material in PF started to degrade at 240 ◦C, reaching a peak degradation
temperature at 330 ◦C. Nevertheless, the degradation process of PF fibers extended well
into the 500 ◦C range. This is attributed to the presence of lignocellulosic and inorganic
substances found in the fiber [59]. These results show a similar thermal profile to that of
other natural fibers such as okra (peak degradation at 335 ◦C), curaua (peak degradation at
350 ◦C), and jute (peak degradation at 283 ◦C), as well as other plantain thermal degradation
analyses of other authors [60,61]. A 19% residual mass percentage was found at 600 ◦C. In
brief, TGA determined that PF should be processed at temperatures below 240 ◦C to avoid
fiber degradation.

TPF/PF shows thermal stability that combines its constituents’ thermal behavior. It
exhibits an initial phase, up to 120 ◦C, representing the loss of moisture. This is followed
by a second phase, between 130 ◦C and 220 ◦C, showing the loss of the glycerol-rich phase
of the matrix and the early degradation of PF. Finally, the third phase from 230 ◦C onwards
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shows the degradation of both the starch-rich phase of the matrix (between 230 ◦C and
350 ◦C) and PF’s degradation process (between 240 ◦C up to 500 ◦C). The peak temperatures
of the degradation of the starch-phase (290 ◦C) and PF (330 ◦C) can be found in the third
phase. A residual mass percentage of 17% was found at 600 ◦C. In conclusion, the TPF/PF
composite should not be exposed to temperatures above 130 ◦C to prevent the degradation
of the matrix.

3.5. Mechanical Characterization

As seen in Figure 3, all three materials show an initial linear region corresponding
to an elastic behavior, followed by a plastic region characterized by a deviation from
linearity until the final rupture of the material. Something to highlight in the TPF/PF
curve is the steps present near the rupture of the sample. This behavior is attributed to
the unidirectional configuration of the TPF/PF composite, in which fibers tend to break
progressively until a total sample rupture is reached.

 
(a) (b) 

Figure 3. Stress vs. strain curves of PF (a), and TPF and TPF/PF (b).

TPF films averaged a tensile strength and Young’s modulus of 2.36 MPa and 23.52 MPa,
respectively (see Table 4). These results are comparable and, in some cases, higher than other
starch and flour bio-based polymeric films such as batata starch and rice starch bio-based
films (see Table 5). On the other hand, PF averaged a tensile strength and Young’s modulus
of 440.24 MPa and 15.67 GPa, respectively. The fibers displayed a mechanical performance
on par with other widely used natural fibers such as jute, sisal, and bagasse (see Table 6),
meaning that plantain fibers could be used as reinforcement for a wide variety of polymeric
matrices. Once PF fibers were incorporated into TPF films, the resulting TPF/PF composite
averaged a tensile strength and Young’s modulus of 8.16 MPa and 281.34 MPa, respectively.
This represents a 345.76% increase in tensile strength and an 1196% increase in Young’s
modulus when compared to TPF films. In addition, specific properties of TPF/PF also
increased by 518.84% for specific tensile strength and 1793.51% for specific modulus, when
compared to TPF films (see Table 4). In conclusion, the TPF/PF composite films displayed
a good mechanical performance. Its attractive properties show potential to be used, for
example, as single-use flexible plastic packaging, where biodegradability, non-toxicity, and
intermediate tensile properties are needed to achieve a circular-economy product.
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Table 4. Average mechanical properties of TPF, PF, and TPF/PF.

Property TPF PF TPF/PF

Tensile strength (MPa) 2.36 ± 0.21 440.30 ± 146.95 8.16 ± 1.66
Elongation (%) 24.53 ± 2.82 2.94 ± 0.77 4.09 ± 0.53
Young’s modulus (MPa) 23.62 ± 3.10 15,668.81 ± 5534.94 281.34 ± 38.58
Specific strength (MPa/g cm3) 2.07 ± 0.21 530.12 ± 146.95 10.74 ± 1.66
Specific modulus (MPa/g cm3) 20.64 ± 2.82 18,878.08 ± 5534.94 370.18 ± 38.58

Values are given as mean ± standard deviation.

Table 5. Average mechanical properties of various starch-based polymeric films [32,62–66].

Source
Tensile Strength

(MPa)
Young’s Modulus

(MPa)
Elongation at

Break (%)

Corn starch 1.23 ± 0.07 2.31 ± 0.06 53.13 ± 0.81
Batata starch 3.51 ± 0.16 25.09 ± 2.66 70.74 ± 5.67
Rice starch 3.70 ± 0.92 9.33 ± 0.47 39.50 ± 0.92
Banana flour 1.00 ± 0.10 2.70 ± 0.70 49 ± 2.00
Banana/beet flour 1.14 ± 0.03 3.3 ± 0.10 53 ± 1.00
Chemically modified starch 12.8 1169 8.3
Commercial starch 7.90 ± 0.07 73.10 ± 5.78 33.40 ± 0.41
TPF (Present study) 2.36 ± 0.21 23.62 ± 3.10 24.53 ± 2.82

Values are given as mean ± standard deviation.

Table 6. Average mechanical properties of various natural fibers commonly used as composite
reinforcements [32,35,67–70].

Fiber
Tensile Strength

(MPa)
Young’s Modulus

(GPa)
Elongation at Break

(%)

Jute 187–773 13–26.5 1.5–3.1
Hemp 580–1110 70 1.6–4.5
Sisal 507–885 9.4–22 1.9–3
Flax 343–1035 27.6 1.2–3
Date 58–203 2–7.5 5–10
Bagasse 20–290 N/A 1–3
PF (Present study) 211–599 10–21 2.2–3.8

3.6. Scanning Electron Microscopy (SEM)

SEM micrographs of PF fiber and tensile fractured TPF/PF composite were carried
out to analyze their morphology and identify failure mechanisms in composite films.
Figure 4a–c shows an overview of both longitudinal and cross-section of the fiber. The
fiber was seen to have longitudinal ridges, impurities, and a waxy epidermis covering its
surface. Moreover, the cross-section view shows that plantain fibers are organized as a
bundle of round and hollow fibrils bonded together, a common structure for natural fibers.
This binding of fibrils made possible by the effect of lignocellulosic intercellular material
explains the low density of natural fibers [52].

With respect to TPF/PF, Figure 4d–f shows that the PF is completely embedded in the
matrix, but its inner sections were not filled by resin. Fiber fracture occurred at different
heights, due to the different mechanical performances of each fibril. Matrix fracture and
fiber pull-out were also identified as failure mechanisms found on the specimens. The
pulled fiber was indeed bonded to the polymeric matrix, as evidenced by the fiber surface
marked on the matrix. This phenomenon indicates mechanical interlocking, which explains
the improvement of the mechanical properties of the composite compared to those of the
film. Nevertheless, fibers can also lack bonding with the polymeric matrix, resulting in
gaps between them. This lack of fiber–matrix bonding is attributed to the waxy epidermis
and impurities previously identified on the fiber’s surface [71]. In order to remove lignin
waxes and impurities found on the surface, surface treatments such as mercerization and
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alkalization are some of the most common and compelling possibilities. These types of
treatments have been shown to improve fiber/matrix adhesion and surface roughness,
resulting in better mechanical interlocking [72–74]. In brief, the PF bonded successfully to
the TPF films, but a better matrix/fiber interfacial interaction could be achieved by treating
the fiber’s surface, resulting in better mechanical properties in TPF/PF.

   
(a)  (b)  (c)  

   
(d)  (e)  (f)  

Figure 4. SEM images of PF at (a) ×827, (b) ×19,000, (c) ×1200 and TPF/PF (d) ×882, (e) ×716,
(f) ×4690 longitudinal and cross sections.

4. Conclusions

In this study, a biocomposite from agroindustrial plantain waste with attractive me-
chanical properties and eco-friendly character was developed, contributing to the industrial
conversion towards a circular economy.

The overall physical characterization shows that both the plantain flour-based biopoly-
mer film (TPF) and plantain fibers (PF) are low-density and low-moisture materials when
compared to synthetic polymer resins and other natural fibers, respectively. As a re-
sult, the TPF/PF composite has the advantage of being a lightweight, renewable and
biodegradable material.

The chemical composition and spectral analysis of PF showed a high amount of α-
cellulose and low amounts of lignin. These characteristics make PF a good candidate
for reinforcing composite materials. In addition, the FTIR spectra of the TPF matrix and
TPF/PF composite revealed the presence of OH and CH2 groups and amide I and III
groups, which are found primarily in polysaccharides and proteins, respectively.
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With regards to thermal degradation, it has been determined that, for TPF matrices, it
starts at 130 ◦C, while PF fibers start degrading at 240 ◦C. The TPF/PF composite displayed
the behavior of its constituent materials; therefore its processing temperature is set to below
130 ◦C to avoid unwanted degradation of the material.

The mechanical properties of both TPF and PF proved to be comparable to other
starch bio-based resins and natural fibers, respectively. When combined into TPF/PF,
composite films displayed a superior performance in comparison to TPF films, showing
plantain fibers as effective reinforcement. SEM analysis showed a good bonding between
TPF and PF; and fiber fracture, pull-out, and matrix breakage were determined to be the
main failure mechanisms in the TPF/PF composite. The rough surface of the fibers created
mechanical interlocking with the matrix, resulting in enhanced mechanical characteristics.
Nevertheless, a waxy layer was identified on the fiber’s surface, reducing its adhesion to
the matrix and causing gaps between the fiber and matrix. Chemical treatment of the fibers
would improve this issue.
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Abstract: The utilization of eco-friendly materials, such as lignin, for higher value product applica-
tions became increasingly important as environmental concerns due to global warming increased.
Melt blending is one of the easy ways to increase the usage of lignin in commercial applications.
However, the degradation of the final product performance and increase in the production time
and costs are of major concern. In the current work, the effects of blending lignin, extracted from
tobacco plants, with polypropylene (PP) on the injection molding parameters, physical, thermal and
mechanical properties are investigated. Blends of lignin (5, 15 and 30% by wt.) with PP were prepared
using a Filabot single screw extruder. Results show that tensile strength decreases by 3.2%, 9.9% and
5.4% at 5 wt. %, 15 wt. %, and 30 wt. % of lignin addition, respectively. The tensile stiffness was
almost unaffected by the addition of up to 15% lignin, but a 23% increase was observed at 30 wt. %
loading. When compared to lignin processed via expensive processes, such as acetylation, tobacco
lignin showed superior performance. The DSC results show unaffected crystallization and melting
temperatures but a decrease in enthalpies and percentage of crystallinity. The SEM and optical
micrographs of the coupon cross-sections show that the extrusion process has achieved a uniform
distribution of lignin particles in the PP. Thermogravimetric analysis results show that tobacco lignin
accelerates the onset decomposition temperature but does not influence the decomposition peak
temperature. The increase in lignin content did not have a significant influence on the injection
molding parameters, implying no additional processing costs for adding lignin to the PP. Overall, the
performance of the tobacco lignin is comparable, if not better, than that of processed lignin reported
in the literature.

Keywords: lignin; polypropylene; tobacco lignin; blends; characterization; biopolymers

1. Introduction

With an increase in the usage of plastics in applications ranging from household goods
to 3D printed prototype parts, their impact on the environment is a growing concern. Using
biopolymers, such as lignin, to substitute petroleum-based plastics is a widely accepted
approach towards environmental sustainability. Derived from the Latin word lignum,
meaning wood, lignin is an organic polymer found in the support tissues of plants, which
is essential in the formation of plant cell walls [1]. After cellulose, it is the second most
abundant renewable carbon source on Earth [2]. Annually, around 50 million tons of lignin
are produced worldwide, as a by-product of mostly paper pulping industries, out of which
only 2% is utilized commercially [3]. Recently, lignin has stirred interest among researchers,
as it has shown to be one of the most promising candidates for blending with thermoplastic
polymers [4]. Melt blending with petroleum-based plastics is one of the most convenient
and inexpensive ways of using lignin. However, almost no work has been reported on
lignin extracted from tobacco stalks, which generally goes into waste. As tobacco lignin can
be obtained at a low cost and is fully biodegradable, replacing even part of petroleum-based
plastics with lignin poses economic and environmental allure, especially if the physical
properties and processing parameters of the blended products do not vary significantly.
One such plastic is polypropylene (PP), which is used in various consumer products, such
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as household appliances, laboratory equipment, packaging materials and piping systems. It
is estimated that the annual demand for PP will continue to grow from USD 76.00 billion in
2021 to USD 108.57 billion in 2028, at a compound annual growth rate (CAGR) of 5.2% [5].

Blending lignin with polymers has been studied for multiple decades now [6–8].
Kharade et al. reported the influence of lignin addition to PP on the mechanical proper-
ties [4]. The authors found that the tensile strength reduced with the increase in lignin
content, while the impact properties remained constant and melt viscosity increased. Puc-
ciariello et al. reported a significant reduction in strain but observed improvement in
Young’s modulus [9]. Peng et al. studied the weathering and thermal properties of PP
blended with wood flour, cellulose and lignin [10]. The authors found that the addition of
lignin resulted in less of a reduction in flexural strength and modulus, compared to wood
flour and cellulose. Alexy et al. studied the processing stability, mechanical properties
and thermal properties of PP/lignin blends [11]. The authors found lignin to be a good
processing stabilizer and an initiator for thermal degradation at higher concentrations.

Though lignin is a good candidate for biopolymer production, the high polarity and
hydrophobicity of lignin makes it difficult to simply blend with other polymers and results
in degrading the performance of the host polymer [6–11]. To improve the miscibility, pro-
cedures such as grafting acetyl or ethyl groups on hydroxyls, and usage of plasticizers is
typical. Maldhure et al. reported significant improvements in mechanical properties by the
addition of modified lignin to PP (up to 25 wt. %) compared to unmodified lignin [12]. Sim-
ilar improvements in properties have been consistently reported by multiple authors, when
secondary processes, such as esterification, alkalization, and co-grafting, are used [13–15].
However, these secondary processes are difficult to scale and increase the cost of lignin,
making them unattractive to commercial adaptation. The objective of the current work is
to investigate the usage of tobacco lignin as low-cost fillers in petroleum-based plastics,
maximizing the percentage of renewable resources, while minimizing the processing mod-
ifications and loss of mechanical properties in the host polymer. Hence, lignin extracted
from tobacco using a one-step process, without any secondary modifications or plasticizers,
was identified and investigated.

Another major issue limiting the adaptability of lignin in commercial applications can
be attributed to the wide variance in lignin quality. The recovery methods used are one of
the key causes of the variability and poor performance of lignin. Commercially available
lignin is typically obtained using procedures where cellulose and hemicellulose are the
primary products and lignin is a byproduct. As a result, the lignin quality receives less
attention. Processes aimed at generating high-quality lignin have the potential to alleviate a
number of the difficulties raised. The lignin used in the present work is obtained using one
such process, developed by Attis Innovations Inc., where the lignin is the primary product
and the quality of lignin is the main focus.

Tobacco has been one of the most important industries in at least three states (North
Carolina, Georgia and Kentucky) in the USA and accounts for over 185,000 jobs. It is
needless to list the harmful effects of tobacco products on human health. The current
work aims to use the byproducts of harmful tobacco production to reduce the usage of
petroleum-based polymers. Also, the effects of lignin, extracted from tobacco, on plastics
have not been reported earlier. In the present study, lignin has been added to commercial
PP at concentrations of 5 wt. %, 15 wt. % and 30 wt. %. Physical, mechanical and thermal
properties of the blends were studied. Additionally, the effect of lignin addition on the
processing parameters of PP was also investigated.

2. Materials and Methods

PP from M. Holland Inc. (Northbrook, IL, USA) in pellet form was used. The density
of PP pellets was 0.90 g/cm3 and melt flow index (MFI) was 12 g/10 min. Lignin extracted
from tobacco in the form of powder without any secondary modifications was obtained
from Attis Innovations Inc., Milton, GA, USA. Attis Innovations Inc. claims to use a
proprietary one-step butonal-organosolv processing technology to carefully extract and
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purify lignin, with consistent and high quality. No other additives were added to the
mixture. Both materials were vacuum dried at 60 ◦C for 9 h to remove any moisture content.
Materials were stored in a controlled environment.

PP pellets and tobacco lignin powder (5, 15, 30 wt. %) were weighed separately and
placed in a container for thorough manual mixing for 5 min. The mixtures were then
compounded at 180 ◦C in a Filabot EX2 single screw extruder (Filabot Inc., Barre, VT, USA).
It has an extrusion rate of over 0.91 kg per hour. Extrusion parameters are as follows:

Nozzle diameter: 2.85 mm
Pellet size: 3.18 mm
L/D ratio: 12
Compression ratio: 2:5:1
Drive force: 9.6 Nm
Feed screw and drive: 35 RPM

The obtained filaments were then pelletized and re-extruded a second time to improve
the dispersion of lignin particles in PP. The filaments were then pelletized into injection
moldable pellets and stored in vacuum sealed containers.

A Morgan Press G-125T injection molding machine (Morgan Industries Inc., Long Beach,
CA, USA) was used for producing tensile test coupons following the ASTM D638 Type IV
standard. A three-piece injection mold tool was designed and manufactured from Aluminum
6061 (see Figure 1) as lignin is typically known for its adhesion which can adversely affect
the mold. Process parameters that resulted in parts without any defects such as short shots,
warpage or flash were identified for neat PP and each lignin blend via trial and error process.
Any required changes in processing parameters were recorded and the variations with change
in lignin loadings were studied. Test coupons are shown in Figure 2.

  

(a) (b) 

Figure 1. Three-piece injection mold designed for lignin blends: (a) showing the three separate pieces;
(b) assembled mold with the sprue.

 

Figure 2. 30 wt. % PP-lignin ASTM D638 Type IV tensile test coupons.

Thermal characterization of the blends was performed using a TA Instruments Discov-
ery DSC 250 (TA Instruments, New Castle, DE, USA) in accordance with ASTM D3418-15.
All the samples of about 5 mg were heated at a rate of 10 ◦C/min from 25 ◦C to 180 ◦C,
held at constant temperature for 5 min, rapidly quenched to 25 ◦C, and then reheated to
180 ◦C (the second heating scan). Thermogravimetric analysis (TGA) was carried out for
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all PP/lignin blends to analyze thermal characteristics and long-term heat degradation of
blend material using TA Instrument Discovery TGA 550 (TA Instruments, New Castle, DE,
USA). The samples were subjected to a heating rate of 10 ◦C/min in the heating range of
40–800 ◦C. Once the mass loss plateau was established, the environment in the furnace was
switched from inert to reactive oxygen environment.

The density of the test coupons was measured using a Mettler Toledo precision balance
following the ASTM D792 standard. Hardness tests were performed according to the
ASTM D785-08 standard using a PTC Instrument shore D hardness tester. Tensile tests
were performed on the test coupons using an Instron 5585H universal testing machine
in accordance with ASTM D638 at a crosshead speed of 5 mm/min. Roller clamps were
used to hold the coupons. Ultimate tensile strength (UTS) and Young’s modulus (E) were
calculated for each test sample. At least five samples were tested at each blend percentile
and the average values were reported with standard deviation for all the tests.

The cross-sections of the test specimens were analyzed using a Jeol JSM-6590LV
Scanning Electron Microscope (SEM) from JEOL USA Inc., Peabody, MA, USA equipped
with INCA X-act EDS detector for elemental analysis. Samples were bonded to aluminum
stubs and their surfaces were observed in a low vacuum environment (30 Pa) using the
accelerating voltage of 20.0 kV. Leica DVM6 optical microscope (Leica Microsystems Inc.,
Buffalo Grove, IL, USA) was also used to measure lignin particle size distribution to gain a
better understanding of the blend morphology and its relation to the mechanical properties
of the blend samples.

3. Results

3.1. Processing Stability of the Blends

Table 1 shows the injection molding parameters used for producing PP and PP-lignin
blends. Other than increasing the injection pressure from 3500 psi to 4500 psi, no further
changes were needed for producing the blend samples. Test coupons were fabricated easily,
without any challenges, even at 30 wt. % of tobacco lignin loading and without any addi-
tives. Hence, adding lignin to PP does not require any major modifications to the current
manufacturing process and does not incur additional major processing/utility costs.

Table 1. Injection molding parameters.

Blend
Composition

Barrel Temp
(
◦
F)

Nozzle Temp
(
◦
F)

Clamping
Pressure (psi)

Plate Temp (
◦
F)

Injection
Pressure (psi)

Injection/
Dwell Time (s)

PP 420 450 7000 150 3500 5
5% Lignin 420 450 7000 150 4500 5

15% Lignin 420 450 7000 150 4500 5
30% Lignin 420 450 7000 150 4500 5

3.2. Differential Scanning Calorimetry (DSC)

Figure 3 shows the DSC thermograms of PP, pure lignin and blends. Figure 4 shows
the first and second heating curves of lignin blends at 30 wt. %. DSC is an acceptable
method for measuring the glass transition temperature (Tg) of lignin but it is often difficult
to detect the Tg of lignin, due to the complexity of its chemical structure [16]. Typically,
the Tg of lignin ranges from 90 ◦C to 180 ◦C. In this case, the Tg of lignin could not
be identified. The crystallization temperature (Tc), melt temperature (Tm), exothermic
enthalpy of crystallization (Hc), and endothermic enthalpy of melting (Hm) of the blends are
reported in Table 2. As seen in the table, the peak melting and crystallization temperatures
almost remained constant with the addition of lignin content. However, the exothermic
and endothermic enthalpies gradually decreased with the increase in lignin content. The
exothermic enthalpy dropped by 9%, 17%, and 50% at 5 wt. %, 15 wt. %, and 30 wt. %
lignin addition, respectively. The endothermic enthalpy diminished by 11%, 22%, and 54%,
at 5 wt. %, 15 wt. %, and 30 wt. % lignin addition, respectively. Typically, a decrease in
enthalpies implies fewer bond formations and can significantly influence the behavior of
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the polymer. To further understand, the percentage of crystallinity in lignin blends was
calculated by dividing the crystallization enthalpy by the heat of fusion from a perfect
crystal of PP, as shown in the equation below:

Percent crystallinity equation : Xc =
ΔHm

ΔH◦
m
× 100%

where Xc is the percentage of crystallinity, ΔHm is the measured heat of fusion from the
crystallinity peak, and ΔH◦

m is the heat of fusion from a perfect crystal. The heat of
fusion from a perfect crystal of PP is known to be 207 (J/g) [2]. The average percentage of
crystallinity of PP and the lignin blends are shown in Table 2. The results show that the
percentage of crystallinity gradually decreased with an increase in lignin content, which
should typically translate into a significant reduction in the mechanical performance.

Figure 3. DSC Traces of PP/Lignin Blends.

Figure 4. 1st and 2nd heating curves of 30 wt. % PP-Lignin blends.
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Table 2. DSC Test Results.

Blend
Composition

Tc (◦C)
Exothermic

Enthalpy (J/g)
Tm (◦C)

Endothermic
Enthalpy (J/g)

Crystallinity (%)

Neat PP 115.67 ± 0.15 174.00 ± 0.69 132.07 ± 2.35 182.23 ± 3.52 84.06 ± 0.33
5% Lignin 115.50 ± 0.35 158.70 ± 0.57 133.69 ± 2.00 162.83 ± 4.04 76.67 ± 2.45
15% Lignin 115.37 ± 0.57 144.57 ± 0.73 131.73 ± 1.46 142.71 ± 5.50 69.84 ± 3.40
30% Lignin 114.83 ± 0.93 87.50 ± 0.74 132.10 ± 2.16 84.07 ± 1.88 42.27 ± 3.60

3.3. Thermogravimetric Analysis (TGA)

Figures 5 and 6 show the TGA and DTGA curves of the lignin blends. A typical one-
stage decomposition was observed for all the samples, except for the 30 wt. % PP-lignin
blend [17]. Table 3 shows the decomposition onset temperature, end temperature, peak
temperature and residual mass at 600 ◦C. The decomposition onset temperature is defined
as the temperature at which 5 wt. % loss occurs. The temperature at which maximum
weight loss is observed is the peak temperature of the derivative curve. From Figure 5, it can
be seen that the degradation temperature of PP starts at 388.72 ◦C and continues to degrade
until 451.58 ◦C. With the increase in the lignin content, the degradation temperature seems
to drop to 344.12 ◦C at 5 wt. %, 331.27 ◦C at 15 wt. % and 224.61 ◦C at 30 wt. % lignin
addition. A steady decrease in the decomposition onset temperature was observed with
the increase in the lignin content in the PP. With only 5 wt. % addition of lignin, an 11%
drop in the onset temperature was observed. Increasing the lignin content to 30 wt. %
resulted in a 42% decrease in the onset temperature. Lignin typically has been considered
to improve the thermal stability of the host polymers. However, tobacco lignin seems
to have a destabilizing effect on the thermal degradation of blends, especially at higher
concentrations [12].

3.4. Density

Figure 7 shows and compares the density of the blends. The density remains unchanged
with the addition of lignin. With a significant decrease in the percentage of crystallinity from
DSC, the density is expected to drop. However, the higher density of lignin appears to be
compensating for the reduction in density due to lower crystallization. Similar behavior
was observed with tensile performance, where only a slight reduction was observed, despite
the significant decrease in the percentage of crystallinity.

Figure 5. TGA curves for different blends of PP-lignin.
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Figure 6. DTGA curves of different blends of PP-Lignin.

Table 3. Temperatures and Char Residue Characteristics of PP-Lignin Composties.

Blend
Composition

Tonset

(◦C)
TEnd

(◦C)

Decomposition
Peak

Temperature
(◦C)

Residual Mass
at 600 ◦C

(%)

Neat PP 388.72 ± 1.75 451.58 ± 0.97 444.01± 0.68 0.03
5% Lignin 344.12 ± 0.98 453.12 ± 1.45 440.35 ± 0.75 0.07

10% Lignin 331.27 ± 1.27 457.53 ± 2.14 448.78 ± 1.35 0.07
30% Lignin 224.61 ± 1.86 480.34 ± 1.78 441.80 ± 1.87 0.22

Figure 7. Density of Lignin Blends.

3.5. Shore D Hardness

The Shore D hardness numbers for different blend specimens are presented in Figure 8.
In all cases, the addition of lignin increased the hardness of composites. At 5 wt. % and
15 wt. % lignin loading, a slight increase of 3.7% and 4.1% was observed, respectively.
However, the increase is within the error range and can statisticaly be considered as
unchanged. However, at 30 wt. % lignin addition, an 18.82% increase in hardness value
was recorded. These results are in close agreement with the tensile properties.

133



Polymers 2022, 14, 706

Figure 8. Shore D hardness values of lignin blends.

3.6. Tensile Properties

The tensile properties of PP and lignin blends are shown in Table 4. Figure 9 compares
the change in UTS as lignin wt. % is increased in PP-lignin blends. With an increase in
5 wt. %, 15 wt. %, and 30 wt. % of lignin, a drop of 3.2%, 9.9% and 5.4% in tensile strength
was observed, respectively. Statistically, the values are within the standard deviation, and it
can be stated that tensile strength seems to be unaffected by the addition of lignin. While a
similar trend was observed with Young’s modulus, an exception in behavior was observed
at 30% wt. lignin concentration, with a 20% increase in stiffness. The 30% wt. lignin blend
samples also exhibited a brittle failure, unlike other samples. The variation in stiffness
properties is very similar to ShoreD hardness values.

Table 4. Tensile properties of PP-lignin blend.

Blend Composition Ultimate Tensile Strength (MPa) Young’s Modulus (GPa)

Neat PP 21.65 ± 0.310 0.21 ± 0.02
5% Lignin 20.96 ± 0.570 0.21 ± 0.10
10% Lignin 19.50 ± 0.540 0.21 ± 0.03
30% Lignin 20.47 ± 1.25 0.24 ± 0.02

Figure 9. Ultimate tensile strength comparison (UTS).

Table 5 compares the tensile test results obtained in the current work with those from
the literature. Kharade and Kale [4], who used dry lignin powder extracted from paper mill
waste, found a drop of 59.3% when lignin concentration was increased to 30%. Toriz et al. [6],
who used a purified form of kraft lignin, reported a drop of 37.4%. In the present work, a drop
of only 5.4% was observed at 30 wt. % lignin loading to PP. Maldhure et al. [11], who used
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isolated kraft lignin from a paper mill, reported a 27.8% decrease in UTS for 15 wt. %, which
is 15.6% higher than the one found in the present work. Overall, the tensile performance of
tobacco lignin blends seems to be far superior compared to the ones reported in the literature.
With the decrease in crystallinity, the tensile performance is supposed to deteriorate. Yet, a
different behavior was observed. To investigate the driving forces behind this behavior, SEM
and optical microscopy examinations were conducted.

Table 5. Comparison of Ultimate Tensile Strength of PP-lignin with literature.

PP/Lignin
UTS % Decrease:

Kharade and Kale [4]
UTS % Decrease:
Toriz et al. 1 [6]

UTS % Decrease:
Maldhure et al. [11]

UTS % Decrease:
Present Work

95/5 19.5% 8.4% 16.2% 3.1%
85/15 28.1% 18.9% 27.8% 12.2%
70/30 59.3% 37.4% - 5.4%

1 Calculated using interpolation as source work increased lignin in increments of 10.

3.7. Scanning Electron Microscopy (SEM) and Optical Microscopy

SEM micrographs of 5 wt. %, 15 wt. % and 30 wt. % blends are shown in Figure 10. At
5 wt. %, lignin seems to be well dispersed with particles barely being visible at 100× magnifica-
tion. At 15 wt. %, a relatively larger sized lignin particles were observed. At 30 wt. %, more
and larger aggregates can be seen. The strong polarity of lignin typically causes agglomeration,
especially at high loading concentrations, and the mechanical characteristics decrease as the
degree of agglomeration increases. Smaller lignin particles imply that lignin was successfully
dispersed in PP [18,19].

  

(a) (b) 

 

(c) 

Figure 10. SEM Micrographs of (a) 5%, (b) 15% and (c) 30% PP-Lignin blends.

Since dispersion plays an important role in the mechanical performance of the blends,
optical microscopic images of fracture surfaces were taken, and Image J software was used
to measure the size and density of lignin particles in the PP. A histogram with probability
density curves is displayed in Figure 11. Particle sizes mainly ranged from 25–100 μm with
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a peak at 50 μm. Earlier works showed that the particle distribution of acetylated lignin was
around 55 μm [11]. This implies a slightly better particle size distribution of tobacco lignin
was achieved, without any secondary modifications to the lignin. The smaller lignin particle
size and uniform dispersion can be attributed to an increase in mechanical performance of
the blends, despite the decrease in crystallinity.

Figure 11. Probability density and histogram of tobacco lignin grain sizes.

4. Conclusions

Physical and mechanical properties of PP/unmodified tobacco lignin (5%, 15% and
30% by wt.), prepared via melt mixing, were studied. The addition of lignin did not have
an influence on the tensile strength, but with a 30 wt. % concentration of lignin, Young’s
modulus increased by 23%. An increase in lignin did not influence the density and specific
gravity of the blends. SEM images and optical micrographs of the coupon cross-sections
showed that the extrusion process had achieved a uniform distribution of lignin particles.
The addition of lignin did not require any modifications of injection molding parameters,
except for a slight increase in the pressure, from 3500 psi to 4000 psi at 0 and 5 wt. %,
implying that the addition of lignin will not increase any processing costs or delays. The
DSC results showed that peak crystallization and melting temperatures did not change
with the increase in lignin content, but the percentage of crystallinity decreased significantly.
However, the unaffected mechanical properties can be attributed to better and uniform
dispersion of lignin particles, along with a good adhesion between lignin and PP. The better
mechanical performance also conveys that lignin particles might be acting as reinforcing
material in the PP. However, further studies are warranted to understand the behavior
better. TGA results showed that tobacco lignin acted as a thermal destabilizer at high
temperatures. Comparing mechanical properties of unmodified tobacco lignin blends with
those obtained from expensive acetylated lignin materials shows that the current material
has superior properties. In conclusion, the addition of tobacco lignin up to 30 wt. % does
not negatively affect the PP mechanical properties. Tobacco lignin shows great promise in
improving some of the mechanical properties, without requiring any additional expensive
processing steps.
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Abstract: Mechanochemical reaction, a green synthetic esterification route was utilized to prepare
long-chain cellulose esters from microcrystalline cellulose. The influence of reaction conditions
such as reaction temperature and time were elucidated. Only low dosage of oleic acid, 1-butyl-3-
metylimidazolium acetate, and p-toluenesulfonyl chloride were required. The success of modification
reaction was confirmed by Fourier transforms infrared spectroscopy as a new absorbance peak
at 1731 cm−1 was observed, which indicated the formation of carbonyl group (C=O). Solid-state
nuclear magnetic resonance was also performed to determine the structural property and degree
of substitution (DS) of the cellulose oleate. Based on the results, increasing reaction temperature
and reaction time promoted the esterification reaction and DS. DS values of cellulose oleates slightly
decreased after 12 h reaction time. Besides, X-ray diffraction analysis showed the broadening of the
diffraction peaks and thermal stability decreased after esterification. Hence, the findings suggested
that grafting of oleic acid’s aliphatic chain onto the cellulose backbone lowered the crystallinity and
thermal stability.

Keywords: microcrystalline cellulose; mechanochemical esterification; long fatty acid chain; oleic
acid; ionic liquid; magnetic mortar and pestle

1. Introduction

Lignocellulosic biomass is garnering attention among researchers as it is a readily
renewable and environmentally benign natural source. Among lignocellulosic materials,
cellulose is the most abundant biopolymer in nature composed of anhydroglucose units,
which is linked by β-1,4-glucosidic linkages [1]. Cellulose materials offered advantages of
biodegradability, biocompatibility, high surface area, low cost, high thermal stability, and
high mechanical properties [2,3].

Nevertheless, the absence of thermal transition makes cellulose non-processable and
the presence of inherent strong intra- and intermolecular hydrogen bonding through
hydroxyl groups often results in pronounced aggregation [4]. The agglomeration led to
cellulose being insoluble in water and most of organic solvents. To overcome the aforemen-
tioned problems, esterification has been demonstrated as an effective approach to improve
the aggregation and thermoplastic behavior of cellulose [5].

Conventionally, chemical esterification of cellulose was carried out via pyridine-acyl
chloride or anhydride reactions. These reaction systems produced hydrochloric acid as a
byproduct, which resulted in cellulose degradation and is environmentally harmful [6,7]. To
date, a number of non-derivative solvent systems, such as N,N-dimethylacetamide-lithium
chloride (DMAc-LiCl) [8], N-methylmorpholine N-oxide (NMMO) [9], and dimethyl
sulfoxide-tetramethylammonium fluoride (DMSO-TBAF) [10] have been found to be effi-
cient in the cellulose dissolution process. However, several drawbacks from the solvent
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systems include high cost, the required large amount of chemicals, volatility, toxicity, and
difficulty in solvent recovery [11,12].

Among potential new solvents, the application of ionic liquids (ILs) as a solvent
system has been shown to be a feasible yet effective system. The usage of ILs as suitable
solvents produced no toxic or explosive gases and can be recycled for repeated usage [13].
Their negligible vapor pressure, low viscosity, improvement of selectivity and yields,
excellent thermal stabilities, as well as excellent dissolution performance for cellulose
have made them solvents of choice [14,15]. According to Kakuchi et. al. [16], IL such as
1-ethyl-3-methylimidazolium acetate (EmimOAc) can offer dual functionalities by acting
concurrently as a facile solvent for cellulose and as an activating reagent for esterification
reaction of cellulose hydroxy groups. In this work, 1-butyl-3-metylimidazolium acetate
(BmimOAc) was used as both reaction media and catalyst for the esterification reaction.

Besides ILs, mechanochemical esterification is another green synthetic process used
to address the setbacks of environment burden. Mechanochemistry is a chemical reac-
tion induced and sustained by the use of mechanical force (grinding or milling) [17,18].
Ball milling is a well-known technique for benchtop pilot scale study, so it is possible to
realize the value of cellulose in industrial sectors due to the efficient chemical transfor-
mation generated through mechanical forces [18–20]. Cellulose esterification employing
mechanochemical methods has been studied previously, but most of the literature focused
on short-chain fatty acid in the presence of solvent during the reaction [5]. Long-chain oleic
acid (OA) is predicted to be the best substitute to serve as esterifying agent for cellulose es-
terification as it does not produce harmful by-products. In addition, oleic acid has excellent
flexibility, wider thermal process window, low melting point, easy processing, renewability,
and hydrophobicity [5,21]. Herein, mechanochemical esterification with long chain OA
in IL is proposed as a facile yet environmentally friendly protocol to synthesize cellulose
oleate (CO).

The novel aspect of this work details the synthesis of CO in a green, simple, and
scalable way by controlling the reaction conditions. Furthermore, degree of substitution
(DS), thermal stability, and the chemical structure of the CO were identified.

2. Materials and Methods

2.1. Materials

Microcrystalline cellulose (MCC) powder with a particle size of 20μm was obtained
from Sigma-Aldrich, St. Loius, MO, USA and was dried under vacuum conditions at 60 ◦C
for 6 h before use. A total of ≥95% of 1-butyl-3-metylimidazolium acetate (BmimOAc) was
also purchased from Sigma-Aldrich. Oleic acid (OA) was supplied by Wako Pure Chemical
Industry, Osaka, Japan. p-Toluenesulfonyl chloride (TsCl), which acts as an activating
agent, was provided by Tokyo Chemical Industry (Tokyo, Japan) and stored in a desiccator
cabinet with silica gels to prevent water absorption. All the reagents were used as received
without further purification or treatment.

2.2. Preparation of Cellulose Oleate (CO)

Modification of cellulose with OA in TsCl/BmimOAc system via mechanochemical
esterification was depicted (Scheme 1). Before functionalization, MCC powder was dried
for 8 h at 70 ◦C before use to remove any trapped moisture from the atmosphere. A total of
0.5 g of MCC (3 mmol), 5 g of OA (18 mmol), and 3.6 g of BmimOAc (18 mmol) were added
and kneaded in a magnet mortar with a constant rotational speed of 150 rpm (100 VAC,
15 W). After 1 h, 3.5 g of TsCl (18 mmol) was added into the mixture to induce the hydroxyl
groups of the cellulose backbone into better leaving groups. The mixture was continuously
stirred at different reaction temperatures (50, 80, and 100 ◦C) and reaction time (4, 12, and
24 h). After the mechanochemical esterification process, the product was precipitated in
acetone, followed by Soxhlet extraction with methanol to remove unreacted substances
for 8 h. The CO was filtered and washed with ethanol twice to completely remove any
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unreacted oleic acid. Lastly, the modified cellulose was vacuum-dried at 80 ◦C and stored
at ambient conditions.

Scheme 1. Schematic representation of the mechanochemical esterification reaction of cellulose in BmimOAc with OA, and
TsCl as the activating reagent.

2.3. Characterizations
2.3.1. Fourier Transform Infrared (FTIR) Spectroscopy

The chemical structures of as-prepared CO were analyzed by FTIR spectroscopy
(Nicolet iS5, Thermo Fisher, Waltham, MA, USA). A total of 2 mg of dried sample was
mixed thoroughly with 100 mg potassium bromide (KBr) in a mortar. The mixture was
then pressed into a pellet until a translucent film was obtained. Sixteen scans were taken
for each run in a wavenumber range of 400–4000 cm−1.

2.3.2. Solid-State Nuclear Magnetic Resonance (ssNMR)

Solid-state 13C NMR spectra of CO was recorded by using ssNMR (JNM-ECA-500
MHz II, JEOL Resonance, Tokyo, Japan) spectrometer. Samples were placed in a zirconia
rotor and spun at 6 kHz with 2000 scans. The temperature was set to 298 K and the degree
of substitution of cellulose oleates (DSNMR) were calculated from a ratio of the integrals of
NMR peaks using the following formula [22]:

DSNMR = (ncel × Ioleoyl) / (noleoyl × Icel), (1)

where, Ioleoyl and Icel are the integrations of peaks corresponding to oleoyl carbons and
cellulose carbons, respectively. ncel and noleoyl are the number of carbon atoms in cellulose
(ncel = 6) and in the corresponding acetyl group (noleoyl = 18), respectively.

2.3.3. Thermogravimetric Analysis (TGA)

The thermal stability of the unmodified cellulose and modified cellulose were de-
termined using EXSTAR TG/DTA 6200 (SII Nanotechnology Inc., Chiba, Japan) under
constant nitrogen flow (100 mL/min). The samples (5–10 mg) were heated from 30–500 ◦C
with a heating rate of 10 ◦C/min.

2.3.4. Scanning Electron Microscopy (SEM)

Morphologies of the cellulose before and after functionalization were performed
using a JCM-6000 SEM (JEOL, Tokyo, Japan). Before the observation, the samples were
mounted on an aluminum stub and coated with carbon first using vacuum sputter-coater
to improve conductivity and prevent charging of the samples. SEM images were obtained
at an acceleration voltage of 15 kV.

2.3.5. X-Ray Diffraction (XRD) Analysis

XRD measurements were characterized on a Rigaku Miniflex II diffractometer using
CuKα radiation (λ = 0.154 nm). The samples were exposed to the X-ray beam with the
X-ray generator running at 30 kV and 15 mA. Scattered radiation was detected at ambient
temperature in the angular region (2θ) of 3◦ to 70◦ at a rate of 10◦/min and a step size
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of 0.02. The crystallinity index (CrI) of the cellulose derivatives was calculated by the
following equation [23]:

CrI (%) = [(I002 − Iam)/I002 × 100%], (2)

where, I002 is the maximum intensity of the (002) crystal plane reflection of the cellulose
and Iam is the minimum intensity between the (002) and (101) peaks.

Crystallite size was calculated by using Scherrer’s formula [23]:

Crystallite size = 0.9 λ/(β cos θ), (3)

where, λ is the wavelength of X-ray beam with 0.154 nm, β is the full width at half
maximum (FWHM), and θ is the angle of beam reflection.

2.3.6. Differential Scanning Calorimetry (DSC) Analysis

DSC was carried out with an EXSTAR DSC 6220 (SII Nanotechnology Inc., Tokyo,
Japan). The sample was first heated from 30 to 150 ◦C at a scanning rate of 10 ◦C min−1 to
provide the same thermal history before measurements. The temperature was maintained
at 150 ◦C for 1 min and then quenched to −50 ◦C. The second heating scan was conducted
from −50 to 200 ◦C at a scanning rate of 10 ◦C min−1 to examine the glass-transition
temperature (Tg). The results of Tg from the Figure S3 were obtained from second heating.

3. Results and Discussion

3.1. Preparation of Cellulose Oleate (CO)

In this work, esterification of microcrystalline cellulose (MCC) with oleic acid (OA)
in p-Toluenesulfonyl chloride (TsCl) and 1-butyl-3-metylimidazolium acetate (BmimOAc)
system was realized by mechanochemical method (Figure 1). When MCC was subjected
to the intense milling, the stable crystalline structure and strong inter- and intramolecular
hydrogen bonding can be destroyed and the steric effect of OA (long fatty acid chain) was
also weakened. This scenario might lead to the increase of the reactivity of hydroxyl groups
in the MCC.

Figure 1. Mechanochemical esterification of MCC by using magnetic agate mortar and pestle.

Here, green mechanochemical reaction could be carried out with low amount of
catalysts and solvents due to the physical shearing force if compared to conventional
chemical esterification. The binding sites in cellulose induced by intense milling can rapidly
react with oleate group, assisting by combining the milling and esterification reaction in
the mortar. The chemical structures, thermal stabilities, and degree of substitution of MCC
with different reaction temperature and time were analyzed and investigated.

3.2. Chemical Structure of Cellulose Oleates (CO)

The chemical structures of COs were characterized by FTIR and the results were
presented in Figure 2. FTIR spectra of the COs showed clear evidence that esterification
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had occurred from the considerable differences with the unmodified cellulose. After
mechanochemical esterification, a new absorbance peak at 1731 cm−1 was recorded, which
was assigned to the stretching vibration of the carbonyl group (C=O) [24]. From the spectra,
the carbonyl peaks increased linearly over reaction temperature.

Figure 2. FTIR spectra of cellulose oleates synthesized at different reaction time (4, 12, and 24 h) and
reaction temperature (50, 80, and 100 ◦C).

Besides, it can be clearly observed that the single absorptive band in the unmodified
cellulose at 2901 cm−1 was changed to double absorptive bands (2901 cm−1 and 2857 cm−1)
in the modified cellulose, which could be attributed to the introduction of more methylene
groups (C–H bonds) from the OA [25]. The characteristic peak of the unsaturated group
(H–C=C) of the oleic acid was also observed at 3009 cm−1.

The decrease in intensity of the broad band at about 3344 cm−1, assigned to the
cellulose O–H vibration was additional proof of the successful esterification. The decreasing
peak intensity in the cellulose hydroxyl region suggested the substitution of hydroxyl group
with fatty acid, especially in high reaction temperatures, 80 and 100 ◦C. The peak changes
of O–H vibration were not obvious for the modified cellulose at lower temperature (50 ◦C),
which can be explained by the low rate of fatty acid side chain grafted on the cellulose.

3.3. The Effect of Reaction Conditions on DS of Cellulose Oleate (CO)

Nuclear magnetic resonance (NMR) spectroscopy is divided into liquid-state NMR
(lsNMR) and solid-state NMR (ssNMR). After functionalization, CO still cannot be dis-
solved in organic solvents, but well-dispersed in dimethylformamide (DMF) and tetrahy-
drofuran (THF) (Figure S1 and Table S1). In the Figure S2, CO also showed better dispersity
compared to MCC in DMF and THF after standing for one day. This scenario indicated that
the hydroxyl group of cellulose backbone was partially removed and became less polar. In
order to obtain reliable results of molecular structures, 13C ssNMR spectroscopy was used
for further investigation.

Figure 3a shows the NMR spectra of 100 ◦C, 24 h cellulose sample. The signals
at 105.65, 89.19, 75.24, 72.74, and 65.24 ppm were assigned to the carbon atoms on the
anhydroglucose (AGU) unit at C1, C2, C3, C4, C5, and C6, respectively. The appearance of
signal at 174.18 ppm was carboxylic carbon (C=O) and the signal at 130 ppm was observed
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as vinyl group of carbon (C=C). Besides, methyl (–CH3) and ethyl groups (–CH2) at 14 to
35 ppm supported the notion of esterification reaction [26].

(a) (b)

Figure 3. Solid state NMR (ssNMR) spectra of cellulose oleates (a) 100 ◦C and 24 h; (b) various reaction temperature
and time.

The substitution level of fatty acid is the average number of oleoyl groups per anhy-
droglucose (AGU) unit, ranging from zero to three. Based on the peak assignments and the
corresponding integrals, the DS of the oleoyl group on AGU units were summarized in
Table 1. The ratio between the number of carbon atoms in the AGU unit C-2,3,4,5,6/C-1 was
fixed at 5:1 and DS were calculated based on the integral of C-1 to oleoyl group ratio [22].
The area under the graph of NMR peaks in relation with standard allows the calculation of
DS precisely.

Table 1. Degree of substitution (DS) of cellulose oleates at different reaction conditions.

Samples Temperature (◦C) Reaction Time (h) DS

CO_50_4 50 4 0.030
CO_50_12 50 12 0.014
CO_50_24 50 24 0.001
CO_80_4 80 4 0.091

CO_80_12 80 12 0.104
CO_80_24 80 24 0.088
CO_100_4 100 4 0.132

CO_100_12 100 12 0.210
CO_100_24 100 24 0.204

The NMR spectra of modified cellulose under different reaction conditions with their
respective signal assignation is presented in Figure 3b. The calculated DS values ranged
from 0.001 to 0.210. The findings showed that the modification via mechanochemical
method is limited to the surface or the outer layer of the cellulose bundles. Low DS
indicated that only partial intramolecular interaction occurred and the ultrastructure of
cellulose oleates might not be affected by the reaction [27].

Based on the DS values of COs, increasing the reaction temperature and reaction
time were favorable to improve the DS [6,28]. However, the DS slightly decreased after
12 h. This trend could be explained by the possible competition between the esterification
reaction and the partial hydrolysis of the ester groups formed as the byproduct of the
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reaction is water. The presence of moisture in the reaction medium is detrimental to the
process [27].

In the case of CO_100_12 and CO_100_24, the DS values of both samples did not show
significant changes, which are 0.210 and 0.204. The findings suggested that the hydrolysis
process can be prevented at an elevated temperature (100 ◦C) and the saturation point is
reached at 12 h.

3.4. Crystal Structure of Cellulose Oleates (CO)

To gain further insights into the structure changes caused by mechanochemical treat-
ment, X-ray diffraction analysis (XRD) was conducted and the respective patterns of all
cellulose samples were shown in Figure 4.

Figure 4. X-ray diffractograms patterns of MCC and modified cellulose (COs).

The pristine cellulose and mechanochemical-treated cellulose showed the main re-
flection peaks at around 2θ = 14.8◦, 16.4◦, 22.7◦, and 34.7◦, which are normally ascribed to
the (101), (101), (002), and (040) diffraction planes, respectively. Based on the diffraction
peak angles, they were exhibited characteristic peaks as cellulose I. The XRD patterns of
modified cellulose remained unchanged in comparison to the microcrystalline cellulose,
indicating that the reaction only partially took place without affecting the inner struc-
ture of cellulose [29]. The modification is posited to occur at the amorphous regions of
the cellulose.

The crystallinity index (CrI), full width at half maximum (FWHM), and crystallite size
of each sample were calculated according to their corresponding XRD diffractogram. The
results are presented in Table 2.
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Table 2. The (002) peak position, maximum intensity, FWHM, crystallinity index, and crystallite size
of cellulose and cellulose oleates.

Sample
(002) Peak

Position (2θ)
Max Intensity

(counts/s)
FWHM (2θ) CrI (%)

Crystallite
Size(nm)

MCC 22.99 141 1.92 86.30 4.41
CO_50_4 22.33 250 1.92 82.17 4.41

CO_50_12 22.83 162 1.92 82.63 4.41
CO_50_24 22.39 186 2.11 79.75 4.01
CO_80_4 22.62 223 2.11 82.97 4.01

CO_80_12 22.72 170 1.92 78.77 4.41
CO_80_24 22.79 121 1.73 84.62 4.89
CO_100_4 22.77 146 1.73 80.00 4.89
CO_100_12 22.83 157 1.92 80.83 4.41
CO_100_24 22.70 163 1.73 79.81 4.89

From Table 2, it was observed that the crystallinity index of pristine MCC is higher
than COs based on the Segal calculation. The crystallinity index of COs slightly decreased
after esterification due to the attachment of oleoyl side chain [30]. Oleic acid moieties
have long alkyl chains, which severed the intra- and intermolecular hydrogen bonds of the
cellulose result in a less crystalline structure [31].

The trend of crystallite size of modified MCCs obtained in this study did not support
findings from previous studies [23,31]. It was observed previously that the crystallite
size and crystallinity is inversely proportional to the reaction time and temperature. The
FWHM of the modified cellulose obtained via the mechanochemical method is expected
to decrease with the prolong reaction time and temperature. Nonetheless, findings in this
study did not abide the observed trends as the crystalline size and crystallinity did not
have significant changes. The low DS of cellulose oleate is posited to be one of the reasons
that the crystallite size and crystallinity remain almost unchanged, which are in the range
of 4.01–4.89 nm and 84.63–78.77%. Further study needs to be carried out to investigate the
unexpected behavior.

3.5. Thermal Stability of Cellulose Oleate (CO)

In this work, differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) were used to examine the thermal stability of CO. DSC was performed to investigate
the macroscopic manifestation of the macromolecular chains motions by determining
glass transition (Tg). Based on Figure S3, CO_50_12 and CO_80_12 had no obvious glass
transition, which exhibit the same behavior as pristine MCC.

Theoretically, due to the strong inter- and intramolecular hydrogen bonding, the un-
modified MCC has no Tg prior to its decomposition [32]. As the substitution rate of oleoyl
increased, the oleoyl side chain weaken the hydrogen bonding interaction. CO_100_12 has
relatively higher DS showed one major glass transitions at 116.5 ◦C, which was attributed
to the motion of cellulose backbone and oleoyl side chain, respectively [20].

From the thermogravimetric analysis, the thermal stability of modified cellulose
decreased after surface modification. Modified MCCs started to decompose at lower
degradation temperature (236–294 ◦C) than pristine MCC (337 ◦C).

Thermal stability of modified cellulose was affected by the disruption of hydrogen
bonding, which decreased the crystallinity of the cellulose after the substitution with fatty
acid [31]. In addition, the intensive mechanical force that promoted decrystallization is
expected to be another reason. The small particle size of CO (Figure 5) enabled more
exposure to heat due to their larger surface area. Therefore, thermal stability decreased
after esterification took place [29].
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Figure 5. TGA thermograms of unmodified MCC and modified MCC.

In general, thermograms of cellulose esters showed two main degradation steps.
However, all of the samples in this study showed one-step degradation curve except
CO_100_12 (Td2 = 445 ◦C) and CO_100_24 (Td2 = 455 ◦C). According to Uschanov et al. [33],
the absence of the second transition at higher temperature is because of the low amount
of oleoyl group grafted on the cellulose. Double bonds of OA are prone to crosslinking
reaction and the lack of fatty acid during heating, which inhibit the decomposition process.

For the thermal profile, the first degradation of cellulose oleate was attributed to the
esterified cellulose, while the second degradation indicated the formation of new ordered
region, which corresponds to the crystallization of oleoyl chains. Oleic acid contained one
double bond between C9 and C10 with the cis configuration, which does not favor the
formation of an ordered structure [23]. Hence, only high DS cellulose oleate exhibited two
main thermal degradation steps in this study.

3.6. Surface Morphology of Cellulose Oleate (CO) by SEM Analysis

The surface morphologies of pristine cellulose and COs prepared under varying
conditions can be clearly observed from their SEM micrographs (Figure 6).

The pristine microcrystalline cellulose composed of smooth rod-like cellulose bundles
without small fragment on the surface [34–36]. The images of the modified cellulose
Figure 6b–f showed that esterification increased the surface roughness of the cellulose
bundles as the reaction temperature and reaction time increased. Pristine MCC was
remarkably turned into smaller and irregular particles after mechanical grinding.

COs with milling temperature of 80 and 100 ◦C exhibited loose and porous struc-
tures [37]. Besides, their surface displayed homogenous appearance if compared to pristine
MCC and COs with milling temperature of 50 ◦C. Interruption of the cellulose backbone
can explain this observation as a result of the reaction of hydroxy group (–OH) of MCC
with OA. Larger surface area could provide a facile access for oleoyl side chain to contact
with the hydroxyl groups of cellulose, which significantly enhanced the mechanochemical
esterification reaction [38].
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Figure 6. SEM images of (a) pristine MCC; (b) cellulose oleate 50 ◦C 12 h; (c) cellulose oleate 100 ◦C 12 h; (d) cellulose oleate
80 ◦C 4 h; (e) cellulose oleate 80 ◦C 12 h; (f) cellulose oleate 80 ◦C 24 h.

4. Conclusions

In this research, cellulose oleates were successfully prepared via a green approach
of mechanochemical esterification with a small amount of oleic acid and ionic liquid. By
controlling the reaction time and temperature, various DS values (0.001–0.210) of cellulose
oleates were obtained and the crystalline structure of modified cellulose was not altered via
functionalization. Increasing DS of cellulose oleate promoted decrystallization of cellulose,
but it retained the cellulose I structure as possessed by pristine MCC. The fine tuning of the
reaction conditions will be beneficial in various industries requiring cellulose with certain
properties. This reported method enables the preparation of cellulose ester with different
properties for their intended applications. More reaction conditions will be considered
in the future, so that high DS of cellulose can be obtained easily using magnetic mortar
method. This fundamental study provides a simple yet effective method for functionalizing
cellulose, opening up numerous opportunities for future research to address the drawbacks
of pristine cellulose.
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sulfoxide (DMSO), N,N-dimethylformamide (DMF), tetrahydrofuran (THF), chloroform (CHCl3),
diethyl ether (Et2O), toluene (Tol) and hexane (Hx), respectively, Figure S2: Images of comparison of
microcrystalline cellulose (MCC) and COs in 10 mL of (a) DMF and (b) THF after 90 min of sonication
and kept static for 1 day, Figure S3: DSC thermograms of cellulose oleates with the reaction time
and temperature at 50 ◦C, 12 h (CO_50_12), 80 ◦C, 12 h (CO_80_12) and 100 ◦C, 12 h (CO_100_12);
Table S1: Polarity index and dielectric constant of various organic solvent.
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Abstract: Utilizing agro-waste material such as rice husk (RH) and coco peat (CP) reinforced with
thermoplastic resin to produce low-cost green composites is a fascinating discovery. In this study,
the effectiveness of these blended biocomposites was evaluated for their physical, mechanical, and
thermal properties. Initially, the samples were fabricated by using a combination of melt blend
internal mixer and injection molding techniques. Increasing in RH content increased the coupons
density. However, it reduced the water vapor kinetics sorption of the biocomposite. Moisture
absorption studies disclosed that water uptake was significantly increased with the increase of
coco peat (CP) filler. It showed that the mechanical properties, including tensile modulus, flexural
modulus, and impact strength of the 15% RH—5% CP reinforced acrylonitrile-butadiene-styrene
(ABS), gave the highest value. Results also revealed that all RH/CP filled composites exhibited a
brittle fracture manner. Observation on the tensile morphology surfaces by using a scanning electron
microscope (SEM) affirmed the above finding to be satisfactory. Therefore, it can be concluded that
blend-agriculture waste reinforced ABS biocomposite can be exploited as a biodegradable material
for short life engineering application where good mechanical and thermal properties are paramount.

Keywords: biocomposites; blend; recycle composites; biodegradable

1. Introduction

Researchers have recently been looking for high-performance materials based on their
lightweight capability and assembly features toward the end product’s lowest cost. Not
all available products in the market fulfill the designers’ need. Therefore, the researchers
move toward the advanced material called composite materials. The composite material is
a combination of two or more constituent materials with different physical and chemical
properties. When combined, they produce unique properties compared to individual
material. In general, composite materials offer excellent weight to strength ratio, thermal,
moisture uptake, and wear properties. Engineering composite is a combination composite
materials harder and stronger phase, which is called reinforcement material, and the
stiff continuous segment is termed matrices. The matrix can be either thermosetting or
thermoplastics, while the reinforcement material could be metals, ceramics, or fibers.
Previously, synthetic fibers, including glass [1,2], boron, carbon, and Kevlar, were famously
used for reinforcement. However, due to their high cost and non-biodegradable property,
scientists and technologies shifted to full usage of natural fibers and agro-waste materials.
Recently, vegetable fibers and crop residues like banana [3], kenaf [4], and bamboo [5], coco
peat (CP), and rice husk (RH), were evaluated to reinforce polymer composite materials
and were the best candidates to replace synthetic fibers. Besides being recyclable, the
plant fibers haves offer many advantages, such as low cost, low density, and abundant
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availability. Due to ecological concern and new rules and regulations, the development
of a new biocomposite that consists of thermoplastic polymer and agro-waste fiber as
reinforcement is mandatory. Consequently, this study will reduce the carbon cycle, decrease
environmental impact, and thus produce a greener product.

Generally, rice (Oryza sativa) is one of the essential agricultures product in this world.
In 2017, the global annual production of 670 million tons of paddy was harvested from Asia,
America, Africa, and Europe [6]. Approximately 20% of the paddy were estimated to be
rice husks. In Malaysia, a total of 840 thousand tons of RH are produced annually [7]. The
utilization of RH in composite structures is recommended in many engineering applications
due to its abrasive nature, low cost, lightweight, renewability, biodegradability, universally
available, and weathering resistant. It has been reported that the incorporation of RH
into thermoplastic matrices enhances the mechanical [8], flammability [9], and thermal
stability [10] properties of biocomposites. Chen et al. [8] reported that the RH filler sample
improved up to 58% tensile modulus than neat polymer. Moreover, with the addition of
RH in the eco-composite structure, the flammability heat release rates were significantly
dropped by approximately 39%, which can be attributed to the presence of silica in RH [9].
Additionally, the degradation rate values for RH reinforced polymer were shifted to a
higher temperature, indicating improved thermal stability of the biocomposite as compared
to recycled polymer [10]. Many studies also mentioned that RH-filled composite material
has a low moisture absorption kinetic and good dimension stability than other natural
fiber composites [11]. High moisture absorption capability of the biocomposite results
in weak interfacial bonding which reduces microbial resistance, is easy to buckle under
compressive loading, and contributes to deterioration of mechanical properties. Therefore,
these moisture absorption characteristics are essential and critical factors to be evaluated
for potential use in outdoor application. Several research works have assessed the water
absorption behavior of RH composites upon immersion in distilled water.

In addition, coco peat is a spongy particle and by-product waste of coconut shell. It is a
rich source of lignocellulose consisting of lignin, cellulose, and hemicellulose. Traditionally,
this coconut waste is abundantly available and also widely used as soilless potting mix
media in agriculture. A coconut mostly contains approximately 100 g of coco peat with a
mixture of coarse-to-fine cork particles (83–95% in total) and fibers. Currently, about eight
million tons of coco peat are being produced from coconut husks in the world each year.
In Malaysia, approximately 5280 kg per hectare of coconut waste, mainly coconut husk,
is obtained, but most have not yet been processed and fully utilized. Coco peat is highly
plausible with adequate water capacity storage, high water retention, and eco-friendly.
However, it has a moderate mechanical property. Borawski [12] stated that unconventional
materials like coconut waste are an excellent alternative for many automotive applications,
such as brake pads. Besides, hybrid coco peat composites also offer higher wear resistance
to manufacture clutch plates lining and superabsorbent capability for desiccant evaporating
cooling systems [13].

Based on past findings, even though extensive research has been done to explore
composites’ physical and mechanical properties, very few involved blend biocomposites.
The claims of excellent RH composites on mechanical and especially tensile properties and
low moisture absorption mentioned before, together with abundantly available but possess
moderate mechanical properties of CP fiber, became the biocomposites’ filler selection to
run the investigation. Indeed, the aim of this study was to explore the synergistic effects of
the blended RH and CP filler reinforced ABS composite on the physical and mechanical
properties that has not been conducted previously. However, only a handful of publications
raised concerns about the moisture characteristics of the blended composite, especially with
coco peat and acrylonitrile butadiene styrene (ABS). Therefore, the moisture absorption,
tensile behaviors, flexural test, and impact resistant of these biodegradable composites
were tested. Besides, the composites were tested according to ASTM standards, and the
surface morphological were finally evaluated experimentally. This investigation direction
is beneficial for producing green waste composite materials with a synergistic combination
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of cost and performance. This topic remains unexplored at the time of writing, and the
need to investigate this area of matter is crucial to fill the knowledge gap.

2. Materials and Methods

2.1. Materials

Acrylonitrile Butadiene Styrene (ABS) was supplied by Muleh Zaman Enterprise
(Gombak, Selangor, Malaysia) in pallet form and was used as the polymer matrix. The
average pellet size was 4 mm. Rice husk (RH) particle and cocoa peat (CP) were purchased
from Innovative Pultrusion Sdn. Bhd. (Seremban, Negeri Sembilan, Malaysia). RH has an
average density of 0.22 g/cm3 specifically from Oryza sativa species and CP has an average
density of 0.10 g/cm3 solely from Cocos nucifera species.

2.2. Sample Fabrication

Initially, RH particle sized ±10 μm, CP particle sized ±0.25 mm, and thermoplastic
ABS in pellet form were dried in an electric air circulated oven (CMH Ltd., Lancing, UK) at
80 ◦C for 48 h. Five sets of RH/CP (20/0, 5/15, 10/10, 15/5, and 0/20) wt.% reinforced
thermoplastic ABS were fabricated as tabulated in Table 1. The RH/CP blend composites
were prepared via the melt blend internal mixer (Brabender, Duisburg, Germany) at an
optimum processing temperature of 190 ◦C and a rotating speed of 40 rpm. The composites
were then oven-dried (CMH Ltd., Lancing, UK) at 80 ◦C for 2 h [14], followed by chopping
(Cheso N3, Loyang Way, Singapore) the composite to form pallets. The composite granules
were then fed to a screw-type injection molding (Engel Gmbh, Schwertberg, Austria). It
was further mixed, heated, and then extruded through three plate mold dies to create
uniform distribution tensile, three-point bending, and impact test samples.

Table 1. Sample composition and designation.

Sample Composition (wt.%) Designation

ABS (80) + Rice Husk (20) + Coco Peat (0) RH20/CP0
ABS (80) + Rice Husk (15) + Coco Peat (5) RH15/CP15

ABS (80) + Rice Husk (10) + Coco Peat (10) RH10/CP10
ABS (80) + Rice Husk (5) + Coco Peat (15) RH5/CP15
ABS (80) + Rice Husk (0) + Coco Peat (20) RH0/CP20

2.3. Physical Properties of RH/CP Reinforced ABS Blend Composites

The density of biocomposites was evaluated according to ASTM D4018. The thickness
and weight of the developed blend composites of RH/CP were recorded for tests. The
samples were weighed to the nearest 0.001 g by using a close chamber EMS 300-3 precision
balance (Kern and Sohn, Balingen, Germany).

Water absorption characteristics were conducted following the ASTM D570. The
sample was initially dried in a circulation oven (CMH Ltd., Lancing, UK) at 80 ◦C for 2 h
before the composites’ weight was obtained. In this study, five replicates of composite
specimens with the dimension of 20 mm × 20 mm × 3 mm were immersed in distilled
water at room temperature of 25 ◦C. The coupons were taken out from the moist condition,
and all exposed surfaces were dried by using a microfiber cloth (Spontex, Worcester,
Worcestershire). The moisture uptake data were recorded by using a weight balance EMS
300-3 (Kern and Sohn, Balingen, Germany) regularly at every 2 h of water immersion. The
moisture absorption characteristic was evaluated by using the following equation:

%M =
Wt − W0

W0
× 100 (1)
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where, Wt is the sample’s weight at a recorded immersion time, and W0 is weight of the
dried sample. The kinetic and diffusion mechanism was evaluated based on Fickian’s
theory. Its relation is:

log
[

Mt

M∞

]
= log(k) + n log(t) (2)

where Mt and M∞ are water absorption at time, t and saturation point, respectively. k and
n are constants.

The ability of moisture to penetrate the composite’s molecule, also known as diffusion
coefficient, D is a primary parameter of Fick’s model [15]. The D value is obtained from
initial linear portion of the moisture absorption percentage versus the square root of the
time curve. The one-dimensional diffusion coefficient, D, can be determined from the
following equation:

D = π

[
h

4M∞

]2[ M2 − M1√
t2 −

√
t1

]2
(3)

where h is the plate thickness, M2, M1 are the moisture content at time t1 and t2, respectively.

2.4. Tensile Test

Tensile properties of the RH/CP reinforced ABS blend composites were performed
according to the ASTM D618 test standards. The samples were fabricated into flat dog-
bone shaped to accommodate the calibrated universal testing machine (AG-X plus 50 kN,
Shimadzu, Kyoto, Japan). The speed of the tensile testing was fixed at 1 mm/min. The tests
were performed on five samples, and the average reading was taken as the final result.

2.5. Flexural Test

Flexural properties of the fabricated RH-CP/ABS blend composite were evaluated
according to the ASTM D790-03 (3-point bending) standard. The testing was executed by
using a universal testing machine (AG-X plus 50 kN, Shimadzu, Kyoto, Japan) with a span
to depth ratio of 16:1. The flexural testing speed was fixed at 1 mm/min by using a 50 kN
of the load cell.

2.6. Impact Test

In this study, the unnotch Charpy impact test was used to measure the impact charac-
teristic of the fabricated RH-CP reinforced ABS blend composite. Samples with a dimen-
sion of 65 mm × 12.7 mm × 3.2 mm were evaluated by using a pendulum impact tester
(Zwick 5113, Ulm, Germany). The pendulum was released at an energy capacity of 4 J and
release angle of 160◦. This experimental procedure was conducted according to ASTM
D256 test standards. An average of five samples relative to the RH-CP reinforced ABS
blend composites’ impact strength was evaluated.

2.7. Composite Characterization

The morphological investigations of RH-CP reinforced ABS blend composite were
examined by using a field emission scanning electron microscope (FESEM) (JEOL, JSM-
7800F, Tokyo, Japan). The composite samples were then analyzed under a magnification of
500× at an accelerating voltage of 2 kV. Prior to the evaluation, the samples were initially
coated with platinum by using a fine auto coater (JEOL, JEC-3000FC, Tokyo, Japan).

3. Results and Discussion

3.1. Density of Blend Composites

The measured density values of the RH/CP reinforced thermoplastic ABS composites
are illustrated in Figure 1. This composite density was subjected to various particle loading
of RH/CP (0/20, 5/15, 10/10, 15/5, and 20/0) in a weight fraction. It was shown that by
increasing the rice husk to coco peat in blend composites, the density also increases. The
highest density result was obtained from RH20/CP0 as compared to other biocomposite
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configurations. This result was mainly ascribed to the higher density of RH to the CP
filler. Similarly, Hemnath et al. [16] reported that by increasing the RH content the void
content decreased due to smaller particle size in blend composites. Higher RH loading
reduces the pores content resulting in tighter and pack composites. This void percentage
of the composite can be controlled by adjusting the reinforcement amount and molding
parameters during fabrication. These lead to improved mechanical properties, sound
absorption capabilities, and thermal insulation of the structures.
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Figure 1. Typical density of rice husk (RH)/coco peat (CP) reinforced acrylonitrile-butadiene-styrene
(ABS) blend composites.

3.2. Moisture Absorption Study

The moisture absorption trends of the RH/CP (0/20, 5/15, 10/10, 15/5, and 20/0)
reinforced ABS are illustrated in Figure 2a. The plots were deducted from an average value
of three specimens. For immersion time lower than 20 h, the moisture absorption (%) rate
steadily increased with increasing coco peat content. The maximum moisture absorption is
from the RH0/CP20 wt.% of coco peat composite composition. It can be suggested that the
hydrophilicity of the coco peat particle was higher than the rice husk filler. Deo et al. [17]
reported that weak fiber-matrix adhesion and void content influenced the natural fiber
composites’ moisture uptake. The high content of coco peat filler increased free hydroxyls
(OH) groups in cellulose. These OH groups enhanced the contact with moisture and form
several hydrogen bonding, resulting in weight gain in the blend composites. In general,
moisture uptake increases with immersion time. However, it remained as a constant plateau
after 40 h, as shown in Figure 2a. The time to reach a saturation condition was nearly
similar for all tested samples. The extent of blend composites in a humid environment
promotes an increase in the swelling dimension and low-stress transfer between particle
and matrix, which corresponds to the reduction in mechanical properties [18].
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Figure 2. Typical (a) moisture absorption characteristics and (b) plot of log Mt/M∞ versus log time of blend RH/CP
reinforced ABS composites.
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Figure 2b presents a typical log (Mt/M∞) versus log (t) for the RH/CP reinforced
ABS composites. The swelling transport exponent ‘n’ and characteristic constant (k) of
the moisture absorption values were determined from the slopes and intercepts of these
plots, respectively. The results indicated that the diffusion exponent for the composite
samples lies between 0.56 and 0.59. This can be explained that the RH/CP reinforced ABS
was in the range of Fick’s model. Similar findings were reported by Razavi et al. [19] and
Awasthi et al. [20]. The n values were between 0.5 and 0.7 when the Fickian diffusion
property was applied in the studies to determine the rice husk reinforced thermoplastic
composites’ moisture absorption characteristic. It was claimed that these biocomposites
were in an intermediate diffusion process between the penetrant mobility cases I and II.
However, Guloglu et al. [21] mentioned that most composites structures were in a range
of abnormal water diffusion characteristics. This typical non-Fickian moisture absorption
behavior of the thermoplastic-based composites was also reported by Melo et al. [22] and
Aziz et al. [23] when the samples were continually exposed to a wet environment at a lower
absorption rate and prolonged period.

Moreover, the blend composites k value increased with increasing coco peat content,
as tabulated in Table 2. It indicated that the higher the coco peat filler in composites,
the higher the biocomposites kinetic water absorption characteristic. A higher value of k
explained that the fastest blend composite diffusion time is needed to reach a saturation
condition. Findings were also aligned with the result, as illustrated in Figure 2a. Similar
results were reported by Guna et al. [24]. It was mentioned a decreased water resistance
with the increase up to 40 wt.% of coconut filler content of the hybrid composites, resulting
in insufficient resin to impregnate and wet out the fillers. In this study, the D values
of the biocomposites also increased with increase in coco peat content. At lower rice
husk composition, the water dispersion mobility rate in a composite capillary was low,
resulting in lower D values. These D values were in a range reported by Chen et al. [8].
It demonstrated that the pack of hybrid arrangement in rice husk filler would reduce the
moisture kinetic absorption due to narrow gaps and voids formation in the biocomposites.
A similar finding was reported by Nanthakumar et al. [25], which suggested that an
improvement of filler-matrix adhesion by using a surface modification technique could
reduce water molecules to diffuse and penetrate the composite structures. Besides, an extra
information on the blend composites’ glass transition temperature helped to predict the
plasticizing effect of solvent on the polymer [26,27].

Table 2. Saturation water absorption, water absorption constant, swelling exponent constant, and
diffusion coefficient of RH/CP reinforced ABS composites.

Composition M∞ (%) k n D × 10−6 (mm2/s)

RH0/CP20 9.05 0.124 0.415 0.104
RH5/CP15 8.11 0.095 0.448 0.114
RH10/CP10 7.51 0.085 0.469 0.121
RH15/CP5 7.22 0.055 0.519 0.127
RH20/CP0 6.92 0.039 0.567 0.134

3.3. Tensile Properties

Five types of RH/CP fiber weight percentages were used in blend composites. RH
and CP fiber used as the fiber content in the composites were fixed at 20 wt.% while the
epoxy resin matrix was fixed at 80 wt.%. The tensile study was conducted and showed
that the tensile properties were affected by the variation in blend compositions. The tensile
properties are shown in Figure 3. It was demonstrated that RH15/CP5 composition showed
the highest tensile strength among the blend composites. Tensile strength enhancements
of 18.4% and 17.8% were reported for RH15/CP5 blend composites were achieved as
compared to its monofiber composites for RH0/CP20 (coco peat monofiber composites)
and RH20/CP0 (rice husk monofiber composites), respectively. This phenomenon was due
to the blending ability to practically overcome the traditional low strength disadvantages
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of single type natural fiber-reinforced composites [28,29]. Practically, the RH particle size
was much smaller than that of CP. Consequently, the surface area available for wetting by
the polymeric matrix was higher with higher RH filler loadings. Under quasi-static tensile
loading, stress transfer from matrix to filler may be more efficient in the RH dominant
composites, resulting in higher mechanical properties [30]. Moreover, the tensile strength
also revealed an increment as the RH content increases. Simultaneously, the CP content
was decreased, up to 15 wt.% RH and down to 5 wt.% CP, respectively, on the composites.
The composite properties mainly depended on the mechanical behaviors of the individual
reinforcing fibers [31]. RH was reported as a kind of natural fiber with higher stiffness in
tensile properties as compared to CP fiber [32]. This event was explained by the tensile
strength increment as the RH loading extends and not the opposition’s extension of CP
loading. However, the tensile strength decreased with further addition of 20 wt.% RH
content, by as much as 15.1%. Poor interfacial bonding with the evidence from the mi-
crograph of a fractured specimen in Figure 8 was the reason for the tensile deterioration.
Aridi et al. [33] studied the mechanical properties of RH polypropylene composites, and
the results showed that as the RH composition increased to 55 wt.%, the strength decreased.
It was concluded that the weak bonding between the hydrophilic filler and the hydrophobic
matrix polymer obstructed the stress propagation, and thus caused the tensile strength to
fall when the filler loading increased. Besides, poor dispersion caused agglomeration of
the fillers and acted as stress concentration points, which led to composite failure [34]. This
caused a decrease in tensile strength.
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Figure 3. Tensile properties of RH/CP reinforced ABS blend composites.

Nevertheless, the addition of RH fiber loading instead of CP fiber loading proportion-
ally increased the tensile modulus. It was deduced that the tensile modulus was affected
by the blending of RH and CP fiber as the reinforcement filler. The highest enhancement
of 16% on tensile modulus was detected from RH20/CP0 in contrast with RH0/CP20.
This finding remarked that the composites’ stiffness came from the stiffness of CP, par-
ticularly on top of the ABS itself. Altogether, it was observed that the RH20/CP0 blend
composite delivered the maximum Young’s modulus, whereas the lowest was delivered by
RH0/CP20 filler for the composites. Figure 4 demonstrates the tensile stress-strain curves
for RH20/CP0, RH15/CP5, RH10/CP10, RH5/CP15, and RH0/CP20 blend composites
from the tensile test. The curve deduced that the 15 wt.% RH and 5 wt.% CP resulted in the
highest value in tensile stress. Meanwhile, the tensile strain’s highest extent was achieved
by the 20 wt.% CP blend composites. The tensile strain recorded that the composites’ strain
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increased as the amount of CP fiber filler increased. The monofiber CP composites showed
an improvement of 15.5% strain as compared to the monofiber RH composites. Therefore,
the CP fiber upsurged the ductility behavior of the blend composites better than RH fiber.
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Figure 4. Typical stress-strain curves of RH/CP reinforced ABS blend composites.

3.4. Flexural Properties

In order to further understand the mechanical properties of the blend composites,
flexural tests were conducted. Figure 5 presents the flexural strength and flexural modulus
results obtained from the tests. It was apparent from this figure that the trend for this test
was similar to the tensile test. The finding provided evidence that the flexural strength
increased as the RH fiber filler increased, up to 15 wt.%, then decreased after the addition
of 20 wt.% RH fiber to the blend composites. Further analysis showed that the RH15/CP5
blend composite revealed the highest value of flexural strength in comparison with its
RH and CP monofiber composites, with an improvement of 9.0% and 2.3%, respectively.
The flexural strength improvement was not quite as significant as the tensile strength
improvement, but still considerably affecting the composites. The lowest flexural strength
was RH0/CP20, likewise the tensile strength discussed in the previous section. There
were several possible explanations for this result. A possible reason for this might be that
a weak link may exist between the interfacial bond between hydrophilic CP fiber and
hydrophobic resin [35].

In Figure 5, a clear trend is shown on the increasing flexural modulus as the percentage
of introducing RH filler into the composites becomes larger. The optimum flexural modulus
was found on the RH20/CP0 at 5.51 GPa, followed by RH15/CP5, RH10/CP10, RH5/CP15,
and RH0/CP20. As mentioned in the literature review, no data was found on the blending
between RH fiber and CP fiber into a composite for comparison. On the other hand, Figure 6
illustrates the typical flexural stress-strain curves of the blend composites. Contrary to
expectations, the result did not show any significant difference between the flexural strain
enhancement with the variation of RH and CP fibers filler content. The insignificant
difference in the flexural strain could be attributed to the elasticity among the composite,
which was almost similar for each of them.

3.5. Impact Response Behavior

The impact response of the rice husk and coco peat filler blend ABS composites is
summarized in Figure 7. It corresponds to the combination of RH/CP configuration. The
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incorporation of RH in the CP-ABS varied the impact behavior of the blend composite.
Referring to the plot, the maximum impact energy and impact strength were obtained
at RH15/CP5 wt.%. The value of the impact properties significantly increased with the
increase of RH from 0 wt.% to 15 wt.%. Further increase in the proportion of biomass in the
biocomposite reduced the impact strength due to delamination and insufficient matrix [36]
to proper adhesion, and resulting in decreased strength. The overall impact properties
of the blend composite can be improved by chemical coupling and surface modification.
However, high modification can increase production cost and reduces the agriculture
composite residues that are value-added.

0

1

2

3

4

5

6

7

0

20

40

60

80

100

120

140

160

180

200

RH0/CP20 RH5/CP15 RH10/CP10 RH15/CP5 RH20/CP0

Flexural M
odulus (G

Pa)Fl
ex

ur
al

 S
tr

en
gt

h 
(M

Pa
)

Sample

Flexural Strength

Flexural Modulus

Figure 5. Flexural properties of RH/CP reinforced ABS blend composites.

0

20

40

60

80

100

120

140

0 1 2 3

St
re

ss
 (M

Pa
)

Strain (%)

RH0/CP20

RH5/CP15

RH10/CP10

RH15/CP5

RH20/CP0

Figure 6. Typical flexural curves of RH/CP reinforced ABS blend composites.

3.6. Fracture Surface Micrograph

Figure 8 demonstrates the differences of fracture surface by using SEM for the com-
posite containing RH15/CP15 and RH0/CP20 filler content. Filler fracture and matrix
delamination are predominated in the RH15/CP15 specimen’s morphological surface, as
illustrated in Figure 8a. Matrix cracking and the presence of void on the interface was
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also observed. It can be suggested that the stress was well scattered between the filler
and thermoplastic matrix due to the clean braking surface. It was also indicated that this
composite failed in the brittle mode failure. This means that an excellent interface bonding
between filler and matrix was formed, resulting in high tensile strength property. Matrix
cracking and fiber breakage were observed as in Figure 8b. As shown from this figure,
more cavities were formed in this blend composite resulted from fiber pullout and air trap.
It also demonstrated fracture damage occurred at the coco peat filler surface and which
may suggest a flaw in these composites. It can lead to stress concentration at this weak
point, and it was attributed to the lower mechanical properties. Arslan et al. [37] mentioned
that the use of silane coupling agents such as (3-aminopropyl) triethoxysilane (AP) and
3-(trimethoxysilyl) propyl methacrylate (MA) could enhance the tensile properties of the
biocomposite due to covalent bond formation between the amino group of coupling agent
and the nitrile group of styrene-acrylonitrile (SAN) matrix. However, extra production cost
would occur during fabrication.
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Figure 8. Cont.
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(b) 

Figure 8. Scanning electron microscopy (SEM) micrographs of tensile fracture surface from
(a) RH15/CP5 and (b) RH0/CP20 wt.%.

4. Conclusions

The blend RH/CP reinforced with ABS was successfully prepared by using two-step
processes: melt blend mixer and injection molding. The physicomechanical properties
of these biocomposites were then characterized. It was found that the density of the
composites increased with increase in RH filler. In contrast, the composite’s kinetic water
absorption and moisture saturation increased steadily with CP content and obeyed Fick’s
model. It was also found that the incorporation of RH and CP into the ABS matrix offered
better performance in tensile, flexural, and impact strengths. The synergistic effect study
clearly shows that the incorporation of RH and CP into the ABS matrix performs better
on fiber’s interfacial bonding, as compared to the performances of individual composites’
components, and thereby enhances the mechanical performances of the overall system.

The highest tensile properties and Young modulus were recorded at the composition
of RH15/CP5 wt.%, resulting in lower elongation at break as compared to RH0/CP20 wt.%
blend composite. As expected, the incorporation of 15 wt.% RH improved the maximum
flexural and modulus properties value more than those blend composites based on the ABS
matrix. In addition, this combination was attributed to the highest value of impact strength.
The fracture surface morphology for the blend composite dominated by matrix cracking
and filler fracture explained the stress was well propagated between filler and matrix
thermoplastic. It proved that the excellent adhesion interfaces bonding of the biocomposites
resulted in maximum mechanical properties. Therefore, it was interesting to combine these
natural waste reinforced ABS composites for a short life engineering application, where
the physicomechanical properties of biocomposites are of paramount importance.
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Abstract: The present study aims to develop a biodegradable polymer blend that is environmentally
friendly and has comparable tensile and thermal properties with synthetic plastics. In this work,
microcrystalline cellulose (MCC) extracted from bamboo-chips-reinforced poly (lactic acid) (PLA)
and poly (butylene succinate) (PBS) blend composites were fabricated by melt-mixing at 180 ◦C and
then hot pressing at 180 ◦C. PBS and MCC (0.5, 1, 1.5 wt%) were added to improve the brittle nature
of PLA. Field emission scanning electron microscopy (FESEM), scanning electron microscopy (SEM),
X-ray diffraction (XRD), Fourier transform infrared spectroscope (FTIR), thermogravimetric analysis
(TGA), differential thermogravimetry (DTG), differential scanning calorimetry (DSC)), and universal
testing machine were used to analyze morphology, crystallinity, physiochemical, thermal, and tensile
properties, respectively. The thermal stability of the PLA-PBS blends enhanced on addition of MCC
up to 1wt % due to their uniform dispersion in the polymer matrix. Tensile properties declined
on addition of PBS and increased with MCC above (0.5 wt%) however except elongation at break
increased on addition of PBS then decreased insignificantly on addition of MCC. Thus, PBS and
MCC addition in PLA matrix decreases the brittleness, making it a potential contender that could be
considered to replace plastics that are used for food packaging.

Keywords: poly(lactic acid); microcrystalline cellulose; poly(butylene succinate); scanning electron
microscopy; tensile properties

1. Introduction

In current years, due to the higher usage of plastics, their disposals cause environ-
mental pollution that is of great concern. This problem can be solved by the usage of
biodegradable materials which are easily disposed due to their microbial action, as a re-
placement to the synthetic polymers. PLA, PBS, and MCC based composites can fulfil the
requirement of replacing commodity synthetic polymers. PLA and PBS are biodegradable
polyesters with great degradability and mechanical properties. Since PLA behold amazing
thermal, mechanical, and biodegradable properties, it holds a great potential usage in
polymer-based applications [1]. In contrast, properties such as flexural properties, impact
strength, gas permeability, melt viscosity required for processing, heat distortion tempera-
ture (HDT), etc. are not adequate for packaging applications [2]. Additionally, brittleness
and higher cost of PLA restricts their potential for commercial usage.

Therefore, combining PLA with other appropriate biodegradable polymer with com-
paratively better melt processability, flexural properties, and excellent impact strength,
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can not only improve its properties but also reduces overall material cost. PBA is mostly
preferred as it possesses the required properties. Thus, to enhance the properties and mini-
mize the cost of production, numerous works on PLA blended with various biodegradable
polymers were executed [3–5]. Bhatia et al. [6] fabricated a blend of PLA and PBS and
observed that the blend up to 80/20 wt% (PLA-PBS) composition was partial miscibility.
The brittle nature of PLA was reduced by the PBS; therefore, it can be considered as a
potential material as a replacement of plastics for packaging applications. However, there
was reduction of tensile strength, tensile modulus, and percentage elongation at break as
PBS content increased. Liu et al. [7] repaired a blend of PLA and poly (ethylene/butylene
succinate) or Binolle and observed that the addition of Bionolle resulted into crystallization
of PLA and a small increment in the strain at break, however, there was reduction of
ultimate tensile strength and modulus.

Also, Yokohara & Yamaguchi [8] examined the structure and various properties of PLA
blended with fibrous PBS and spherical particles of PBS. PBS particle led to nucleation of
PLA results into an increase in the crystallinity and it was further enhanced by the heating
process. Homklin and Hongsriphan [9] reported the effect of nucleating agents such as
sodium benzoate and nano-sized calcium carbonate on mechanical strength and thermal
stability of PLA-PBS blends and on filling these blends with the nucleating agents, their
tensile strength, energy, and elongation at break reduced. This was because of increased
PLA phase crystallinity and the occurrence of stress concentration in these blends.

Microcrystalline cellulose (MCC) is a natural source with added benefits—like low
cost, abundance in availability, high strength to weight ratio, renewability, and low density-
makes it progressively a potential material as reinforcement for the fabrication of compos-
ites [10,11]. Although there are some challenges and further research are carried out to
improve their functionalities in order to increase their applications in the materials [12].
PLA and PBS are synthetic polymers(polyesters) but MCC are the micro sized cellulose
extracted mostly from plant fibers or other cellulosic waste via acid hydrolysis technique in
order to eliminate their amorphous part [13–15]. All of the three biodegradable materials
have been commercialized extensively for reduction of the number of plastics in found in
the waste disposal. Even though being so beneficial they have got some limitations, low
melt strength, brittleness, lower thermal stability, and lower strength that limits their appli-
cation and their large-scale production [16–18]. However, their blends or composites may
compensate their distinct shortcomings because it may lead to enhancement of properties
of the developed composites.

Various researchers examined the effect of MCC on the performances of polymers
composites [19,20]. Cao et al. [21] examined the effect of the content of a chain-extender
on the microstructure and performance of PLA-PBS-MCC composites and observed with
the incorporation of chain extender processability and strength of the composites were
improved. A few researchers have previously investigated PLA-PBS-MCC composites but
there is still a need to explore such composites that can in future replace plastics effectively
and thus diminish the level of plastic wastes in waste disposal that otherwise lead to
environmental pollution. As from the literature PLA-PBS-MCC composites are not yet
studied extensively so far. In addition, these composites may also provide a new possibility
of obtaining tailored and more desirable performance of biodegradable plastics, and further
enhance their thermal stability and mechanical properties.

In this work, PLA-PBS-MCC composites were fabricated via the hot-pressing tech-
nique and the morphology, crystallinity, physiological, and mechanical properties and their
thermal behavior were evaluated by carrying out FESEM, XRD, FTIR, tensile testing, TGA,
and DSC analysis respectively. This work aims to improve our understanding and endorse
the development of multi constituent materials with desirable properties and also explore
the potential of MCC in packaging applications.
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2. Experimentation

2.1. Materials

Pellet form PLA (7001 IngeoTM of specific gravity 1.24) utilized in this study were
obtained from Nature Works LCC, MN, USA. It has melting point of 154 ◦C and hydropho-
bic in nature. PBS of density 1.26g/cm3 in pellet form were obtained from PTT public
company limited in Bangkok, Thailand. It has a melting point of 95 ◦C. MCC were isolated
from bamboo fiber through acid hydrolysis technique and further ultrasonicated to prevent
agglomeration [22].

2.2. Methods
2.2.1. Extraction of MCC from Bamboo Fiber

Bamboo fiber was used as a source of MCC and were extracted from it by acid hydrol-
ysis technique. The fiber was first bleached to obtain separate lignin and hemicellulose
and pre-treated bamboo pulp then was hydrolyzed with sulphuric acid of concentration
85 wt% for 30 min and finally MCC were obtained. These were further vacuum oven dried
at 80 for 24 h to get dispersed and high quality MCC. Thus, MCC of higher yield of 80%
and crystallinity index of 82.6% were obtained [23].

2.2.2. Fabricated of MCC Reinforced PLA/PBS Composites

MCC, PBS, and PLA were initially oven-dried at a temperature of 60 ◦C for 24 h. Five
compositions, as demonstrated in Table 1, were prepared using hot pressing technique.
Initially the constituents of compositions were mixed by Brabender mixer (melt mixer)
at the temperature of 180 ◦C for 15 min at 60 rpm. The mixture was then crushed in a
crusher to get it in the form of pellets. Compressed sheets with the thickness of 0.12 mm
were obtained by hot compression of these pellets in a hot press at the constant pressing
pressure of 150 MPa and the temperature of 180 ◦C for reheating time of 4 min and then
pressing time of 3 min as shown in Table 2. The compressed sheets were then oven-dried
for 24 h at a constant temperature of 50 ◦C and prior to testing stored in desiccator.

Table 1. Composition of PLA/PBS/MCC Composites

S.No Composite PLA (wt%) PBS (wt%) MCC

1. M1 100 0 0
2. M2 80 20 0
3. M3 80 20 0.5
4. M4 80 20 1
5. M5 80 20 1.5

Table 2. Fabrication Process Parameters.

Process
Parameters

Temperature
(◦C)

Pressure (MPa)
Time
(min)

Speed (rpm)

Melt mixing 180 - 15 60
Hot pressing 180 150 3 -

2.3. Characterization and Testing
2.3.1. Field Emission Scanning Electron Microscopy (FESEM)

The surface morphologies of composite films were acquired at 10–20 kV (accelerating
voltage) using FESEM (JEOL JSM-7000F) from Tokyo, Japan. The films were first coated
before examination to avoid electrostatic charging.
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2.3.2. Scanning Electron Microscopy (SEM)

The fractured surface of composite films was analyzed by SEM (Jeol, JSM 5410LV)
(Hitachi Model S-3400N) from Tokyo, Japan. Specimens were tensile fracture. The samples
were fixed to the stub by means of carbon tape and prior to inspection sputter-coating of
gold was applied to the fractured surface to avoid electrostatic charging.

2.3.3. X-ray Diffraction (XRD)

XRD analysis of composites was executed to find the crystallinity of composite films
at an angular incidence of 5◦ to 40◦ using Ni-filtered Cu K-alpha radiation by SHIMADZU
XRD-6000 X-ray diffractometer, from Tokyo Japan.

2.3.4. Fourier Transform Infrared Spectroscope (FTIR)

The functional group analysis of each sample was examined at 4 cm−1 (resolution)
by 32 scans using an imaging microscope (Perkin Elmer 1600 Infrared spectrometer, MA,
USA) within a frequency ranging from 500 to 4000 cm−1

2.3.5. Thermal Characterization

Thermal stability of the composite films was estimated by carrying out TGA (Perkinelmer
TGA7, MA, USA) at a heat rate of 10 ◦C/min in range of 10–600 ◦C in a nitrogen atmosphere.
Samples of around 10mg were cut from the films and the change in their weight ratio
with respect to temperature was recorded. Thermal analysis was executed using DSC
(Perkin-Elmer DSC7, MA, USA) where aluminum pan that was empty was taken as a
reference. Samples of weight around 3–5 mg were placed in a pan and a temperature scan
was done at a heat rate of 10 ◦C/min from 0–200 ◦C under a nitrogen atmosphere. From
the thermogram attained, glass transition temperature (Tg), crystallisation temperature
(Tc), and melting temperature (Tm) of the composite films were obtained.

2.3.6. Tensile Properties

Tensile properties were measured as per ASTM Standard Method (D638-14 (2014)) via
(Lloyds LRX) Universal Testing Machine. Tensile testing was executed using samples of
size (10 × 100 mm) cut from the composite films, at 50mm (initial grip separation) and
10 mm/min (crosshead speed). Ten samples of each composition were dried at 50 ◦C for
24 min a conventional oven prior testing. The tensile strength and modulus properties, and
elongation at break were acquired from tensile testing.

3. Results and Discussions

3.1. FESEM

The surface morphology of PLA(M1), PLA-PBS(M2), and PLA-PBS-MCC (M3, M4 and
M5) composites was performed as illustrated in Figure 1. PLA composite demonstrated
a smoother surface, due to the poor plastic deformation [24] as evident from Figure 1a,
while the homogeneously distributed PBS phase exists in all PLA-PBS blends showing
the compatibility of the PLA-PBS blends [25]. The addition of PBS up to 20 wt% better
compatibility can possibly be attained [1]. It can be clearly seen from Figure 1c–e, MCC
was dispersed throughout PLA matrix as well as embedded within PLA matrix because of
its smaller size (micro-sized) as shown in Figure 1f–h. By adding MCC and increasing the
MCC content in the PLA-PBS composite, the dispersed phase of MCC becomes clearer due
to lower dispersion in PLA-PBS matrix [26] and with increasing MCC content the surface
topography becomes rougher, as shown in Figure 1c–e. Moreover, MCC in previous works
has proved to enhances the interaction at the interfaces of the PLA and PBS blend [27,28].
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Figure 1. FESEM images of composite films (a) M1, (b) M2, (c) M3, (d) M4, (e) M5, (f,g,h) SEM images of MCC.

3.2. Thermal Properties

The thermal decomposition temperature of a polymer composite can be determined
by its thermal degradation behavior. TGA was executed to examine the influence of PBS
and MCC’s on the thermal stability of PLA matrix composite films. The thermal stability of
the composite films given by various parameters such as maximum degradation (Tmax),
initial degradation (Ti), temperature at 50% weight-loss (T50%), and final degradation (Tf)
temperatures are evaluated using TGA. Figure 2 showing TGA curves of composites with
varying percentages of MCCs. All the composites exhibited degradation processes in a
single step, and the parameters of their thermal stability are given in Table 3. The PLA
composites exhibited relatively lower thermal decomposition temperature in comparison
to PLA-PBS and PLA-PBS-MCC composites. With addition of PBS the thermal stability
of PLA-PBS blend increases. The Tmax, Ti, T50%, and Tf, all increased on addition of
up to 1 wt% MCC also similar behavior was reported by other researchers [21], then on
further addition their values decrease as shown in Table 3. Even though MCC has low
thermal stability when comparison with both PLA and PBS, still the char residue of MCC is
expected to hinder the combustible gases to pass and diffuse into polymer matrix. Certainly,
coke formed by decomposed MCC as earlier revealed to be uniformly distributed to the
inside and surface of PLA-PBS-MCC composites, that efficiently impeded the discharge of
decomposition products of PLA-PBS blends. Similar effect was observed for PLA-PBS-MCC
blend [29] and polypropylene (PP)/MCC composites, where MCC effectively hindered the
release of decomposition products of the polymers [17,30]. As evident from Table 3, PLA
was found to have least residue which increased with the addition of PBS and MCC, due
to their lower thermal stabilities as compared to PLA.
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Figure 2. (a) TGA curves, (b) zoomed initial decomposition curves, (c) zoomed final decomposition curves of PLA-PBS-MCC
composite films.

Table 3. TGA results of PLA/PBS/MCC composite films

Samples
Ti a

(◦C)
T50 b%

(◦C)

Tmax c

(◦C)
Tf d

(◦C)

Wi e

(◦C)
Wmax f

(%)

Wfinal g

(%)
Wresidue h

(%)

M1 284.81 359.42 365.24 386.09 98.9 27.57 1.698 0.372
M2 286.66 361.197 365.72 416.72 98.95 22.76 2.131 1.044
M3 288.12 362.96 365.10 417.74 97.65 22.04 2.221 1.046
M4 289.22 363.11 366.50 419.65 96.43 21.65 2.163 1.064
M5 289.45 362.48 366.72 420.67 95.88 21.21 2.056 1.099
a TGA; initial degradation temperature, b TGA;50% degradation temperature, c DTG; peak temperature, d TGA; final degradation
temperature, e TGA: initial weight loss, f DTG maximum weight loss, g TGA; final weight loss, h TGA char residue weight.

DTG curves determine the loss of weight and the definite temperature at which mate-
rial decomposition takes place. The thermal analysis of PLA, PLA-PBS, and PLA-PBS-MCC
blend with varying percentages of MCC as evident from the Figure 3a,b. The thermal
degradation temperatures increased, and thereby the thermal stability of composites in-
creased as shown in Figure 3. It was found that M1, M2, M3, M4, and M5 displayed
single step degradation as evident from Figure 3. From Table 3, Wmax decreases with the
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addition of PBS then on addition of MCC it further reduces insignificantly, thus exhibiting
improvement of thermal stability with PBS and MCC inclusion in PLA composites.

Figure 3. DTG of (a) PLA, PLA-PBS, PLA-PBS-MCC composite films, (b) zoomed x part.

DSC analysis characterizes the physical nature of the material. The DSC curves
displayed two thermal transition temperatures: glass transition temperatures (Tg), and the
melting temperatures (Tm) with the absence of crystallization (Tc). The glass transition
indicates a change of the degree of freedom of the molecules in the amorphous regions
on increasing temperature in the polymer matrix [31]. Figure 4a,b demonstrates the DSC
thermograms behavior of the composite films.

Figure 4. DSC of (a) PLA and (b) PLA-PBS, PLA-PBS-MCC composite films.

This endothermic peak values for PBS and MCC reinforced composites remain approx-
imately contact however fluctuates to some degrees by the increase in MCC content. This
endothermic peak indicates the disorder in the structure. The transition peak of PLA(M1)
is obtained at 64 and on further addition of PBS and MCC in case of M2, M3, M4, and
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M4 the transition temperature reduces to 62 ◦C, 63 ◦C, 63.10 ◦C and 63.24 ◦C respectively
as mentioned in Table 4. It reveals that the crystals in the pure PLA are more uniformly
distributed as in the case of blend and also in the composites due to presence of other
components during nucleation leads to crystallites varying in sizes and shapes [32]. This
temperature is also relevant to the polymer’s transition temperature from glassy state to a
rubbery state, i.e., with characteristics such as hard and brittle to a flexible and soft material.
The Tg value increases with the addition of the MCC however it reduced with the addition
of PBS alone in PLA composites. Also, the melting peak of PBS is obtained around 113 ◦C
in all the composites as shown in Table 4. As per some studies PBS does not induce the
crystallization [33] or improve the crystalline nature of PLA [33,34]. The impeding effect of
PBS on the crystallinity of PLA was observed during isothermal crystallization around the
temperature of 60 ◦C, indicating that PBS hinders the rate of crystallization of PLA [35].
From Figure 4a neat PLA showed two melting endothermic peaks at 151 ◦C and 165.14 ◦C.
As evident from the Figure 4, the composites, M2, M3, M4, and M5 also exhibited two
separate melting temperature peaks at approximately 146 ◦C and 153 ◦C as evident from
Table 4 [36].

Table 4. DSC results of PLA, PLA-PBS, PLA-PBS-MCC composites.

Sample
Tg

(◦C)
Tm

(◦C)
ΔH
(J/g)

Tm1

(◦C)
ΔH
(J/g)

Tm2

(◦C)
ΔH
(J/g)

M1 64 - - 151 2.81 165.14 0.32
M2 62 113.94 6.47 146.21 6.58 152.89 4.28
M3 63 113.60 10.68 146.23 6.74 152.73 5.29
M4 63.10 113.51 10.62 146.33 7.77 152.84 2.41
M5 63.24 113.56 9.34 146.01 8.27 152.68 5.61

3.3. X-ray Diffractometry (XRD)

The crystalline structures of PLA, PLA-PBS, and PLA-PBS-MCC composite were
examined by XRD in order to examine the influence of varying content of MCC on the
crystallinity of the PLA matrix. The XRD patterns in 2θ range of 20–30◦ are evident from
Figure 5. The pure PLA and PLA in the compositions displayed wide and indistinct
diffraction patterns [37,38], indicating the existence of PLA in amorphous state mostly with
small number of crystallites [38]. This may be due to lower rate of crystallization of PLA as
a result faster cooling rates during processing [39,40]. Adding the PBS in the PLA resulted
into small increment in the peak intensities and also in the crystalline nature of composite
blends. Moreover, there was an insignificant co-crystallization among PLA and PBS [41] as
also evident from DSC curve in Figure 4. Thus, PLA in the blends was not crystallized as
indicated by the absence of PLA diffraction peak in all the four composites (M2, M3, M4,
and M5), whereas the diffraction peak of PBS at 22.5◦ is present in all PLA/PBS composites
that increases with increase in MCC content. This can be attributed to the diffraction peaks
of both PBS and MCC (2θ = 22.6◦) that overlap [42].
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Figure 5. XRD of PLA, PLA-PBS, and PLA-PBS-MCC composite films.

3.4. Fourier Transform Infrared Spectra (FTIR)

FTIR spectra were analyzed to study the chemical structures of composites. The
FTIR spectrum of PLA(M1), PLA-PBS(M2), PLA-PBS-MCC (M3, M4, and M5) (Figure 6)
displayed characteristic peak at 3750 cm−1 (OH stretching vibration) [43,44], and the peak
intensity increases with increase in MCC content. The infrared spectra at 2993 represents
the stretching vibrations of CH3 (asymmetric), and 2925 cm−1 showed the presence of
stretching vibrations of CH3 (symmetric), respectively in case of PLA and then slowly
disappears while as only 2946 cm−1(symmetric stretching vibration of CH3) peak [44,45],
was observed in PLA-PBS and PLA-PBS-MCC (M3, M4, and M5) composites becoming
sharper with MCC content. The wide and strong absorption peak at 1753 cm−1 can be
associated to the presence of C=O stretching of the ester group with the addition of PBS
were partially dispersed [29] and it broadens with addition of PBS as well as MCC, while
as 1453 cm-1 represents bending vibration of CH3 (asymmetric) in all composites and
the asymmetric C–O–C stretching mode at 1184; 1090; and 1047 cm−1 [39]. The vibration
characteristic of the helical backbone with rocking mode of CH3 was observed at 956.2 cm−1

only in case of composites (M2, M3, M4, and M5). The two bands at 869 and 754 cm−1

presented the crystalline and amorphous phases of PLA in all compositions. The peak at
869 cm−1 could be represents the amorphous phase [46] and the peak at 754 cm−1 denotes
the crystalline phase [47]. Overall, the peaks (band position) in the spectrum of PLA-PBS
blend changed significantly as compared to PLA-PBS-MCC with no significant change,
indicating there was no specific chemical reactions between the polymers and MCC. The
curves of PLA-PBS-MCC, as shown in Figure 6, were same as that of pure PLA composite.
These results show well agreement with the FESEM analysis.
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Figure 6. FTIR of PLA, PLA-PBS, and PLA-PBS-MCC composite films.

3.5. Tensile Properties

The tensile strength and tensile modulus of PLA(M1), PLA/PBS(M2), PLA/PBS/MCC
(M3, M4, and M5) composites with different MCC content are demonstrated by Figure 7a,b
respectively. The tensile strength and the tensile modulus of these composite films de-
creased on addition of PBS and decreased initially on addition of 0.5 wt% of MCC beyond
that it further increases This is due to lower tensile strength and tensile modulus of PBS
than PLA. The reduced values of tensile strength may also be attributed to the weak
interactions at the interfaces of PLA and PBS, resulting into the inadequate transfer of
stress across each polymer phase thereby leading to quicker fracture during the tensile
deformation when compared to pure PLA. Also, there was a reduction in brittleness of
PLA due to decreased values of modulus from 8500 to 5400 MPa [48]. The decreased value
of tensile strength at lower MCC content can be associated with the weak interactions at
the interfaces of PLA-PBS matrix and MCC however it increased at higher contents of MCC
due to their binding ability. The binder functionality of MCC depends upon its ability to de-
form plastically on application of compressive force. MCC particles form hydrogen bonds
leading to strong compacts and their critical properties corresponding to their functionality
as a binder include particle size, moisture content, bulk density, specific surface area, and
crystallinity [49]. Similar results of decreased tensile strength were obtained by Ochi [50]
in their studies. The increase in tensile strength with higher content of MCC addition in
PLA-PBS matrix can be attributed to the interface action of MCC and the penetration of
PLA into the network and better interaction between MCC and PLA resin as evident from
FESEM images in Figure 1c–e. The increasing of the tensile modulus on addition of MCC
beyond 1wt % might be due to the rigid MCC that enhances stiffness of the PLA composites
by restricting the molecular movement and the distortion of PLA chains. Luz et al. [51]
revealed that insertion of the fibers can increase tensile modulus due to higher modulus of
fibers as compared to the modulus of thermoplastics.
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Figure 7. (a) Tensile strength (MPa), (b) tensile modulus (GPa), of PLA, PLA-PBS, and PLA-PBS-MCC composite films.

The elongation at break of the composites is presented in Figure 8. It reveals that
the elongation at break increases on addition of PBS and further decreases with addition
of MCC insignificantly. This effect is due to the high flexibility of PBS within the PLA
matrix resulting into decrease in the brittleness of the blends [52]. However, MCC inclusion
reduces elongation at break but have values greater than pure PLA. Similar effect of
MCC extracted from cotton waste on the PLA-PBS blend was reported by Chaiwutthinan
et al. [42]. Overall, the elongation at break of the PLA composite films improves.

Figure 8. Elongation at break(mm) of PLA, PLA-PBS, and PLA-PBS-MCC composite films

3.6. SEM Analysis of Fractured Surfaces

The tensile properties of the composites also depend upon the compatibility of PLA
with PBS and MCC, they also depend on the behavior of composites when loaded. We
studied the microstructures of fractured surfaces of the composites as shown in Figure 9.
The microstructure indicated the dispersion and compatibility in the composites. SEM
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morphology of the surfaces(fractured) during tensile testing of the pure PLA as shown
in Figure 9a exhibited a clear even-fractured surface and thus showed a nature of brittle
material, whereas the fractured surfaces of PLA-PBS blends are rougher as evident from
Figure 9b–e, suggesting more flexibility of the samples. This can be due to presence of PBS
with higher toughness. The interfaces between PLA and PBS in all the blends were clear as
observed in Figure 9. This reveals the immiscibility of the blend [53]. Moreover, the blends
with relatively low MCC contents exhibited more interfacial debonding as a result some
PBS particles are get removed completely from the composites during the fracture process
as evident from Figure 9b–e. In addition, PBS particles in the composites without MCC,
exhibited non-uniform distribution within PLA matrix, and thus the gaps present at the
interface of PLA and PBS can enhanced water penetration by forming permeation channels
that can further facilitate the hydrolytic degradation [54].

 

Figure 9. SEM morphology of the fractured surfaces of composite films: (a) M1, (b) M2, (c) M3, (d) M4, (e) M5.

As evident from Figure 9c, the PLA-PBS-MCC cross section with 0.5 wt% MCC in
the PLA-PBS matrix show the rod like structure of MCC was pulled out due to fracturing
of the composite leaving a hole on the surface. These exposed MCC rods also indicate
poor bonding interface thus reason of deterioration in performance of the composite. The
PLA-PBS composite films with MCC exhibited a better compatibility of PLA with PBS in
comparison to the composite films without MCC as evident from Figure 9b–e. However,
there are MCC pulled outs that are clearly visible. On addition of more MCC (above
0.5 wt%), the MCC rods showed a well-defined and sharp edge as evident from Figure 9d,e.
Also, PLA-PBS-MCC composites with MCC content more than 0.5 wt% the cross-sectional
surface consists of least number of voids in comparison to composites with lower MCC
content. Moreover, observed relatively compact and smooth cross-sectional surface for M4
and M5 as evident from Figure 9d,e. Therefore, there was increase in binding force of the
composites on increasing concentration of MCC indicating that MCC modified the surface
successfully resulting into enhanced interfacial tension [45]. On addition of 1.5 wt% of
MCC, an additional fractured rod-shaped MCC were observed (Figure 9e); indicating the
improvement in the cohesive forces at the interface of MCC and the PLA matrix; thus the
matrix interface became more miscible as a result increases the compatibility of PLA with
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PBS. Thus, the incorporation of MCC improvises the interfacial complications between
PLA, PBS, and MCC thereby improving mechanical properties of the composites.

4. Conclusions

In this research work, PLA, PLA-PBS, and PLA-PBS-MCC (0.5, 1, and 1.5 wt%) com-
posites, where MCC extracted from bamboo fiber, were successfully prepared by hot
pressing technique. Although PBS revealed insignificant impact on PLA’s crystallinity
and mechanical properties however it changed PLA from brittle to flexible material that
was further enhanced by the addition of MCC. In addition, MCC improved the interfacial
bonding between PLA and PBS in the composites. Furthermore, MCC enhanced the crys-
tallinity, thermal stability as well as the tensile strength of the PLA-PBS blends. The tensile
strength and tensile modulus of PLA-PBS and PLA-PBS-MCC were lower at low MCC
content when compared with the pure PLA composites however the elongation at break of
PLA-PBS and PLA-PBS-MCC was found to be higher than that of PLA. The SEM analysis
of surfaces (fractured) reveal the better bonding of MCCs in the composites containing
MCC and thus exhibit better mechanical properties. Thus, the PBS and MCC-reinforced
PLA matrix composites can be regarded as a potential material for packaging applications.
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Abstract: Conocarpus fiber is an abundantly available and sustainable cellulosic biomass. With its
richness in cellulose content, it is potentially used for manufacturing microcrystalline cellulose (MCC),
a cellulose derivative product with versatile industrial applications. In this work, different samples
of bleached fiber (CPBLH), alkali-treated fiber (CPAKL), and acid-treated fiber (CPMCC) were
produced from Conocarpus through integrated chemical process of bleaching, alkaline cooking,
and acid hydrolysis, respectively. Characterizations of samples were carried out with Scanning
Electron Microscope (SEM), Energy Dispersive X-ray (EDX), Fourier Transform Infrared-Ray (FTIR),
X-ray Diffraction (XRD), Thermogravimetric (TGA), and Differential Scanning Calorimetry (DSC).
From morphology study, the bundle fiber feature of CPBLH disintegrated into micro-size fibrils
of CPMCC, showing the amorphous compounds were substantially removed through chemical
depolymerization. Meanwhile, the elemental analysis also proved that the traces of impurities such as
cations and anions were successfully eliminated from CPMCC. The CPMCC also gave a considerably
high yield of 27%, which endowed it with great sustainability in acting as alternative biomass for
MCC production. Physicochemical analysis revealed the existence of crystalline cellulose domain in
CPMCC had contributed it 75.7% crystallinity. In thermal analysis, CPMCC had stable decomposition
behavior comparing to CPBLH and CPAKL fibers. Therefore, Conocarpus fiber could be a promising
candidate for extracting MCC with excellent properties in the future.

Keywords: microcrystalline cellulose; Conocarpus fiber; morphology; crystallinity; thermal stability

1. Introduction

Development of novel bio-based materials from waste biomass has become the focus of scientists
and researchers to mitigate climate change. Agro-wastes are an abundantly available and inexpensive
source of cellulose. The utilization of these biomasses is regarded as a dynamic approach that
contributes to the establishment of a sustainable and cleaner environment [1,2]. Conocarpus lancifolius
is a plant found natively in Somalia and Yemen. Today, it is widely cultivated across the Arabian
Peninsula, North-East Africa, as well as some tropical coastal regions in North and South America [3,4].
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It is commonly cultivated for landscaping and greening purposes in urban areas. Traditionally,
Conocarpus had been used for medicinal and textile applications attributing to its anti-hypertension
and anti-inflammatory properties. However, large agro-waste can be generated from Conocarpus
plant due to improper management [5,6]. Conocarpus trunk fiber generally contains large amounts of
lignocellulosic components, serving as the major cellulose source. This endows it with great potential
for manufacturing cellulose derivative product such as microfibril cellulose and nanofibril cellulose.

Microcrystalline cellulose (MCC) is a depolymerized cellulose byproduct generated via the
hydrolysis of inorganic acid. Generally, it possesses a length of more than 1 μm and diameter
of 50–300 μm, as well as fascinating physical properties like stable thermal behavior, excellent
reinforcing capability, and biocompatibility [7,8]. These have made it widely applicable in paper
production as well as acting filler in composite materials. The thermal stability, particle size, and
reinforcing capability of MCC depend significantly of the feedstock characteristics as well as the
processing conditions such as acids concentration, acids type, hydrolysis conditions, and pre-treatment
reactions [9]. MCC is employed as adsorbent, binder, and excipient in pharmaceutical and cosmetic
industry. Moreover, in food and beverage industries, they act as additives, emulsifiers, stabilizers,
thickeners, gelling agents, fat substitutes, suspending agents, and anti-caking agents. In addition,
they are well known as reinforcing agents in composite production fields [10,11].

From literature studies, there is a lack of reports on the MCC isolation from Conocarpus fibers.
Hence, this study aims to extract MCC from Conocarpus fiber through the chemical process of
bleaching, alkali, and acid hydrolysis treatments. The obtained chemically treated fibers were
examined for their morphology with microscopy and particle size analysis. Meanwhile, the functional
chemistry, crystallinity, and thermal stability were also analyzed to comprehensively study the extracted
fiber product.

2. Materials and Method

2.1. Materials and Chemicals

Conocarpus fiber was collected from Riyadh, Saudi Arabia. The fiber was grinded into small
pieces of about 0.5–1 cm and dried in oven for 24 hr. Chemical reagents of sodium hydroxide (NaOH),
acetic acid (C2H4O2), sodium chlorite (NaClO2), and hydrochloric acid (HCl) were purchased from
R & M Sdn. Bhd, Kajang, Malaysia.

2.2. MCC Extraction

The grounded fiber was firstly treated with 500 mL of 2% NaClO2 (acidified with 5 mL
C2H4O2) for 2 hrs at 80 ◦C with constant stirring, and this experimental setting was found optimal
to produce clearly white color fiber from Conocarpus with the great removal lignin compound
following trial and fail approach. Then, the filtrate containing lignin was removed, and the solid
NaClO2-treated fiber (CPBLH) residue was collected by filtration with distilled water through
nylon cloth. After that, the fiber was treated with 500 mL of 5% NaOH for 5 hr at 80 ◦C in der to swell
up both cellulose and hemicellulose components which could aid in the following acid hydrolysis
for depolymerization process. The collected NaOH-treated fiber (CPAKL) residue was neutralized
with distilled water to pH 7 through nylon cloth until showing white color. In further acid hydrolysis
treatment, the process was carried out at 80 ◦C for 30 min using 2.5 M of HCl solution with the aim to
depolymerize the fiber into smaller particles. The resulting solution was then quenched for its acidic
reaction with 10 times of cold distilled water and subsequently neutralized to around pH 3 through
centrifugation. Finally, the acid-treated fiber (CPMCC) with soft pulpy structure was obtained after
filtration and drying.
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2.3. Characterization

2.3.1. Functional Chemistry Analysis

The functional chemistry of fiber samples was studied with Thermo Nicolet Nexus 670 FTIR
analyzer (Thermo Scientific, Woodland, CA, USA) in the range of 400–4000 cm−1 wavenumbers,
and resolution was maintained at 4 cm−1. The fibers were pelletized after grinding with potassium
bromide (KBr) before analysis.

2.3.2. Crystallinity Analysis

A PANalytical Empyrean X-ray diffractometer (XRD) (Malvern Panalytical B.V., Brighton, UK)
was employed to examine the fibers with Cu Kα radiation. The X-ray generator was operating at
40 mA and 45 kV with slow scan rate of 2◦ per min, and the samples were placed on nickel coated
steel holder. Crystallinity of fibers was calculated using the Segal method with Equation (1) as below:

Crystalinity, CrI (%) =

(
Imp − Iam

)

Imp
× 100% (1)

where Imp refers to maximum point intensity at 22.7◦, and Iam refers to minimum point intensity
at 18.50◦, following reported work by French and Cintron [12].

2.3.3. Morphology, Particle Size, Elements, and Yield Analyses

Morphology was examined for the samples through JEOL, JSM-7610F Scanning Electron
Microscopy (SEM) (JEOL Ltd., Tokyo, Japan) with 1–15 kV voltage ranges as the fibers were
non-conductive. Before viewing, the fibers were coated with a metal palladium layer prior to loading
onto the stub. Particle size analysis was performed for the fibers via ImageJ software. Moreover,
elements were examined through Energy Dispersive X-ray (EDX) analysis under an acceleration
voltage of 20 kV with working distance between 14.5–15.5 mm. Meanwhile, the yield (%) of fibers was
determined with the given Equation (2) as below:

Yield (%) =
(M2 −M3)

M1
× 100% (2)

where M1 is the mass of raw Conocarpus fibers; M2 is the total mass of treated-fiber in weighing
container; M3 is the mass of weighing container.

2.3.4. Thermal Stability Analysis

Thermal stability of fiber samples was assessed using a Thermogravimetric analyzer model
TGA/SDTA 851e (Mettler-Toledo International Inc., Columbus, OH, USA). Thermal analysis was
conducted in range of 30–900 °C with heating rate of 10 ◦C/min under nitrogen purge atmosphere,
while Differential scanning calorimetry (DSC) was carried out at 30–600 °C at 10 °C/min heating rate
by using DSC 822 analyzer (Mettler-Toledo International Inc., USA).

3. Results and Discussion

3.1. Morphology and Elements Analysis

Figure 1 presents the morphology of extracted fiber samples. CPBLH exhibited fairly smooth
structure, indicating impurities of hemicellulose and lignin were substantially removed from the
cellulose [13]. Meanwhile, the irregular shape of the bundle structure (red circle) was also observed
for CPBLH fiber, further proving that the dissolution of fiber occurred in this bleaching
treatment. For CPAKL, it showed a more ruptured and irrigated-like surface feature (blue arrow),
evidencing the cellulose had undergone a swelling process during alkaline treatment [9,14].
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Furthermore, CPMCC exhibited a smaller size structure compared to CPBLH and CPAKL. During acid
hydrolysis treatment, hydronium ions penetrated the internal cellulose structure and broke down the
weak amorphous part. Subsequently, depolymerization process separated the fiber into short fibril-like
CPMCC product. However, CPMCC showed some aggregated particles (yellow circle), probably driven
by the great surface area of MCC particles, which had higher tendency towards agglomeration [10,11].
In this work, the extracted CPMCC had a 60–110 μm diameter and 250–500 μm length. This could
favor it with high surface reactivity for polymer fabrication process [1].

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 1. Micrographs of (a,b) bleached fibrefiber (CPBLH), (c,d) alkali-treated fibrefiber (CPAKL),
and (e,f) microcrystalline cellulose (CPMCC) with magnifications of ×100 (a,c,e) and ×3000 (b,d,f)
under SEM viewing.
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From EDX spectra (Figure 2), all samples revealed carbon and oxygen elements, which corresponded
to the typical composition of cellulosic compounds. Meanwhile, there was unexpected presence of
antimony and fluoride impurities for CPBLH and CPAKL, respectively. It was probably due to the
unremoved residual compounds after alkaline and bleaching process that had accumulated the atomic
ions through electrostatic attraction. Additionally, the detected zirconium and niobium in both CPAKL
and CPMCC samples resulted from the metal coating effect during specimen preparation. As evaluated
from Table 1, the built-up of antimony and fluoride impurities was extremely low for CPBLH and
CPAKL after excluding zirconium and niobium elements. Moreover, the impurities were not found
and could be negligible for CPMCC sample, implying the purity of cellulose content in CPMCC sample
was high following acid hydrolysis treatment [2].

(b)

(c)

Figure 2. EDX spectra of (a) CPBLH, (b) CPAKL, and (c) CPMCC samples.
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Table 1. Elements composition and yield of fiber samples.

Samples C (%) a O (%) b Sb (%) c F (%) d Zr (%) e Nb (%) f Yield (%)

CPBLH 64.71 34.51 0.02 - 0.75 - 52
CPAKL 64.76 32.48 - 0.91 1.08 0.77 41
CPMCC 66.62 32.37 - - 0.62 0.40 27

a Carbon; b Oxygen; c Antimony; d Fluoride; e Zirconium; f Niobium.

3.2. FTIR

Figure 3 showed the FTIR spectrum of the samples. Each fiber revealed closely the same
pattern of curves, indicating their functional groups were not significantly affected by the chemicals’
reaction [13]. The presence of absorption peaks at about 3400–3500, 2920, 1641, 1433, 1372, 1164,
and 847 cm−1 were correlated to the typical functional groups of cellulosic samples [9,15]. Noticeably,
the broad peak at 3408 cm−1 for CPBLH had shifted to 3469 cm−1 for CPAKL and, subsequently,
to 3492 cm−1 for CPMCC, implying the increasingly exposed cellulose compartment throughout the
treatments [11,14]. Moreover, another peak at 2920 cm−1 had reduced intensity for CPMCC. This was
likely contributed by the presence of highly pure cellulose within the sample [16]. The peak intensities
at 1746 cm−1 (C=O stretching of hemicellulose) and 1536 cm−1 (C=C vibration of lignin) were also
noted decreasing for CPMCC, showcasing the process could remove substantial amorphous residual
substances [1,17]. Meanwhile, the observed peaks at around 1641 and 1372 cm−1 were related to
the cellulose–water interaction. The alteration of these peaks’ sharpness from CPBLH to CPMCC
was probably influenced by the cellulose crystalline regions that had less affinity towards water
absorption. This was supported by the remarkable change of peak intensities at about 1433 cm−1,
which corresponded to the rearrangement of cellulose crystals [7]. In addition, the sharpness of peaks
at 1164 cm−1 (C–O–C asymmetric vibration of ether groups) and 847 cm−1 (β-1,4-glycosidic linkages)
were reduced possibly owing to the reorientation of cellulose order [2,18].

3.3. XRD

XRD patterns of fiber samples were shown in Figure 4. All fibers presented their main peaks at
2 theta of 15.4◦, 16.9◦, 22.7◦, and 34.6◦, which correlate to the (110), (200), and (004) crystal planes [12,19].
These peaks revealed that each fiber possessed Iβ type cellulose structure, evidencing the serial chemical
processes did not change the fibers native structure [12,20]. The sharpest crystalline peak at about
22.7◦ was observed for CPMCC, implying it had the most stable cellulose structure among those
samples [1,21]. From calculation, CPMCC possessed the highest crystallinity of 72.7%, followed
by the CPBLH with 58.0%, and lastly by CPAKL with 54.9%. The lowest crystallinity for CPAKL
was possibly associated to the alkaline cooking treatment that had softened the cellulose structure
via swelling process. Besides this, the dramatically increased crystallinity for CPMCC could be
explained by the gradually removal of amorphous components during acid hydrolysis, ultimately
releasing highly rigid cellulose crystal structure [7,17]. Interestingly, another crystalline peak at 15.2◦
was noted prominently sharpening out for CPMCC fibers when compared to CPBLH and CPAKL.
This might further prove that the acid hydrolysis played a role in eliminating weak residual substances
such as surface binding components like lignin and hemicellulose to produce a greatly ordered
crystalline cellulose structure [2,16]. Thus, the high crystallinity of CPMCC could endow it as potential
load-bearing agent in composite reinforcement application.
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Figure 3. FTIR spectra of CPBLH, CPAKL, and CPMCC samples.

Figure 4. XRD curves of CPBLH, CPAKL, and CPMCC samples.
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3.4. Thermostability

Figure 5 demonstrated the TGA curves of fiber samples. Initially, CPBLH showed a well reduced
weight curve in the temperature range of 70–130 ◦C, which related to the evaporation of adsorbed
water [22]. However, CPAKL and CPMCC fibers presented more likely a flattened curve, and the
weight loss only became prominent in the 150–200 ◦C temperature range. This was probably due
to the high cellulose contents in CPAKL and that CPMCC had absorbed a large amount of water.
Consequently, it resulted in increased thermal capacitance degradation and delayed weight loss [15].
In the second degradation step, both CPAKL and CPMCC showed relatively higher decomposition
temperature (TD) than that of CPBLH sample (Table 2). It was due to the presence of crystalline cellulose
structure having greatly enhanced the thermal endurance towards high temperature [2]. Besides this,
CPMCC only exhibited mildly improved decomposition temperature compared to CPAKL. It was
possibly due to their same cellulose crystals order as aforementioned having contributed them similar
thermal stability trend [16]. Additionally, in this work, the final char residue formation (WCR) was
found remarkably low or both CPAKL and CPMCC with less than 2%, whereas the highest was found
for CPBLH with more than 7%. This could evidence the exceptionally pure cellulose was obtained
at the end of the chemical process [19]. Moreover, from DTG analysis, the maximum decomposition
temperature (TMD) was the highest for CPMCC sample at 408.5 ◦C, suggesting its suitability to be
applied in extreme temperature processing application.

Figure 5. (a) TGA and (b) DTG curves of CPBLH, CPAKL, and CPMCC samples.

Table 2. Thermal analysis data of CPBLH, CPAKL, and CPMCC.

Samples TD (◦C) a TMD (◦C) b WL (%) c WCR (%) d

CPBLH 309.5 349.8 89.6 7.4
CPAKL 367.3 402.8 96.0 1.3
CPMCC 372.9 408.5 96.4 1.1

a Decomposition temperature; b maximum decomposition temperature; c weight loss; d weight of char residue formation.

As for DSC analysis (Figure 6), an initial broad endothermic band from 60 ◦C to 140 ◦C was observed
for each sample, where heat energy was absorbed to volatize the water molecules [12,20]. In the region
of 150 ◦C to 200 ◦C, a small endothermic peak was noticed for CPAKL and CPMCC at 160.5 ◦C and
164.5 ◦C, respectively, whereas this peak was less prominent reflected by CPBLH at 154.9 ◦C and an
additional larger peak was presented at 175.3 ◦C herein. This was probably owing to the containing of
amorphous compounds which distorted the heat flow behavior in CPBLH [9]. Beyond 250 ◦C, CPMCC
significantly revealed an exothermic peak near to 288.6 ◦C temperature. However, CPBLH (at 283.3 ◦C)
and CPAKL (282.9 ◦C) are more likely to exhibit the exotherms as shoulder bands rather than as
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sharp peaks. This could indicate that the cellulose degradation process is more uniform in CPMCC
as compared to CPBLH and CPAKL fibers [7,14]. Apart from that, another exothermic peak that
occurred in the region of 340–360 ◦C was noted for all fibers, which related to the decarboxylation and
depolymerization of cellulose [19].

 
Figure 6. DSC curves of CPBLH, CPAKL, and CPMCC samples.

4. Conclusions

The findings of the present study proved that the sequence of alkaline cooking, bleaching, and acid
hydrolysis process is able to isolate Conocarpus fiber for MCC production with excellent properties.
A morphology study revealed the MCC had a rough feature and a fibril shape feature which could
provide it with high surface reactivity for composite fabrication. Meanwhile, the functional chemistry
was not modified throughout the entire chemical treatment, while only lignin and hemicellulose
substances were substantially removed. The crystallinity relating to the rigid structure of MCC was
greatly improved, suggesting its suitability to be applied as load-bearing agent. Regarding thermal
decomposition, the crystal domain of cellulose played a major role in withstanding the MCC towards
high temperature. Hence, it was concluded that the MCC product isolated from Conocarpus trunk
fiber is a sustainable way to develop a green composite in the future.
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Abstract: Due to the versatility of its features and capabilities, chitosan generated from marine crus-
tacean waste is gaining importance and appeal in a wide variety of applications. It was initially used
in pharmaceutical and medical applications due to its antibacterial, biocompatible, and biodegradable
properties. However, as the demand for innovative materials with environmentally benign properties
has increased, the application range of chitosan has expanded, and it is now used in a variety of
everyday applications. The most exciting aspect of the chitosan is its bactericidal properties against
pathogens, which are prevalent in contaminated water and cause a variety of human ailments. Apart
from antimicrobial and water filtration applications, chitosan is used in dentistry, in water filtration
membranes to remove metal ions and some heavy metals from industrial effluents, in microbial fuel
cell membranes, and in agriculture to maintain moisture in fruits and leaves. It is also used in skin
care products and cosmetics as a moisturizer, in conjunction with fertilizer to boost plant immunity,
and as a bi-adhesive for bonding woods and metals. As it has the capacity to increase the life span of
food items and raw meat, it is an unavoidable component in food packing and preservation. The
numerous applications of chitosan are reviewed in this brief study, as well as the approaches used to
incorporate chitosan alongside traditional materials and its effect on the outputs.

Keywords: chitosan; antibiotic; Gram-positive and -negative bacteria; drug delivery; biodegradable;
heavy metal removal; COVID-19; wound healing

1. Introduction

Chitosan is a sugar found mostly in the shells of crustaceans such as crabs, shrimps
and lobsters. It is a drug that is used in the pharmaceutical sector. Chitosan, a fibrous
substance, may help the body absorb less fat and cholesterol from the foods we eat. It
assists in the production of blood clots when applied to wounds. Chitosan is utilized in
a variety of applications, including contaminated drinking water, which has a significant
impact on human health, and experts are working to develop the best disinfectant to
address this issue. Nanocomposites containing chitosan and carbon nanotubes have been
identified as viable alternatives to conventional disinfection methods [1]. Nanomaterial-
based membranes were discovered to be a sustainable method of treating waste fluids.
Membranes and reactors treated with chitosan demonstrated increased resistance to key
contaminants and decreased membrane fouling [2]. Chitin and chitosan are formed from
fish debris such as heads, tails, skins, scales, and shells, which are unfavorable to hu-
mans and the environment [3]. The presence of heavy metals in water is greater, and if
consumed in this state, will have a variety of adverse consequences on human health.
Chitosan is an excellent absorber of heavy metal ions and is utilized in industry for waste
water treatment in fixed-bed column designs [4]. Chitosan makes a greater contribution
to biomedical research by acting as an antibiotic, antioxidant, and drug delivery agent.
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Due to the additional benefits, such as the non-toxicity and practicality, chitosan is well
suited for medical purposes. Due to the deficiencies of chitosan in terms of cell adhesion
and biosignaling, peptide chitosan has been developed with enhanced cell adhesion and
biosignaling capabilities and is being employed in cell therapy, drug delivery, and as an
antimicrobial [5]. Due to decreasing petroleum resources and the environmental damage
caused by petroleum products, biomaterials are garnering increased attention. Chitosan is
used in a range of industries, including water treatment, medicine, fisheries, and cosmetics;
the chemical and packaging industries; as well as food and agriculture. Additionally, it is
utilized in the exploration, extraction, refining, and treatment of waste water for petroleum
products. Chitosan must undergo particular chemical alterations in order to be used in
petroleum field applications [6]. Vacuum-aided filtering, freeze-casting, and biomimetic
mineralization are used to make chitosan–calcium phosphate composites. It can be appli-
cable in drug administration, bone implants, wound healing, dental implants, and waste
water filtration from heavy and organic metals [7]. Chitosan also possesses antiviral prop-
erties and can be utilized as an adjuvant in vaccines against SARS and COVID viruses [8].
Chitosan is a derivative of chitin that exhibits antifungal, biodegradability, biocompatibility,
mucoadhesion, and antibacterial properties. It is used in dental and bone implants [9].
Membrane development for water purification is a significant area of research in which
a number of researchers are involved. Natural and manmade polymers derived from
chitosan have demonstrated their ability to purify water. Chitosan-based nanocomposites
are favored for water purification applications because of their low cost, non-toxic nature,
biodegradability, and biocompatibility. Chitosan is capable of eliminating heavy metals,
dyes, and other hazardous contaminants from water during the purification process [10].
Chitosan is a polysaccharide found naturally in marine crustaceans. Chitosan can also be
applied following molecular and chemical changes, including in biomedicine, the phar-
maceutical sector, agriculture, gene research, drug delivery, imaging, wound healing, and
tissue engineering [11]. The various applications of chitosan are illustrated in Figure 1.
The various sources of chitosan, the methods of extraction, the chemical modifications
required, the incorporation of chitosan into composites for various applications, and the
use of chitosan in various fields are discussed succinctly in this review for the benefit of
researchers who work on the application of chitosan for their specific purposes. Table 1
indicates the biological and physicochemical properties of chitosan based on the degree of
N-acetylation and the molecular weight.

Figure 1. Various applications of chitosan.

194



Polymers 2022, 14, 2335

Table 1. Various applications of chitosan [12].

Applications Examples

Chitosan

Biomedical and pharmaceutical materials
Treating burns, drug delivery systems, dental repair and treatment, surgical structures, artificial

skin, lenses for eyes, dialysis of blood, artificial blood vessels, antitumor and antibiotic uses,
accelerated wound healing.

Cosmetics Hair and skin care products

Tissue engineering Regeneration of bones and tissues, repair of scaffolds, regeneration of sulphate sponges in bone,
development of artificial pancreas, diabetes treatment.

Agriculture
Food and seed coating, removal of pesticides and herbicides from soil and water, excellent film

coating with antimicrobial activities, preservation of post harvested foods, enhancing plant
growth, enhancing soil quality.

Food and feed additives
Food and beverage de-acidification, color stabilization in foods, lipid absorption reduction,
extension of natural flavor, antioxidant and food preservation, controlling agent, stabilizing
agent, thickening agent, additives in livestock and fish food, manufacture of dietary fibers.

Water engineering
Treatment of waste water, removal of heavy metals from water, removal of pesticides and ions

from water, dye removal from water, removal of petroleum products from water, removal of dyes
from effluents, color removal from textile waste waters.

2. Chemical Properties and Processing Technologies of Chitosan Based Materials

2.1. Physicochemical and Biological Activities

The deacetylation process is the hydrolysis process of acetamide groups in chitin when
strong NaOH solution reacts at temperatures of 100 ◦C and above, producing the amino
groups of the new compound known as chitosan. The formed amino groups in the chitosan
decide its biological properties. The deacetylation degree range of 70–85% in chitosan
means it can be partly dissolved in water, and above 95 to 100% is the ultrahigh DD range
of chitosan, which is a challenging task to achieve. The DD and Mw distributions and
average Mw can be determined using the methods mentioned in Figure 2 [13]. Table 2
shows the biological and chemical properties of chitosan.

Figure 2. Determination methods followed for Deacetylation degree and Molecular weight distribu-
tion and average.

Table 2. Chemical and biological properties of chitosan [12].

Chemical Properties Biological Properties

Nitrogen content is enhanced Biocompatible and biodegradable

High hydrophilicity and crystallinity due to structure Non-toxic to humans

Powerful nucleophile and weak base Combines with microbial cells quickly

Increases viscosity by forming hydrogen bonds Regenerates the gum tissues

Has reactive groups for crosslinking and chemical activation Stops bleeding

Insoluble in water and organic solvents Enhances bone formation and repair
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Table 2. Cont.

Chemical Properties Biological Properties

Soluble in acids Inhibits the growth of fungi

Leads to salt formation with organic and inorganic acids Inhibits the growth of tumor cells

Has chelating properties Enhances birth control

Ionic conductivity Acts as a cholesterol-reducing agent

Act as a polyelectrolyte in acidic conditions Anticancer agent

Combines with negatively charged molecules Act as a nervous depressant

Better adsorption and entrapment properties Improves the immune response

Better separation and filtration abilities Combines with mammalians

Ability to form films Safe for water treatment

Table 3 indicates the physicochemical and biological properties of chitosan with respect
to its DA and Mw. The direct and indirect proportionality levels of Mw and DA with the
properties of chitosan can be easily understood and can be applied based on the required
applications [14]. Crystallinity and hydrophobicity characteristics are influenced by the
acetylation degree. Reacetylated chitosan is applied as a coating in cardboard to improve
the mechanical properties. Chitosan with a 2% degree of acetylation showed better water
and mechanical resistance. This indicates that the molecular groups are well distributed,
which increases the hydrophobicity of the polymers [15].

Table 3. Influence of Mw and DA on physicochemical and biological properties [13].

Physicochemical Properties

S.No. Properties Degree of N-acetylation (DA) Molecular Weight (MW)

1 Solubility Indirectly proportional N/A

2 Crystallinity Directly proportional N/A

3 Viscosity Indirectly proportional N/A

4 Biodegradability Directly proportional Indirectly proportional

5 Biocompatibility Indirectly proportional N/A

Biological properties

6 Antimicrobial Indirectly proportional Directly proportional

7 Analgesic Indirectly proportional N/A

8 Anticholestemic N/A Indirectly proportional

9 Antioxidant Indirectly proportional Indirectly proportional

10 Hemostatic Indirectly proportional N/A

11 Mucoadhesion Indirectly proportional Directly proportional

12 Permeation enhancing effect Indirectly proportional Directly proportional

13 Antitumor N/A Indirectly proportional

If the pH value increases, the drug loading, entrapment efficiency, and immune
enhancement effects are enhanced, while if the pH value decreases, the antimicrobial
properties, antitumor properties, and permeation effect are reduced. The values at which
the property changes occur are also mentioned in Figure 3. Chitosan can be embedded,
encapsulated, mixed, precipitated, spray-dried, emulsified, crosslinked, and cast into
various products such as tablets, capsules, and nano- and microparticles, and can be
formed into beads, films, and gels. The processing technologies through which the chitosan
can be incorporated into other materials are described in Figure 4 [16].
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Figure 3. Influence of pH on the biological and physicochemical characteristics of chitosan.

Figure 4. Processing technologies for making products using chitosan.
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2.2. Process Technologies for Producing Chitosan Composites

Membranes and films that can be used in air and water filtration processes can be
made using the solvent evaporation process. Solvent evaporation is a simple three step
process in which the polymer resin is mixed with nano- or micron-sized chitosan fillers;
sometimes fibers may also be reinforced to enhance the mechanical properties. The film
and cast membrane manufacture process is described in Figure 5. The mixed solution is
then poured into a glass container and heated to initiate the evaporation process. After
evaporation, the cast membrane or film can be taken out from the container [17].

Figure 5. Solvent casting for film and membrane manufacture.

The process of electrospinning and the equipment required are shown in Figure 6. The
major differences between conventional fibers and electrospun fibers are their diameter
and surface area. The method used for depositing nanochitosan on oppositely charged
substrates is shown in Figure 7. The electrospun fibers have a larger surface area and
smaller diameter. The polymer solution is subjected to differences in potential generated
between the spinneret and collector. Due to the electric filling, the pendant-like droplets are
converted into jets, and at a critical value the repulsion of the electricity exceeds the tension
offered by the solution on its surface. Due to this phenomenon, the extruded polymer
solution is subjected to rapid whipping, which is unstable, while the evaporation leads to
nanofibers forming on the collector [18].

Figure 6. Electrospinning process with rotating mandrel [18].
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Figure 7. Deposition of chitosan via electrospraying method. Reprinted from [19]. Copyright 2022
with permission from the American Chemical Society.

In this process, the chitosan particles are mixed with a polymer solution and kept
in a dispersion needle. A high voltage is supplied to the solution in the needle. Due to
the identical charge the droplets repel each other, then due to instability at the needle tip
the droplets start dispersing into micron-sized particles and are deposited on oppositely
charged surfaces, while the solvent is evaporated rapidly [20]. The method of producing
chitosan nanoparticles through emulsion droplet coalescence is described in Figure 8.

Figure 8. Emulsion droplet coalescence method used to produce chitosan nanoparticles [21].

In Figure 9, the different methods for applying biodegradable coatings on fruits
and vegetables are listed. The best alternatives to wax coatings were found, which were
chemically formulated. These coatings prevented microbial loading on fruits by resisting
against oxidation and reduction. By minimizing the vapor dissipation, decay, and ripening
caused by bacteria, the physiological and microbial deterioration is reduced and the shelf
lives of the fruits can be extended [22].
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Figure 9. Methods used for coating fruits and vegetables [22].

Post-harvest, the fruits and vegetables are coated with chitosan to maintain their
quality. Pure chitosan or a combination of chitosan with citric acid is used for coating.
The conditions of post-harvested tomatoes after 15 days with different coating levels and
elements are shown in Figure 10. Tomatoes coated with chitosan in combination with
citric acid showed less undesirable changes, less weight loss, and less tissue damage,
confirming the usage of chitosan as a preservative coating on fruits and vegetables [23].
It is safe to use chitosan similarly to salts as a coating in fruits, as it is non-toxic when
consumed by humans.

Figure 10. Conditions of tomato samples coated with chitosan and citric acid after 15 days at
28 ◦C [23].

3. Major Applications of Chitosan

3.1. Water and Air Filtration

By and large, waste water is contaminated with bacteria and microorganisms that
cause a variety of ailments. It was discovered that CS with a low Mw inhibits the growth of
Gram-positive bacteria, whereas chitosan with a high molecular weight inhibits bacteria.
Additionally, it has been demonstrated that doping chitosan with nanoparticles enhances
its antibacterial characteristics, and that when coupled with silver nanoparticles, a low con-
centration of chitosan is sufficient to control bacteria that cause water contamination [24].
Chitosan–cobalt–silica nanocomposites were prepared and utilized for dye absorption and
water purification. Additionally, this combination was investigated against bacteria, and
the results indicated that it exhibited significant bioactivity toward them [25]. Chitosan
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composites can be used in special filters in the textile industry, as it has better color absorp-
tion properties, along with the ability for metal ion absorption. The PVA-co-PE nanofiber
membrane was used to clean waste water and was shown to have a higher water flux and
retention rate for nanoparticles and bacterial cells. The membrane’s bacteria inactivation
rate was also increased from 97.8 to 99.5% against pathogens, and the membranes were ca-
pable of being employed for extended periods of time with high stability and efficiency [26].
The filtration of wastewater and industrial effluents using membrane filters has the signifi-
cant disadvantage of membrane fouling, which prompted the creation of chitosan-based
antifouling membranes. Through spinning, chitosan and silver NP’s were incorporated
into membranes of hollow fibers. The chitosan- and silver-chitosan-based membranes
showed superior performance with the highest dye rejection rates, and were determined to
be the most suitable for treating industrial effluents without fouling the membrane [27].
To create a multifunctional composite, chitosan, polyethyleneimine, graphene oxide, and
glutaraldehyde were combined and coated with membranes capable of removing both
positively and negatively charged heavy ions. The glass microfiber filter was chosen and
was found to be effective in removing Cr (VI) and Cu (II), demonstrating that this coated
membrane may be utilized to remove both positive and negative ions from water [28].
Water flux reduction in membranes used for water treatment is a critical issue owing to the
associated bacterial development. To create a PVDF-S/MIL100-CS composite, a recently
discovered approach termed solvent-assisted nanoparticle embedding was applied. The
new production procedure spread the fillers over an open surface, imparting a hydrophilic
quality to the surface. The antibacterial activities of the PVDF-S/MIL100-CS composite are
mentioned in Figure 11. The results suggested increases in antibacterial activity and resis-
tance to biofouling, which was validated by a live/dead test for antibacterial activity [29].
The fluoride pollution of groundwater appears to be a significant issue, and numerous
experts are striving to develop a cost-effective remedy. A mixed matrix membrane (MMM)
based on cellulose acetate was created using the phase inversion approach, together with
the use of mixed metal oxide nanoparticles as nanofillers. The results of the tests indicated
that the MMM was less susceptible to attack by microbes, and it was discovered that
the fluoride ion was rejected due to adsorption, while the membrane surface exhibited
electrostatic repulsion, enhancing the defluorination effectiveness [30]. The MWNT was
disseminated in an aqueous solution containing varying quantities of chitosan, and the
membrane was formed. The bucky paper membranes have excellent mechanical qualities,
and their zeta potential improves as the amount of added chitosan increases. Additionally,
it was observed that the bucky paper membrane modified with MWNT exhibited improved
salt rejection capabilities and smaller interior pores [31]. Bacterial dispersal in the air, com-
bined with particulate matter pollution, is increasing daily, posing a threat to human health.
Multilayer membranes with antibacterial properties and excellent air filtration efficiency
need to be developed. Sequential electrospinning was used to generate PVA/chitosan
membranes with N-halamine that displayed high filtration efficiency and tensile strength in
the filtration test. The process of producing multilayer air filters through electrospinning is
mentioned in Figure 12 [32]. More efficient water filtration systems are required to address
national and global water scarcity challenges. Researchers are focusing their attention on
the development of low-cost membranes. PAN membranes were enhanced with nanoparti-
cles of zinc oxide and chitosan to improve the water filtration, mechanical, and antibacterial
qualities. It was evident from the results that the created composite membranes possessed
excellent antibacterial and self-cleaning qualities [33]. Water filters capable of removing
metal ions were created by electrospinning nylon/chitosan fibers. These fibers were tested
against lead nitrate and sodium chloride, and the results demonstrated that the membrane
was capable of removing metal ions and bacteria from an aqueous solution to a concentra-
tion of up to 96% [34]. Numerous contagious diseases are conveyed via air, and numerous
concerns have been raised about aerosols and bioaerosols. Electrospinning is used to create
polyurethane/chitosan nanofibers, meaning various parameters such as the diameter are
changed, the effects of which are examined. The nanofibers demonstrated superior perfor-
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mance when used in filtration processes in industry and in equipment used for respiratory
purposes [35]. Superhydrophobic poly (methylmethacrylate)/polydimethylsiloxane fibers
with a capture efficiency of 98.23% are used to catch particle matter. On a window screen,
continuous particle removal has been proven to filter the particles [36]. Water pathogens
and bacteria form biofilms and lead to biofouling, which continue to be significant concerns
in many locations. Membranes composed of chitosan, PEG, MWCNT, and iodine were
made in three phases. The inclusion of iodine increased the hydrophilicity, porosity, and
performance of the membranes. The reduced iodine concentrations killed 99.2 and 100% of
E. coli and S. aureus bacteria, respectively [37].

Figure 11. Antibacterial inhibition activity illustration of composite made of PVDF-S/MIL100-CS [29].

Figure 12. Electrospinning process used to fabricate multilayer air filters. Reprinted with permission
from [32]. Copyright 2020 with permission from Elsevier.

Removal of dyes and organic pollutants is a difficult task that can be made possi-
ble through incorporating chitosan along with multilayer composite membranes. The
production of water filters through the electrospinning process is described in Figure 13.
Polyacrylonitrile nanofibers produced via the electrospinning process and supported by
polyamide membranes are used to filter waste water and to remove tetracycline from it.
These fibers have been laminated and tested and found to be more effective in tetracy-
cline removal [38]. In Figure 14, the filtration process of air pollutants through a fibrous
membrane has been illustrated.
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Figure 13. Electrospinning process used to fabricate multilayer water filters [38].

Figure 14. Illustration of fibrous membrane in which the pollutants of air are filtered [36].

Regarding the unique antibacterial mechanism of chitosan-reinforced PVDF-S/MIL100
composites, the negatively charged E. coli combine with oppositely charged chitosan. Some
E. coli bacteria were repelled from the composite surface due to its hydrophillic nature. This
property of killing the bacteria or repelling the bacteria from the filter surface is most needed
for the air and water filters, meaning the addition of chitosan to the filter membranes is very
much needed and effective. When compared to single-layer membranes used for filtering
air and water, multilayer membranes have been found to be more effective in filtering
the bacteria and other pollutants. The filtration efficiency increases when the number
of layers increases. Electrospinning has been found to be the most suitable method for
manufacturing filter membranes for both air and water purification purposes. Additionally,
the usage of chitosan in the filter membranes has added benefits, such as making the
material non-toxic and biodegradable, because when used along with water filters, it may
mix with water or be washed away along with the water flow, meaning humans may intake
chitosan mixed with water. In such cases, chitosan has no toxicity and is safe. After a
certain time period based on the usage of water the filters need to be replaced, and in such
cases the used filters may cause pollution issues, which should be avoided as chitosan
is biodegradable.

3.2. Metal Removal from Water

Industrial effluents have a high concentration of heavy metals that can cause major
diseases and organ damage, meaning they must be separated from drinking water. Metal
ions contained in contaminated water are also harmful to health, and their removal from
the water is a difficult process that is accomplished by adding chitosan to the filtration
membrane. Separating a catalyst from a reaction media is a difficult task. This was
accomplished by coating the high surface area of the filter paper with chitosan to increase its
affinity for metal ion absorption. The filter paper is composed of cellulose microfibers that
act as a support for the catalyst. The catalyst can be recovered and utilized for subsequent
chemical reactions using this approach [39]. Chitosan is used to cover cellulose filter paper
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and is used to adsorb Ni2+ ions from aqueous solutions. To transform the adsorbed ions
into nanoparticles, they are treated with a NaBH4 solution. FESEM and EDAX are used
to characterize the transformed nanoparticles. It has been demonstrated that filter paper
containing Ni and CS can be used to detect and catalyze other nanoparticles.

The filter papers containing chitosan and nickel are described in Figure 15. The pro-
duction process starts with treating the filter paper with a chitosan solution. Then, the
paper is dried and kept in a 2 M NiCl2.6H2O solution for absorption of Ni2+ ions due to
the presence of chitosan chains [40]. Here, carboxylated chitosan was deposited onto a
membrane and treated with an aqueous copper (II) chloride solution; copper nanoparti-
cles and this thin film membrane were then treated with glutaraldehyde. For 90 days of
immersion in water, thin film membranes containing carboxylated chitosan treated with
copper (II) chloride demonstrated greater than 99% efficacy against protein fouling. It was
demonstrated that chemically modified chitosan acts as an antiprotein fouling agent with
increased hydrophilicity [41]. By integrating chitosan and graphene oxide into a polyehter-
sulfone (PES) membrane, chromium removal and antifouling capabilities can be achieved.
The modified membrane demonstrated increased hydrophilicity, a smoother surface, and
increased water flux. Additionally, graphene oxide and chitosan-filled membranes exhibit
improved antifouling properties. Figure 16 shows a schematic representation of the water
filtration process through graphene oxide–chitosan membranes [42].

Figure 15. Steps in the preparation of Ni/CS filter paper. Reprinted from [40]. Copyright 2016 with
permission from Elsevier.

Figure 16. Graphene oxide–chitosan dispersion in water filtration membrane and its feed transport
route. Reprinted from [42]. Copyright 2018 with permission from Elsevier.
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The SEM images shown in Figure 17 indicate the presence of adsorbed particles,
which is proof of the adsorption characteristics of filtration membranes reinforced with
chitosan. This image was taken after the salt filtration process. The technique of non-solvent-
induced phase inversion was utilized to fabricate a thin membrane made of polyvinyl
alcohol, chitosan, and montmorillonite clay. Due to its hydrophilic character, this composite
membrane demonstrated a higher rejection rate. The heavy metal chromium removal was
verified using EDAX and FT-IR measurements [43].

Figure 17. SEM image of membrane with lower graphene–chitosan levels. Reprinted from [42].
Copyright 2018 with permission from Elsevier.

Regeneration is an important process in filter membranes to restore the properties
of chitosan after the adsorption of heavy metals. Various agents are used for desorption
and regeneration processes, such as alkalis, acids, chelating agents, and salts. These agents
must also possess certain other properties, such as being non-toxic, biodegradable, and
less expensive. Acidic eluents such as nitric acid, hydrochloric acid, phosphoric acid, and
sulfuric acids are used as desorption eluents and for regeneration. The regeneration process
through which the base properties of the chitosan are regained by using desorption agents
is explained schematically in Figure 18 [44].

Figure 18. Regeneration process during adsorption. Reprinted from [44]. Copyright 2019 with
permission from Elsevier.

3.3. Antibacterial Activities

Chitosan possesses unique antibacterial characteristics, particularly against Gram-
positive and -negative microorganisms. It can be coated or electrospun with a filter mem-
brane made of conventional material to increase the membrane’s characteristics and perfor-
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mance. The antifouling ability and retention of nanoparticles, as well as the membrane’s
hydrophilicity and porosity, can be increased. In aqueous solution, chitosan and silver
nanoparticles operate as both stabilizers and reductants. Due to the high stability and
monodispersity of chitosan-functionalized silver colloids, it has been evaluated for its
antibacterial activity against fungi and bacteria and shown to have a higher bactericidal
efficacy against them [45]. The bactericidal actions of chitosan, alginate, and silver nanopar-
ticles were evaluated against E. coli and S. aureus. Chitosan and alginate are employed
to create pores, while silver provides antibacterial action. The chitosan–alginate–silver
nanoparticle combination demonstrated superior antibacterial activity against bacteria
and demonstrated its potential for usage in the treatment of breast cancer. To prepare
a chitosan–alginate membrane, alginate solution is slowly added to a chitosan solution
drop-by-drop. A polyelectrolyte complex between chitosan and alginate is formed, which
is then dispersed by a high-speed stirrer at 500 rpm. The addition of Ag nanoparticles
results in a brownish yellow color. A porous scaffold is obtained via the regeneration of
chitosan–alginate–Ag NP’s using sodium hydroxide and calcium chloride. The production
of chitosan–alginate membranes and the step-by-step process is explained schematically in
Figure 19 [46].

Figure 19. Chitosan–alginate membrane preparation process. Reprinted from [46].Copyright 2017
with permission from Elsevier.

ZnPc-CS composites were made by dispersing ZnPc in chitosan solution and then
immersing the composites in salt solution for metal ion adsorption. The composites were
treated with sodium borohydride solution for the conversion of metal ions into nanoparti-
cles. Metal-nanoparticle-loaded composite fibers were synthesized in situ and found to be
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effective against pathogenic bacteria of E. coli and to have the ability to reduce 4-nitrophenol,
methyl orange, and Cango red [47]. Quaternized chitosan-embedded membranes made in
acetic acid medium have a greater effect on E. coli and have 99.95% efficiency [48]. Nitric
oxide is a free radical that can be engaged in antibacterial actions such as wound healing.
S-nitrosoglutathione was added to pluronic F-127 and chitosan as a nitric oxide donor. The
GSNO-PL/CS combination was found to release nitric oxide and was proven to be harm-
less to Vero mammalian cells [49]. Composite membranes composed of chitosan–collogen,
chitosan–collogen–montmorillonite, and chitosan–collogen–organomontmorillonite were
investigated for their swelling ratio, moisture permeability, and in vitro degradation ratio
properties. It was discovered that they have a higher swelling ratio, excellent moisture
permeability, and a lower degradation ratio. To increase the antibacterial activity of the
composite membrane, Calicarpa nudiflora was added [50]. T. portulacifolium leaf extract
was utilized as a reducing agent, and the hybrid composite’s antibacterial efficacy was
determined. The mixture demonstrated improved inhibitory activity against microbes
such as S. marcescens [51]. Antibiotic treatments are carried out using biodegradable and
biocompatible polymer-based Nano capsules, also known as hollow nanoparticles. These
are self-assembled polysaccharides that are coated with gold nanoparticles to act as a
sacrificial matrix layer. Colloidal gold is removed using cyanide-assisted hydrolysis. The
combination of chitosan and alginate is an effective antibacterial substance [52]. Chitosan
and chitooligosaccharide were added to the cellulose matrix to increase the antibacterial
activity, and tests were performed against Gram-positive and Gram-negative bacteria. The
results indicated that they have favorable antibacterial activities, and when compared to
pure bacterial cellulose (matrix), the BC-CS and BC-COS exhibited low porosity and a
dense structure. This BC-COS composite material has excellent suitability for food and
medicinal applications [53]. The antimicrobial activity of chitosan nanoparticles against
tomato phytopathogens was assessed via the preparation and testing of chitosan nanopar-
ticles. The testing process involves the use of pathogens such as Phytophthora capsici,
Colletotrichum gelosporidies, Sclerotinia sclerotiorum, Gibberella fugikuori, and Fusarium
oxysporum. Chitosan nanoparticles had a higher inhibitory impact on phytopathogenic
bacteria, and both chitosan and chitosan nanoparticles prohibited the development of Er-
winia and Xanthomonas [54]. Silver nanoparticles encapsulated in chitosan–silica scaffolds
were synthesized using an electrospinning approach, as well as Ag/CS/silica composites.
The tests were conducted with and without the inclusion of silver nanoparticles, and the
results indicated that the inhibitory effect against bacteria was strengthened, while the
addition of silica improved the composite’s mechanical qualities. Biostatic activity was
also seen as the diameters varied [55]. To disclose the antibacterial activity of chitosan on
fabric made of cotton, a process of layering was used to coat it in its self-assembled form.
Through layer-by-layer deposition, silver-loaded chitosan nanoparticles were coated up
to 15 bilayers. The fabric displayed effective antibacterial characteristics without compro-
mising its fundamental properties, including its tensile strength, bending stiffness, and
air permeability. The base layer in the fabric was formed by dipping it in PSS and PAH
aqueous solutions. The body layers were formed after the formation of the base layers
by immersing the fabric in 0.6% PSS solution and a nanoparticle suspension consisting of
chitosan and Ag. Each immersion was followed by washing with distilled water under
sonication. The process can be repeated based on the number of layers required. PSS-CS-Ag
layer formation on fabrics is explained in Figure 20 [56].
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Figure 20. Formation of layers of PSS-CS-Ag on fabric through coating process. Reprinted from [56].
Copyright 2020 with permission from Elsevier.

Chitosan–graphite was produced using silica nanoparticles and the bactericidal action
towards bacteria was determined after 18 h at 310 K. The production of radical oxygen
species occurred as a result of the UV radiation, which caused damage to the bacteria [57].
The effects of nano cerium oxide particles on chitosan films were examined, and antibac-
terial activity against E. coli and S. aureus bacteria was discovered. Additionally, this
composite film was recommended for use as a coating and packaging material due to its
high mechanical strength, flexibility, and antibacterial efficacy [58]. Antimicrobial scaffolds
consisting of cuprous oxide nanoparticles and chitosan nanofibers were produced. The
Cu2O particles became smaller and their shape changed from cubic to irregular as the
concentration of CuSO4 increased. The composite exhibited increased hydrophilicity and
antimicrobial action against both Gram-negative and -positive bacteria [59]. A starch-
based film was created and coated with chitosan nanoparticles for antibacterial activity
against E. coli and S. aureus. Additionally, mechanical, morphological, and biodegradable
characteristics were enhanced [60].

3.4. Wound Dressing and Healing

When combined with wound dressing materials and plasters, chitosan acts as an an-
tibacterial agent against germs and viruses and provides the antibodies necessary for rapid
wound healing. Incorporating silver nanoparticles, graphene oxide, chitosan, and curcumin
into PVA nanofibers resulted in a hybrid composite. The antibacterial activity was shown
to be superior to that of other nanoparticles, and the inclusion of graphene oxide boosts the
mechanical characteristics. The in vitro test proved its biocompatibility, and it may be used
to patch wounds that require both mechanical and antibacterial properties [61]. Chitosan
coated with copper oxide and copper nanoparticles is produced for wound dressing appli-
cations. Copper oxide and copper nanoparticles with chitosan caps were synthesized via a
simple chemical reduction of Cu2+ ions using ascorbic acid and sodium hydroxide. The
antibacterial activity of the produced composite was evaluated using the inhibitory zone
method against Gram-positive and -negative bacteria and found to be significantly greater
than that of other nanomaterials, indicating that it is a superior alternative for wound
dressing [62]. Electrospun polyaniline/chitosan nanofiber membranes were created and
evaluated for their antibacterial activity in the treatment of chronic wounds and for their
ability to minimize wound bioburden. The results suggested that increasing the concen-
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tration of polyaniline enhances the bactericidal activity and that it is also efficient against
both Gram-positive and -negative bacteria. This property makes the polyaniline/chitosan
membrane ideal for wound dressings and other healthcare applications [63]. For antimicro-
bial and wound healing applications, polyvinyl/chitosan nanofibers were combined with
carboxymethyl chitosan nanoparticles encapsulated with an antibacterial peptide. These
nanofibers containing varying concentrations of nanoparticles were applied to a mouse’s
skin wound and demonstrated improved wound healing and antibacterial activity. The
improved day wise wound healing progress in the mouse skin with different levels of
concentration is shown in Figure 21 [64].

Figure 21. Stages of wound healing effects on mice with different levels of treated groups. Reprinted
from [64]. Copyright 2020 with permission from Elsevier.

There are many factors that affect the wound healing process. The process and time
taken to heal a wound completely will vary between a normal and a person with diabetes.
Factors such as infection, oxygenation, interruption of foreign bodies, wound depth and
area, age, gender, obesity, medications, smoking, and alcoholism influence the wound
healing process. Figure 22 indicates the various stages of the wound healing process.
The wound healing process involves various stages such as coagulation, inflammation,
proliferation, and remodeling [65].

209



Polymers 2022, 14, 2335

Figure 22. Differences in the wound healing phases between normal and diabetic persons. Reprinted
from [65]. Copyright 2013 with permission from Elsevier.

3.5. Food Preservation and Packaging

Chitosan has the capacity to extend the shelf life of raw meat and food items while also
minimizing bacterial and viral attack in preserved food. This enables naturally accessible
fruits and vegetables to be preserved for longer lengths of time without the addition of
preservatives. Chitosan was created in conjunction with zinc oxide coated in gallic acid
films to provide an eco-friendly material for food packaging. The addition of gallic acid
to chitosan increases its mechanical properties, and SEM images can be used demonstrate
that the materials are compatible, suggesting that it could be used as an active material
in food packaging [66]. Bacteria such as Escherichia coli and Salmonella enterica serovar
typhimurium, which cause food contamination, have been researched using chitosan-based
nanofibers. Chitosan nanofibers are created by electrospinning polyethylene oxide. Resis-
tance to germs was determined in vitro, and the shelf life and preservation of red meat
were also tested. The results demonstrated that the chitosan membrane was bactericidal,
with a 99.9% decrease rate. The fresh meat’s shelf life was also increased by seven days,
confirming chitosan’s contributions to the meat preservation and food packaging indus-
tries [67]. The antibacterial activity of chitosan-based nanofiber membranes generated via
electrospinning was evaluated against Gram-positive and -negative bacteria. The results
suggested that chitosan nanofibers operate as bacterial disruptors and perforators, as when
the chitosan membrane comes into contact with negatively charged bacterial cells the
membrane ruptures and protein and DNA leakage occur. As a result, it was established
that chitosan membranes are good materials for food packing because they help prevent
the spread of flora and infections [68].

The fungal growth on the bread pieces packed in various treated packages was ob-
served for 10 days and the results were recorded. It was found that bread pieces packed in
LDPE and neat chitosan packages showed fungal growth after 10 days, but packages made
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of chitosan–AKEO films showed no fungal growth, meaning the antifungal properties were
proven. The fungal growth levels on the bread pieces on day 10 with various levels of
coating on the packaging material are shown in Figure 23 [69].

Figure 23. Inhibition of fungal growth on bread pieces packed in modified chitosan films (fun-
gal growth is indicated in red arrows). Reprinted from [69]. Copyright 2018 with permission
from Elsevier.

The main reason for the weight loss in the organic substances is the dry matter
consumption and stomatal transpiration due to respiration process. A weight loss of 28%
was observed after 5 days of storage in chitosan film, which was found to be lower in
films made using chitosan LPP groups. In particular, the package with chitosan and 10LPP
showed lowest the weight loss of about 6.5%. The hydrogen bond generation between LPP
and CS was the reason behind this result, as it reduces the water vapor loss from the package.
Apple pieces packed in packages with different levels of chitosan LPP concentrations is
shown in Figure 24 [70]. Organic foods and foods subjected to decay are stored in packaging
materials embedded or reinforced with chitosan, so that the antimicrobial action of chitosan
protects the food product from the attack of bacteria and viruses and extends the shelf life
by retaining the moisture content in the food product itself. As the chitosan is non-toxic,
if by any chance it mixes with the food items it will not be harmful to humans and will
maintain the freshness of the food products. If chitosan is added to any kind of plastic used
for packaging purposes, then after usage if the package is removed, the chitosan will take
care of the biodegradation process.
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Figure 24. Fresh cut apples stored in chitosan and various concentration of LPP packages after
5 days [70].

3.6. Agricultural Activities

The ability of fruits and leaves to retain moisture can be enhanced by covering them
with chitosan. This also increases the shelf life of the fruits and vegetables. Chitosan
cerium oxide nanoparticles were synthesized from spherical plant leaves and demonstrated
superior antibacterial properties against infections, as well as being effective in biomedical
applications. Figure 25 explains the effects of chitin and chitosan on plants [71].

Figure 25. Possible applications of chitin and chitosan in agriculture [72].

To inhibit the growth of S. aureus and E. coli, chitosan-based coating films with varying
titanium dioxide concentrations were produced. Chitosan with 0.05% titanium dioxide
nanoparticles displayed the best thermal stability and exhibited superior inhibitory actions
against bacteria; additionally, it was suggested that chitosan be utilized as a packaging
material for vegetables and fruits to extend their shelf life [73]. To prevent blueberries
from bacterial attack, they were preserved using chitosan/silica/nisin sheets. The results
indicated that the pH value increased as a result of the addition of nisin, and that the
turbidity level was also elevated. When nanoparticles are added to chitosan membranes,
their tensile strength and ductility are decreased. The results demonstrated that the fruits
lost some moisture and that CH-SN-N films can be utilized to preserve blueberries and
extend their shelf life [74].

The maize plants under salt stress were taken for testing and treated with free S-
nitroso-mercaptosuccinic acid and compared with another set of plants treated with the
same acid encapsulated with chitosan nanoparticles at different concentrations. The 100 μM
S-nitroso-MSA-chitosan treatment was found to provide effective relief against salt stress
in the plants. The conditions of the plants with different levels of chitosan treatment in
combination with NaCl are shown in Figure 26 [75].
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Figure 26. Plants under salt stress and under different treatments [75].

Chitosan is a natural growth regulator that improves the defense against diseases.
Chitosan improves plant growth by increasing water and nutrient intake. Chitosan helps in
generating hydrolytic enzymes, which helps with the mobilization of starch and proteins.
Plant hormones such as auxin and cytokinin were activated by chitosan, which promoted
the root cells and increased nutrient intake. Seeds that underwent chitosan priming showed
stimulated germination and vigor index rates. Genetic activation by chitosan in plants
improves the growth of roots and the root biomass, meaning the canopy diameter, leaf
area, and number of leaves, and height of the plant are increased. Due to the higher levels
of photosynthesis, the fruit size and weight and the overall quality of the fruits are also
improved. The influence of chitosan in the growth and quality of output from plants in
the form of fruit is explained in Figure 27 [76]. The retention of moisture in fruits and
vegetables after harvesting is ensured by coating them with chitosan. This keeps the fruit
fresh and enhances the shelf life post-harvesting.

Figure 27. Plant growth conditions under the influence of chitosan [76].

3.7. Drug Delivery

Chitosan has excellent pH sensitivity, and by combining it with hydrophobic groups,
more flexible chitosan polymers are formed. Chitosan can be employed in cancer drug
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delivery because it can release doxorubicin, an anticancer agent, into tumor cells at a lower
pH level, resulting in increased antitumor activity [77]. The most critical properties required
of medicinal and pharmaceutical materials are biocompatibility and long-term stability.
The carbon quantum dots were synthesized using chitosan. Quantum dots with carbon as
their core exhibit visible-range luminescence and have been demonstrated to be useful in
controlled medication delivery and cell labelling [78]. Curcumin–chitosan–zinc oxide was
synthesized using a one-pot technique. It was discovered that it has higher influence against
MRSA and E. coli than commercially supplied amoxicillin. Following an examination of the
CCZ’s cytotoxic effects on grown human breast cancer cells, it was determined that it has
potential for advanced medicinal applications [79]. For biomedical applications, bioinspired
membranes comprised of green nanosilver and chitosan were created using a bottom-up
eco-friendly design. This composite material demonstrated improved hemocompatibility,
a high antioxidant capacity, and antiproliferative activity against cancer cells, as well as
no toxicity against normal cells [80]. Graphene sheets coated in chitosan nanoparticles
were tested against multidrug-resistant bacteria and found to be 90% harmful to Artemia
franciscana after a 24 h incubation period [81]. Chitosan is frequently employed in the field
of medical science due to its biodegradability and compatibility with living organisms. It
is used to repair bone, regenerate tissue, and create dental adhesives, as well as to resist
oral illnesses. Due to its special features, its use in dentistry is expanding [82]. Chitosan
has been shown to be biocompatible, biosafe, and bioactive against the SARS, corona, and
AIDS viruses, all of which pose a significant threat to human civilization. The addition of
chitosan to ancient medications enhanced their antimicrobial properties [83].

Figure 28 shows the flow process through which a nanocarrier is converted into a
functionalized nanocarrier that carries a drug and reacts with the malignant cell.

Figure 28. Process of drug delivery. Modified from [84].

The properties and characteristics related to drug delivery for chitosan are described
in Figure 29. Polycation enhances absorption and mucoadhesion on dental surfaces, con-
firming the electrostatic interactions between negatively charged proteins and surfaces.
When the drug delivery is increased, this increases the number of positive charges, which
improves the mucoadhesion. Chitosan showed 15 to 40% weight reduction rates after
90 days of implantation. No allergy or toxicity was experienced during human trials due
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to the biocompatibility and biodegradability of chitosan. The adhesion of the drug to the
surface must be ensured for a sufficient amount of time, and this was possible due to
chitosan’s bioadhesion properties. The bacteriostasis properties of chitosan ensures the
inhibition of bacteria and other microorganisms. Stimuli responsiveness allows the release
of drugs based on changes in the environmental conditions, meaning such systems are
termed “intelligent” drug delivery systems. Chitosan is soluble under acidic environments,
and to improve the solubility and drug delivery ability, quaternization, carboxylation,
and sulfation are performed [85]. Due to the abovementioned properties of chitosan, it is
considered to be the best drug carrying and drug delivery agent.

Figure 29. Characteristics and properties of chitosan as the best drug delivery agent. Reprinted
from [85]. Copyright 2022 with permission from Elsevier.

215



Polymers 2022, 14, 2335

3.8. Other Applications

Vacuum filtration was used to add low-viscosity chitosan to carrot cellulose nanofib-
rils in the range of 9 to 33% on a weight basis. The results indicated that adding chitosan
improves the contact angle with water and renders the composite surface hydrophobic.
The addition of chitosan increases the thermal stability and decreases the Young’s mod-
ulus, while the inhibitory effects increase with the increasing chitosan concentration [86].
The silver/chitosan nanoparticles were formed in situ and exhibited superior mechani-
cal characteristics and stability in bodily fluid. The nanoparticles had antibacterial effects
against E. coli and Staphylococcus aureus bacterial strains [87]. Natural chitosan and gelatin
polymers synthesized in ternary solvents have a better water absorption capacity and are
referred to as green superabsorbent polymers. Under optimum conditions, the composite
reached water saturation in less than 60 min. Additionally, it has a high capacity for water
absorption throughout broad temperature, pH, and salt concentration ranges. Without
undergoing any chemical reactions, gelatin and chitosan can be mixed [88]. Chitosan/gold
nanoparticles efficiently inhibit bacterial activity in human cells. To investigate the in-
teraction of chitosan with bacterial membranes, simulation models were created. The
antibacterial activity of the Cs-Au nanoparticles was determined to be satisfactory when
compared to the simulated model [89]. The addition of rhamnolipids to chitosan was shown
to be successful in developing a nanocomposite that targets Gram-positive bacteria. C/RL
nanocomposites exhibit enhanced antibacterial activity while exhibiting less cytotoxicity,
making them more suited for pharmaceutical applications [90]. To improve the tensile char-
acteristics and hydrophobicity of chitosan, montmorillonite packed with carboxymethyl
cellulose was added, resulting in good dispersion of nanoclay. Increased MMT addition
disrupts the biopolymer plasticizer interactions, increasing the surface’s wettability [91].
OCMCS-SB, a stabilizer agent synthesized from chitosan and palladium, was tested for
stability during Suzuki reactions and found to be satisfactory, with the possibility of further
applications in organic transformations [92]. To increase the efficiency of the solar steam
generator, semi-conductive in-situ-polymerized MnO2 nanowire–chitosan hydrogels were
vertically stacked in macropore water channels. SPM-CH hydrogels enhance the lattice vi-
brations, while the polymeric network facilitates the creation of intermediate water clusters
for steam generation. The solar energy conversion efficiency was determined to be 90.69%
while the solar absorption was determined to be 94% using these hydrogels [93]. Separators
for microbial fuel cells were built from self-assembled chitosan/montmorillonite. The
resistance was lowered by 73.2%, increasing the proton conductivity, while the anode and
cathode charge transfer impedances were reduced by 96.44 and 66.14%, respectively [94].
Pure chitosan was also used in the production of wine [95]. Chitosan can also be used as
a biodegradable adhesive in woodworking. Synthetic adhesives are hazardous, unsus-
tainable, and volatile. Chitosan-oxidized starch adhesives cure at lower temperatures and
exhibit superior bonding and water resistance [96].

Manganese dioxide nanowires in chitosan solution were freeze-cast in the presence
of nitrogen and then freeze-dried for 48 h, leading to the formation of MnO2 hydrogel.
The semi-conductive in situ polymerization of polypyrrole films of SPM-CH hydrogel
enhances the wettability, tortuosity, and solar absorption. The production process for the
SPM–chitosan hydrogel is shown in Figure 30 [93]. The membranes used for the fuel cell are
produced via a membrane casting process. The membranes are made of chitin nanowhiskers
arranged in a chitosan matrix. Due to the higher proton conductivity and lower methanol
permeability, there is great potential for use as electrolyte membranes in fuel cells [97].
Chitosan combined with silica on quartz crystal microbalance sensors provided better film
formation abilities in the composite. The modified sensor showed improved sensitivity and
reliability, and this type of sensors can be used to detect humidity in the air [98]. Table 4
indicates the various applications of chitin and chitosan and provides recommendations
with respect to their capability for drug delivery, as well as their molecular weights.
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Figure 30. Process involved in making SPM–chitosan hydrogels. Reprinted from [93]. Copyright
2021 with permission from the American Chemical Society.

Table 4. Various applications of chitin and chitosan and general recommendations [99].

Application General Recommendations

Healing of wounds Chitosan preferred over chitin due to higher drug delivery capability

DD systems Higher drug delivery capability and higher Mw

Repairing of Scaffolds Good proliferation and structure
Higher Mw results in prolonged biodegradation

Enzyme immobilization

Adsorption
Chitin used for positively charged and neutral proteins

Chitosan used for negatively charged proteins
It possess higher drug delivery capability

Covalent Chitosan is used for immobilization at multipoints
Chitin with higher DD or chitosan with lower DD is used for single-point immobilization

Encapsulation Chitosan has higher Mw, higher drug delivery rates, and better retention
Chitosan—alginate PECs possess medium Mw and have better stability under different conditions

Food preservative Higher drug delivery
Medium and lower Mw values

Waste water treatment Depending on pollutants and water conditions such as pH and ionic strength.
Chitosan is preferred over chitin due to higher drug delivery ability and lower crystallinity

Metal reduction Chitosan’s characteristics decide the metal reduction rate, higher DD rate, and lower Mw results in the stabilization of nanoparticles

4. Conclusions

This work has concentrated on the numerous applications of chitosan and its dominant
traits, including its biocompatibility, antibiotic capabilities, and antibacterial activities. It
is readily available as its principal source is the waste from marine species, and because
its conversion requires simple chemical processes, the cost of the chitosan is low. It has
vast and unique applications in medicine, food preservation and packaging, waste water
filtration, dye removal from industrial effluents, wound healing, cancer cell treatment,
air filtration, and bone replacements and implants, as well as to enhance the efficiency
of solar cells. The water filtration membrane’s bioactivity and antifouling qualities are
also enhanced. It has also been stated that chitosan has bioactive effects against SARS
and COVID-19 viruses, which pose a threat to humans at the current time. Apart from
the above-listed applications, chitosan is also used in wine making and is combined with
natural adhesives to make it biodegradable. Chitosan also offers moderate mechanical
capabilities with good surface hydrophilicity attributes.

5. Future Perspectives

Apart from bactericidal and biocompatibility uses, the material’s mechanical and
thermal qualities must be enhanced when combined with other materials. Currently, it is
employed in conjunction with other materials in water filtration membranes via coating and
electrospinning methods. The temporal window within which the membrane bioactivity is
most effective has not been well characterized. Chitosan is employed in bone replacements
and dental implants due to its non-toxic and biocompatible nature; however, its mechanical
qualities such as its strength, corrosion and wear resistance, and toughness are not well
defined, which may provide potential opportunities in the development of biomaterials.
The addition of chitosan to composite materials used in food packaging and preservation
will also have a significant influence, as during natural disasters, food must be preserved
for extended periods of time before being consumed, necessitating a longer shelf life.
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Moisturizing and retaining moisture on the skin’s surface is a difficult task in cosmetics.
If chitosan is incorporated into cosmetics and lotions, it will work as an antibiotic and
provide antimicrobial resistance against a variety of airborne bacteria and viruses that
cause fatal infections. Additional studies must be conducted on waste water filtration
to ensure that contaminants are removed efficiently and at a low cost. Incorporating
or embedding chitosan into masks, textiles, gloves, and personnel breathing systems
will require additional research, and innovative materials resistant to disease-causing
substances will need to be developed. In some articles, it has been stated that chitosan
can absorb fat from the foods we consume and that it also aids in weight loss. However,
no work has shown these aspects empirically, and if established these advantages would
represent significant advances in the field of medical science. Nano forms of chitosan
can be obtained and filled along with other composites to study the differences in the
properties. Catalysts must be developed for use in chitosan conversion processes [100].
Chitosan can be developed and used in dabs, suspensions, wipes, strands, frameworks,
drinks, photography, and hydroponics [101].

The step-by-step process of converting raw chitosan into modified chitosan and the
sorption, adsorption, and regeneration of chitosan are shown in Figure 31. Chitosan has
applications in the recovery of gold from aqueous solutions via modification. Raw chitosan
due to its Mw and degree of deacetylation affects the metal absorption ability, meaning the
raw chitosan must be modified. Modifications were performed chemically and physically,
and the modified chitosan showed better metal absorption and reusability abilities than
raw chitosan [102]. Among the available formulations, chitosan-based nanocarriers are
promising sources for the treatment of breast cancer and inclusion of chitosan, which
when used as a drug carrier will bring about immense changes in the cancer treatment
by reducing the cost and increasing the rates of survival and recovery [103]. In dental
treatments, the usage of chitosan is also increasing due to its unique characteristics, such as
its biocompatibility, biodegradability, hydrophilicity, antifungal activity, and bioactivity.
In the future, chitosan will play a major role in dental repairs and in producing teeth with
antimicrobial activity [82]. The incorporation of chitosan in medication such as in drug
delivery will improve the treatment quality and the patient’s recovery rate from illness.
Microneedles are under development in drug delivery and the increasing demand for their
use will necessitate larger-scale production. The product design process is very important
for microneedles if they are to be accepted by patients. Chitosan-based microneedles can be
developed so that in future pandemics the diseases can be treated in an effective way [104].
Chitosan can also be used as a catalyst and in the trans-esterification of various oils in the
presence of methanol. Furthermore, 90% biodiesel yield can be obtained using chitosan–
cryogel beads over 8 to 32 h. In the future, chitosan in combination with other elements
could be used for the extraction of biodiesels from various oils by acting as a catalyst. At
the same time, it could be used in combination with biodiesel to investigate the pollution
created so that newer processes can be implemented to increase efficiency. Chitosan is
also used in the polymer electrolyte membrane in the fuel cells, as normal electrolyte fuel
cells are expensive. The ionic conductivity can be improved via crosslinking, meaning
cost-effective, biodegradable electrolyte membranes can be produced. In the future, the
usage of electric and fuel-cell-operated vehicles will increase and the world will be in need
of low-cost and ecofriendly electrolyte membranes with high levels of conversion efficiency.
Chitosan will be the most suitable material for such purposes [105].
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Figure 31. Process flow of gold recovery from aqueous solution using raw and modified chitosan.
Reprinted from [102]. Copyright 2021 with permission from Elsevier.

Figure 32 explains the working principles of a surface plasmon resonance sensor and
how the quantum dots of chitosan and graphene influence the sensitivity of the sensor.
The surface-modified sensor was used for femtomolar detection and it was found that
the modification of the sensor chip with chitosan–graphene quantum dots improved its
sensitivity. Quantum dots of chitosan and graphene form a thin film that changes the
refractive index, thereby shifting the resonance angle [106]. On the whole, chitosan has
applications in almost every field, especially in developing fields, being used in fuel cells,
electrolytic membranes for battery, sensors with good sensitivity, biodiesel development
and extraction, agriculture, post-harvest processing, plant growth enhancement, for the
removal of herbicides and pesticides from soil, for the removal of colors from dyes in the
textile industry, for the removal of microbes and heavy metal and ions from industrial
effluents, for the extraction and separation of gold from aqueous solution, for the removal
of contaminants from drinking water and air, and for use in low-cost and effective drug
delivery agents, in addition to aiding in wound healing, dentistry repairs, and scaffold
development; it even acts as an effective drug delivery agent in the treatment of breast
cancer and other chronic diseases. Chitosan has great potential to be the next material to be
utilized in multifarious applications.
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Figure 32. Surface plasmon resonance sensor setup. Reprinted from [106]. Copyright 2021 with
permission from Elsevier.
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Abbreviations

SARS Severe Acute Respiratory Syndrome
AIDS Acquired immunodeficiency syndrome
Co/MCM Chitosan–cobalt–silica
PVA-Co-PE Poly(vinyl alcohol-co-ethylene)
Cr(IV) Chromium–IV
Cu(II) Cupric oxide
PVDF-S/MIL100-CS Polyvinylidene fluoride metal organic framework chitosan
MWNT Multiwalled nanotubes
PVA Polyvinyl alcohol
PAN Polyacrylonitrile
PEG Polyethylene glycol
MWCNT Multiwalled carbon nanotubes
E. coli Escherichia coli
S. aureus Staphylococcus aureus
Ni2+ Nickel cation with two positive charges
NaBH4 Sodium borohydride
FESEM Field emission scanning electron microscope
SEM Scanning electron microscope
EDAX Energy-dispersive spectroscopy
Ni Nickel
CS Chitosan
FT-IR Fourier transform infrared spectroscopy
ZnPc-CS Zinc phthalocyanine chitosan
GSNO-PL/CS No donor S-nitrosoglutathione-pluronic-chitosan
BC-CS Bacterial cellulose–chitosan
BC-COS Bacterial cellulose–chitooligosaccharide
Ag/CS/Silica Silver–chitosan–silica
UV radiation Ultraviolet radiation
K Kelvin
Cu2O Cuprous oxide
CuSO4 Copper sulphate
DNA Deoxyribonucleic acid
CH-SN-N Chitosan silica nanoparticles
MRSA Methicillin-resistant staphylococcus aureus
CCZ Curcumin chitosan zinc oxide
CS-Au Chitosan gold nanoparticles
C/RL Chitosan rhamnolipid
MMT Montmorillonite
OCMCS-SB O—Carboxymethyl chitosan Schiff base
MnO2 Manganese dioxide
SPM-CH Semi-conductive in-situ-polymerized MnO2 nanowire–chitosan hydrogels.
DD Degree of deacetylation
Mw Molecular weight
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Abstract: Plants are continuously exposed to a wide range of pathogens, including fungi, bacteria,
nematodes, and viruses; therefore, survival under these conditions requires a sophisticated defense
system. The activation of defense responses and related signals in plants is regulated mainly by the
hormones salicylic acid, jasmonic acid, and ethylene. Resistance to pathogen infection can be induced
in plants by various biotic and abiotic agents. For many years, the use of abiotic plant resistance
inducers has been considered in integrated disease management programs. Recently, natural inducer
compounds, such as alginates, have become a focus of interest due to their environmentally friendly
nature and their ability to stimulate plant defense mechanisms and enhance growth. Polysaccharides
and the oligosaccharides derived from them are examples of eco-compatible compounds that can
enhance plant growth while also inducing plant resistance against pathogens and triggering the
expression of the salicylic acid-dependent defense pathway.

Keywords: induced disease resistance; sodium alginate; polysaccharides; plant growth-promoting
bacteria

1. Introduction

Plant pathogens cause diseases with different pathogenicity mechanisms in various
parts of plants, resulting in great economic loss [1]. Pathogens successfully infect plants
through mechanisms involving the recognition of plant surface receptors, production of
virulence and effector proteins, and overcoming plant defense barriers [1,2]. During their
evolution, pathogens maintain their attacks on plants by emerging new races, while plants
develop mechanisms to cope with and adapt to these new pathogen variants. When a
pathogen attacks a plant, it also triggers signal pathways that elicit the expression of the
plant’s defense genes [3], which activate defense responses against the pathogen [4]. As
soon as the plant initiates this immune response, the pathogen contamination process is
disrupted, and its gene expression is suppressed. These defense responses can be activated
by both endogenous (plant structure) and exogenous (biotic and abiotic) elicitors [5]. Ex-
ogenous agents are now broadly used in agriculture worldwide to control the losses caused
by different pathogens. The use of genetic resistance to pathogens, the identification of
resistance genes, and the transfer of these genes to plants require long-term breeding and
genetic engineering programs. By contrast, due to the complex interaction that occurs be-
tween the pathogen, plant, biological inducer components, and the environment (combined
biotic and abiotic factors), the application of biotic inducers to control plant diseases in
field conditions may lead to changes in the mechanism of induction of resistance and the
form of the defense signals (Figure 1). The interactions among these three biotic agents
(plants, pathogens, and biological inducers) and with the environment must, therefore, be
controlled to achieve maximum disease control. Plants, pathogens, and biological factors
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may respond to different environmental conditions through changes that may affect the
mechanism of resistance. Unfortunately, the consequence of the complex quadruple effects
(pathogen × plant × inducer agents × environment) that occur between these factors is a
less successful biological control in the field, compared with the control achieved in the
controlled environments of the greenhouse and laboratory.

Figure 1. Complex interactions between the plant, the pathogen, plant growth-promoting rhizobacte-
ria as biological factors (inducers), and the environment.

The role of abiotic agents in the induction of resistance against phytopathogens has
been reported in many studies [6–8]. One example is β-aminobutyric acid, which has been
successfully exploited in practical agriculture for defense priming in different crops [9].
Many natural compounds have now been demonstrated to enhance the defense priming
response in plants, ranging from oligosaccharides, glycosides, and amides to vitamins,
carboxylic acids, and aromatic compounds [10]. A simple compound, hexanoic acid, shows
a potent natural priming capability to protect plants against a wide range of pathogens by
inducing callose deposition and activating salicylic acid (SA) and jasmonic acid (JA) path-
ways [7]. Zhou et al. [11] reported that thiamine (vitamin B1) can modulate cellular redox
status to protect Arabidopsis against infection by Sclerotinia sclerotiorum. Para-aminobenzoic
acid, another member of the vitamin B group, was able to enhance resistance against the
cucumber mosaic virus and Xanthomonas axonopodis by inducing systemic acquired re-
sistance (SAR). In the same study, benzothiadiazole was also shown to reduce disease
severity, but it also caused adverse effects on the plant, as shoot lengths were shortened and
cucumber fruit lengths were significantly reduced, compared with plants treated with para-
aminobenzoic acid or untreated control plants [12]. Chitosan, a deacetylated derivative of
chitin, can enhance plant defenses by various mechanisms, including scavenging reactive
oxygen species (ROS), upregulating antioxidant activities, and activating the octadecanoid
pathway that leads to the production of phytoprotective fatty acids [13].

The oligosaccharide products arising from the hydrolysis of natural polysaccharides
can also serve as elicitors that induce resistance and alter the expression of plant defense
genes [4]. For example, exogenous application of oligogalacturonide can induce plant
defense responses, such as accumulation of phytoalexin, β-1,3-glucanase, and chitinase,
and generation of ROS, by triggering nitric oxide (NO) production [14]. Oligochitosan can
protect plants against fungi, bacteria, and viruses by activating the SA and jasmonic acid–
ethylene (JA–ET) pathways, while also protecting against abiotic stresses by the induction
of an abscisic acid (ABA)-dependent pathway [15]. Microbial products can also induce
defense responses in plants; an example is an Agrobacterium spp. fermentation product,
oligocurdlan, which has been shown to induce defense responses against Phytophthora
infestans in potatoes [16]. Other examples are the oligosaccharides that naturally occur
in green and brown algae and that can activate defense signals in plants [17,18]. These
compounds are also used as fertilizers and soil conditioners in agricultural and horticultural
industries [19].
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Several commercial products containing oligosaccharides are now successfully mar-
keted for plant protection. One example is FytoSave® (LIDA Plant Research, Valencia,
Spain), a complex mixture of oligochitosans and oligopectates that is active against downy
mildew infection in grape and cucumber [20]. The active component of FytoSave® (LIDA
Plant Research, Valencia, Spain), COS–OGA, can induce resistance against Phytophthora
infestans, the causal agent of potato late blight, by enhancing pathogenesis-related (PR)
proteins, such as PR-1 and PR-2. The induction of resistance in plants by COS–OGA is
reported as a cumulative process involving SA. COS–OGA combines cationic chitosan
oligomers, chitooligosaccharides (COSs), with anionic pectin oligomers, oligogalactur-
onides (OGAs) [20,21]. In 2018, FytoSave® product (LIDA Plant Research, Valencia, Spain)
as the first plant phytovaccine with phytosanitary registration was admitted by the Euro-
pean Commission for use in organic agriculture (https://www.infoagro.com, accessed on
8 January 2022). Another commercial product is Stemicol® (LIDA Plant Research, Valencia,
Spain), a mixture of chitooligosaccharides that causes the reduction in fruit rot in tomatoes,
strawberries, and grapes (https://www.lidaplantresearch.com/phytovaccines/stemicol,
accessed on 8 January 2022). Thus, natural compounds, such as oligosaccharides, are now
promising alternatives to chemical fungicides for controlling pathogen diseases in the
field [22].

Another plant defense elicitor of considerable interest is sodium alginate (ALG), a
polysaccharide derived from seaweeds. ALG oligosaccharides or oligoalginates (AOS) are
recognized as new types of functional material and are used to enhance seed germination,
shoot elongation, root growth, and resistance against plant pathogens [23–27]. AOS can
activate the production of phosphodiesterase in suspension cultures of plant cells by
modulating the production of ROS and by activating PR proteins and defense enzymes,
such as peroxidase (POD), catalase (CAT), polyphenol oxidase (PPO), and phenylalanine
ammonia-lyase (PAL) [28].

Induced resistance is a suitable alternative strategy for chemical pesticides to control
plant diseases. Finding new natural sources of elicitors and exploring their effects on plant
defense is a significant issue. Recently, natural inducer compounds, such as ALG, have
become a focus of interest due to their environmentally friendly nature and their ability to
stimulate plant defense mechanisms and enhance growth. In this review, we discuss the
main defense pathways invoked by plants to combat pathogen attacks, with a more intense
focus on the role of ALG and AOS in the induction of resistance against plant diseases.

2. Plant Immune System against Pathogens

Plant cells are capable of sensing evolutionarily conserved microbial molecular signals,
termed pathogen-associated or microbe-associated molecular patterns (PAMPs or MAMPs),
through plant pattern recognition receptors [29–31]. The PAMP molecules are essential for
pathogen fitness; therefore, they represent an efficient form that plants exploit to sense the
presence of pathogens. The perception of PAMPs by plant pattern recognition receptors
activates an immune response, referred to as PAMP-triggered immunity, which provides
protection against nonhost pathogens and limits diseases caused by virulent pathogens [32].

However, pathogens also adapt to their host plants and evolve mechanisms for the
suppression of plant defenses induced by pathogenicity signals and genes [33–36]. In
return, plants evolve resistance proteins (R proteins) that can detect, either directly or
indirectly, the effector proteins of the pathogen and trigger a different form of disease
resistance, known as effector-triggered immunity, which is highly specific and often ac-
companied by the appearance of the hypersensitive response (HR) and SAR in the plant.
Damage-associated molecular patterns, which include plant cell walls and cutin fragments
characteristically released by the enzymatic actions of pathogens, can serve as triggers
of immune responses in plants [31,37,38]. The effector-triggered immunity and PAMP-
triggered immunity pathways activate a set of downstream defense responses, including
signaling pathways and transcription factors that limit pathogen proliferation or disease
symptom expression [39]. Further, ROS accumulate, cell wall defense mechanisms are
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activated, and defense hormones such as SA, ET, and JA accumulate. Crosstalk between the
SA and JA–ET signaling pathways has also emerged as an important regulatory mechanism
in plant immunity [32,40–43].

Plants are equipped with various defense genes, but the expression of these genes is
often latent in healthy conditions. Intriguingly, these defense genes can be induced in plants
by the application of any type of inducer in a process known as induced resistance [44]. The
inducer triggers the plant‘s defense system against a subsequent pathogen attack, thereby
suppressing the occurrence of disease. Induced resistance activates a wide range of defense
mechanisms, and the defense signals in this pathway lead to two types of resistance: SAR
and induced systemic resistance (ISR) [45].

2.1. Systemic Acquired Resistance (SAR)

SAR describes a type of plant defense response that provides long-term protection
against various plant pathogens. The systemic signals involved in SAR include SA, lipid-
based signal molecules, and ROS; these molecules transport the systemic signal that is
activated by the plant–pathogen interaction [46]. SAR is related to the production of SA as
a signaling molecule and the accumulation of PR proteins [46]. SAR can be activated in
many plant species by different pathogens that cause necrosis or hypersensitive reactions
in plants. This type of resistance is long-lasting and effective against a broad spectrum of
pathogens [47,48]. SA is a defense hormone, and pathogen infections induce SA synthesis
by upregulating the expression of isochorismate synthase 1 (ICS1), a gene that encodes
a key enzyme in the SA synthesis pathway [49]. The enhancement of another defense
signal for SAR—namely, the increased expression of palmitic acid and its derivatives, has
been observed in the primed guard cells of Arabidopsis plants [50]. NO and ROS, which
are both early chemical signals in systemic immunity, operate in a feedback loop in SAR.
ROS also act additively to mediate the chemical hydrolysis of unsaturated fatty acids to
induce SAR in plants [51]. During SAR, SA binds the H2O2-scavenging enzymes, CAT,
and ascorbate peroxidase, and inhibits their activities, thereby promoting an increase in
H2O2 levels. This increase is then responsible for the signal transduction that leads to the
induction of pathogenesis-related genes and pathogen resistance [46].

2.2. Induced Systemic Resistance (ISR)

Plant growth-promoting rhizobacteria (PGPR) colonize the root surface, thus prevent-
ing the penetration of pathogens while inducing systemic resistance in plants. A specific
recognition response is needed between the plant and the rhizobacteria for the onset of
ISR [52]. Rhizobacterial determinants, such as flagellar proteins, lipopolysaccharides, antibi-
otics, quorum-sensing molecules, volatile organic compounds, and siderophores, can elicit
ISR [53,54]. When this type of resistance occurs, the plant’s immune system is strengthened
against other invaders [55].

ISR is a nonspecific response, as indicated by its broad action against different
pathogens [56]. ISR is generally activated by a pathway in which JA and ET are central
players [57]. Although beneficial rhizobacteria often trigger JA–ET-dependent pathways,
several PGPR have been reported to trigger SA-dependent pathways [58]. Some of the
signal pathways that regulate ISR are similar to those of SAR [45,57,58]. One example is
NPR1, a common regulator of both SAR and ISR pathways that functions as a transcrip-
tional coactivator of SA-responsive pathogenesis-related genes. However, the role of NPR1
in ISR has not yet been established [58,59].

Immune responses are induced in plants by many biological and chemical stimuli that
trigger defense priming and increase the plant’s defense capacity. Priming is defined as en-
hanced sensitivity and responsiveness to stress that results from prior experience and leads
to increased resistance. Primed plants respond faster and have stronger defense responses
against subsequent stresses [60]. Table 1 shows examples of biological priming agents and
the mechanisms by which they induce resistance against pathogens in different plants.

230



Polymers 2022, 14, 661

Table 1. Examples of biological agents that induce resistance against plant pathogens.

Biological
Inducer

Pathogens Host Mechanism Reference

Pseudomonas spp.

Botrytis cinerea Grapevine
Oxidative burst and phytoalexin

accumulation in grape cells
and leaves.

[61]

Clavibacter michiganensis Tomato
Increase in levels of PR1a and ACO

transcripts and SA
signaling pathways.

[62]

Meloidogyne spp. Tomato SA production by bacteria. [63]

Pythium aphanidermatum Cucumber Reduced pathogen spread. [64]

Bacillus spp.

Heterodera glycines Soybean Expression of defense-related genes
involved in the SA and JA pathways. [65]

Fusarium sp. Tomato Production of phthalic acid methyl
ester by Bacillus. [66]

Botrytis cinerea Arabidopsis Activation of the JA–ET
signaling pathway. [67]

Trichoderma spp.

Botrytis cinerea Tomato Activation of the JA, SA, and ABA
signaling pathways. [68]

Enhanced activation of
jasmonate-responsive genes. [69]

Sclerotinia sclerotiorum Brassica napus
Induction of SA- and

JA–ET-dependent defenses and
decreased disease symptoms.

[70]

Mycorrhizal fungi

Botrytis cinerea Lettuce Provision of biotic stress protection
with no nutritional or growth benefits. [71]

Blumeria graminis f.sp. tritici Wheat

Accumulation of phenolic compounds
and H2O2, upregulation of genes
encoding several defense markers

(POD, PAL, chitinase 1)

[72]

3. Abiotic Inducers of Disease Resistance in Plants

Abiotic inducers include chemicals that act at various points in the signaling pathways
involved in disease resistance and against biotic and abiotic stress. One compound, 2,6-
dichloroisonicotinic acid, and its methyl ester were the first synthetic compounds shown to
prime defense responses in plants [73]. A wide range of cellular responses, including alter-
ations in ion transport across the plasma membrane, synthesis of antimicrobial secondary
metabolites (e.g., phytoalexins, cell wall phenolics, and lignin-like polymers), and activation
of defense genes, are potentiated by these chemical inducers [6]. The resistance induced by
chemical elicitors is broad spectrum and long-lasting, and many of these elicitors provide
disease control ranging between 20% and 85% [74]. For instance, exposure of plants to β-
aminobutyric acid, probenazole, benzothiadiazole, and SA can all induce resistance against
a broad range of pathogens [75]. Durable induced resistance, based on priming of gene ex-
pression, was reported after treatment of tomato seeds with β-aminobutyric acid or JA [76].
Similarly, the treatment of faba beans with acibenzolar-S-methyl induced SAR against rust
and ascochyta blight diseases in both greenhouse and field conditions, and this protection
was still evident several weeks after acibenzolar-S-methyl application [77]. Table 2 shows
examples of abiotic components known to induce pathogen resistance in plants.

231



Polymers 2022, 14, 661

Table 2. Abiotic components that induce pathogen resistance in plants.

Abiotic
Component

Pathogen/Plant
Disease

Type of Plant Mechanism Reference

Dibasic and tribasic
phosphate salts

Colletotrichum lagenarium Cucumber

Influences the activity of
apoplastic enzymes, such as
polygalacturonases, thereby

releasing elicitor-active
oligogalacturonides from plant

cell walls.

[78,79]

Preceded by a rapid generation of
superoxide and

hydrogen peroxide.

Blumeria graminis f.sp. hordei Barley Reduces powdery mildew
infection by 89%. [80]

SA Derivatives TMV Tomato
Tobacco

Establishes plant immunity by an
accumulation of PR proteins. [81]

Isonicotinic acid
derivatives

TMV Tobacco Decreases the necrotic area
on leaves. [82]

Colletotrichum lagenarium Cucumber Induces chitinase and modifies the
physiology of the host. [83]

Thiadiazole and
isothiazole derivative

Powdery mildew,
anthracnose, and bacterial

leaf spot
Alternaria leaf spot,

anthracnose, bacterial
shot hole

Wheat

Promotes the expression of
defense-related genes and

SA catabolism.
Induces plant defense responses.

[84]
[85]

Pumpkin

Cucumber

Chinese cabbage

Strawberry

Peach

β-Aminobutyric acid Alternaria brassicicola,
Plectosphaerella cucumerina Arabidopsis

Promotes callose accumulation by
an ABA-dependent
defense pathway.

[86]

As the world’s population expands, the demand for food production increases. There-
fore, agriculture must be able to meet the nutritional needs of people throughout the world,
making the protection of crops from plant pests and pathogens paramount. Therefore, new
ways appear to be needed to stimulate the defense genes in plants to suppress pathogen
attacks. The application of abiotic inducer agents derived from natural factors represents an
environmentally friendly way to trigger the induction of resistance in the field. The plant’s
defense system is highly triggerable; therefore, the existence of an external abiotic inducer
factor that has no adverse effect on the environment can play a major role in activating the
plant defense system and suppressing pathogens.

Environmentally friendly polymer compounds, especially ALG, are compatible com-
pounds that stimulate plant defense mechanisms. The use of these abiotic materials avoids
the known toxic effects of synthetic chemical pesticide agents on humans and other nontar-
get organisms. These compounds are able to induce plant resistance against pathogens and
increase the expression of SA-dependent defense pathways. In what follows, we discuss the
advantages of polysaccharides and the mechanisms of ALG in the induction of resistance
against plant pathogens.

3.1. Polysaccharides as Plant Defense Inducers

The plant’s defense system is fundamental to its ability to resist pathogens and is, there-
fore, an effective target for research on disease management. Plants recognize pathogens
using PAMPs with structures or chemical patterns similar to their pathogens [31,87]. There-
fore, not surprisingly, oligosaccharides that share structures similar to the components
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of pathogen cell walls or other structures can also serve as PAMPs to activate the plant
immune system [87,88].

The promotion of eco-friendly alternatives is necessary to reduce the environmental
effects of present-day chemicals used in agriculture [89]. In recent decades, there have
been many reports regarding the induction of defense resistance by the application of
plant extracts and essential oils, microbial (bacteria, fungi, and microalgae) extracts, sea-
weed extracts, and polysaccharides. Polysaccharides with high structural complexity and
biological activity have become ideal and environmentally friendly biological resources
for inducing resistance against plant pathogens [89–93]. The effects of polysaccharides
obtained from microalgae and cyanobacteria on the biochemical and metabolomic markers
linked to defense pathways in tomato plants were evaluated by Rachidi et al. [89]. The
polysaccharides extracted from Phaeodactylum triocnutum, Desmodesmus sp., and Porphyrid-
ium sp. improved the activities of phenylalanine ammonia-lyase, chitinase, β-1,3 glucanase,
and peroxidase enzymes in tomato leaves [89]. Further, GC–MS metabolomics analysis
revealed that polysaccharides induced the modification of metabolite profiles, such as fatty
acids, alkanes, and phytosterol, in tomato leaves [89].

Pettongkhao et al. [94] reported that sulfated polysaccharide from Acanthophora spi-
cifera, a red alga, induced defense responses against Phytophthora palmivora in a rubber tree
(Hevea brasiliensis). Their results showed that the extracted crude polysaccharide induced
SA and scopoletin accumulation and SA-responsive gene expression but suppressed JA-
responsive gene expression [94]. An elicitor from the green algae Ulva spp. caused the
protection of Medicago truncatula against infection by Colletotrichum trifolii [95]. A broad
range of defense-related transcripts upregulated notable genes involved in the biosynthesis
of phytoalexins, PR proteins, and cell wall proteins [95].

One polysaccharide, tramesan, obtained from Trametes versicolor, caused an increase in
the JA level and the early expression of plant defense genes against Septoria Leaf Blotch
complex disease in wheat [96]. The use of biopolymers as elicitors for controlling plant
diseases is gaining momentum worldwide due to the eco-friendly and nontoxic nature of
polysaccharides. These materials have the added advantage of being sufficiently resistant
to degradation by hydrolytic enzymes and by exposure to acidic environments [97,98].

Oligosaccharides are low molecular weight carbohydrates that arise from the degra-
dation of polysaccharides [15]. These compounds have biological activity in many living
organisms [99]. In plants, they regulate specific processes, such as cell morphogenesis and
the pH-dependent development of flowers or callus, and in general, they modulate plant
growth. The use of oligosaccharides can increase soil fertility and activate plant defense
against both biotic and abiotic stresses [15].

3.2. Alginate and Induction of Resistance against Plant Pathogens

Algal polysaccharides are among the most abundant organic molecules in nature and
have great diversity, as well as the potential to induce resistance in plants [27,100,101]. ALG
is extracted from the cell walls of brown macroalgae (e.g., Macrocystis pyrifera, Laminaria
hyperborean, Ascophyllum nodosum), and several bacteria (Azotobacter vinelandii, Pseudomonas
spp.) contain ALG at up to 40% of their dry weight [102].

ALG is a linear biopolysaccharide copolymer consisting of 1,4-linked β-D-mannuronate
(M) and α-L-guluronate (G), which can be arranged in heteropolymeric and homopoly-
meric blocks (Figure 2) [27,103]. Due to their hydrophilic properties, ALG hydrogels can
absorb large amounts of water or biological fluids without losing their structure. ALG
is a nontoxic and environmentally friendly polysaccharide that can be used as a delivery
vehicle in various applications due to its unique physicochemical properties [102]. Alginic
acid is insoluble in water or organic solvents, but its monovalent alginate salts are soluble
in water and organic solvents and form stable solutions in water [102].
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Figure 2. Chemical structure of alginate.

The linear ALG polymer, at physiological temperature and pH, and in the presence of
some chemical initiators, can be converted to a three-dimensional polymer by a process
called free-radical polymerization [102,104,105]. During this polymerization, some chem-
icals can be easily combined into the forming hydrogel to generate a liquid–solid phase
under physiological conditions [106,107]. ALG is widely used in this way in medicine
to encapsulate various drugs for delivery to target organs and tissues. The formation
of hydrogels allows the use of ALG as a carrier of proteins, DNA, and live cells while
maintaining their biological activity [108]. ALG is also able to stimulate the growth and
development of plants and induce resistance to biotic and abiotic stresses [109]. Phenolic
compounds (as secondary metabolites) can cross-link with ALG to strengthen plant cell
walls against pathogen attack [110]. Figure 3 shows the biological activity of ALG in plants
against different stresses and environmental factors.

Figure 3. Biological activity of alginate in plants against different stresses.

ALG has received much attention due to its environmental compatibility and nontoxic
properties as an elicitor in the control of plant diseases [27]. In one study, ALG was inves-
tigated as a factor in the induction of resistance against Alternaria solani, the causal agent
of tomato blight disease [27]. Tomato leaves were treated with different concentrations
of ALG (0.2, 0.4, and 0.6%) two days before infection with the pathogen. ALG effectively
controlled the growth of A. solani in the treated tomato plants and significantly enhanced
the expression levels of superoxide dismutase (SOD) in response to infection. Staining of
infected tomato leaves with Uvitex-2B and observation by fluorescence microscopy showed
significant reductions in pathogen colonization following ALG treatment. ALG at a concen-
tration of 0.4% was very effective in controlling fungal hyphal growth. The level of defense
enzymes, including SOD, GPX, and CAT, was enhanced in the treated tomato plants [27].
Identification of the induced resistance mechanisms in tomato by ALG against blight dis-
ease was further explored by examining the expression changes in defense marker genes,
including β-1,3-glucanase (PR2), chitinase (PR4), nonexpressor of pathogenesis-related
protein 1 (NPR1; related to SA signaling pathways), 1-aminocyclopropane-1-carboxylate
oxidase (ACO1; related to ET signaling pathways), and lipoxygenase D (LoxD; related
to JA signaling pathways). The expression levels of PR2, NPR1, LoxD, and ACO1 were
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significantly upregulated in leaves treated with A. solani and 0.4–0.6% ALG [27]. PR4
expression was upregulated in pathogen-infected leaves when compared with uninfected
control leaves and 0.4% or 0.6% ALG-pretreated leaves infected with pathogen [27].

The major cell wall components of many phytopathogenic fungi are chitin and glucan.
Therefore, plant β-1,3-glucanases and chitinases play antifungal roles by hydrolyzing
the fungal cell wall. Further, β-1,3-glucanases and chitinases exhibit indirect effects via
the formation of oligosaccharide elicitors, which further induce the expression of other
PR proteins [111]. The ALG-induced defense responses, therefore, arise by activation of
antioxidant enzymes and PR proteins against A. solani, to inhibit disease development in
tomato seedlings [27].

Much interest is now expressed in the use of protein elicitors enclosed in a complex
with biopolymers, such as ALG, to protect them against adverse external factors, facilitate
their interaction with plant cell receptors, and invoke disease resistance [112,113]. Pep-
tidylprolyl isomerases (PPIases) play roles in the folding of synthesized proteins, immune
system responses, transcriptional regulation, cell cycle control, and nuclear events [114].
In one study, the FKBP-type PPIase from Pseudomonas fluorescens, which has significant
eliciting activity regarding a wide range of plant pathogens, was encapsulated in ALG mi-
croparticles [26]. Synergistic interaction between ALG and other compounds was promoted
by constructing microparticles consisting of 70% ALG, 20% bovine serum albumin (BSA),
and 10% PPIase and evaluating three different plant–pathogen models (tobacco–TMV,
tobacco–A. longipes, and wheat–Stagonospora nodorum). In the wheat–S. nodorum model
system, a significant eliciting activity of the ALG–albumin complex was observed, and the
activity of encapsulated PPIase increased, compared with the free PPIase. The ALG–BSA
complex had an eliciting activity that suppressed the development of A. longipes on tobacco
plants. The PPIase ALG biopolymer complex served as an antipathogenic compound and
an inducer of resistance against pathogens in a wide range of plants while also helping to
promote plant growth [26]. In the TMV–tobacco model system, no significant differences
were observed between PPIase and ALG–BSA–PPIase, and in these treatments, the average
amount of necroses per leaf decreased 32–35 times. compared with the control. No eliciting
activity was revealed in the case of ALG–BSA [26].

The role of AOS in the induction of resistance against Pseudomonas syringae pv. tomato
DC3000 was evaluated in Arabidopsis by Zhang et al. [25]. Arabidopsis were pretreated
by spraying with different concentrations of AOS (25, 50, 100, and 200 mg/L) three days
before inoculation with P. syringae pv. tomato DC3000. The disease index, bacterial growth,
production of ROS, and qualitative and quantitative detection of NO and SA were then
evaluated. The qRT–PCR analysis revealed an increase in induced immunity against
this disease in Arabidopsis. The expression of the avrPtoB gene, which represents the
pathogenic mechanism of this bacterium, was significantly reduced in leaves treated with
AOS, compared with the control leaves. AOS also prevented the growth of bacteria on the
leaves. At 25 mg/L, AOS induced both NO and ROS production against the pathogen in
Arabidopsis. ROS and NO are the primary signals that initiate defense reactions against
plant pathogens [115–119]. After pretreatment with AOS, the SA pathway was activated
and significantly enhanced PR1 expression [25].

Zhang et al. [4] also investigated the activity of AOS and its potential application
for the protection of rice plants against Magnaporthe grisea. Germinating rice seeds were
detached from 5–7-day-old seedlings when the sprouts were 1–2 cm in length and then
were treated with AOS. The AOS activity on germinating rice was assayed by determining
the accumulation of phytoalexin in seed tissues as a marker of plant disease resistance.
The activities of PAL, CAT, and POD were determined in the treated leaves of rice with
AOS. An enhancement in PAL activity was detected in the rice leaves treated with AOS.
PAL activity is considered to represent a direct response of the host plant to suppress a
pathogen attack and is associated with disease resistance. This enzyme was induced by the
application of exogenous elicitors, such as abiotic inducer agents [4,120]. CAT, POD, and
PAL have a synergistic role in plant disease protection. The production of four kinds of
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phytoalexin—oryzalexin A, oryzalexin C, phytocassane A/D, and phytocassane B/C—was
elicited in rice-seed tissues by AOS. The accumulation of oryzalexin C could be considered
a more sensitive marker for assaying elicitor activity [4].

In another study, ALG isolated from the brown seaweed Bifurcaria bifurcata and AOS
were evaluated for their ability to stimulate the natural defenses of tomato seedlings [121].
PAL activity and polyphenol levels were measured in leaves treated with ALG [121].
PAL activity increased 12 h after treatment. Polysaccharides extracted from B. bifurcata
and the oligosaccharide derivatives of those polysaccharides significantly induced phenyl-
propanoid metabolism in tomato seedlings. ALG and its oligosaccharide derivatives should,
therefore, be considered potential bioresources for plant protection against phytopathogens
in the context of eco-sustainable green technology [121].

Other studies have confirmed that an ALG−lentinan−aminooligosaccharide hydrogel
induces strong plant resistance against TMV and increases the release of calcium ions to
promote the growth of Nicotiana benthamiana [122]. Table 3 shows other studies on the role
of ALG in the induction of resistance against plant diseases.

Table 3. Other examples of alginates that induce resistance against plant pathogens.

ALG
Concentration

Pathogen Plant Mechanism Reference

5 g/L Tobacco mosaic virus
(TMV) Tobacco (on leaves)

The antiviral activity of ALG on
infectivity of TMV on blocking the

decapsulation process of TMV protein
on the cell membrane surface.

[123]

50 g/L Botrytis cinerea Kiwifruit (on fruit)

Reduction in the incidence of gray
mold and diameter of lesions of

kiwifruit during storage; enhancing
the activity of polyphenol oxidase,

l-phenylalanine ammonia-lyase (PAL),
and β-1,3-glucanase related to

pathogen defense.

[124]

1 g/L Fusarium oxysporum
f.sp. albedinis Date Palm (on roots)

The stimulation of PAL activity in
roost; the increased transcriptional
level; stimulates expression of the

genes involved in phenolic
metabolism and burst oxidation.

[125]

2 g/L Verticillium dahliae Olive (on twigs of 10 cm in
length with 16 leaves)

Increase in the enzymatic activity of
PAL in the stem; inhibitory rates on

mycelial growth of the fungus in vitro.
[126]

0.3 g/L Erwinia carotovora
Xanthomonas campestris soybean cotyledon The accumulation of phytoalexin and

inducing PAL in soybean cotyledon. [127]

5 g/L
AOS combined

with Meyerozyma
guilliermondii

Penicillium expansum Pears (on Fruits)

Increase in the activities of superoxide
dismutase (SOD), catalase (CAT),

polyphenol oxidase (PPO), peroxidase.
(POD), phenylalanine ammonia-lyase

(PAL), chitinase (CHI), total phenol
content, and flavonoid content in

pears; reduce spore germination rate
and inhibit the germ tube elongation

of P. expansum.

[128]

Based on the studies mentioned above, ALG and AOS are effective elicitors for induc-
ing resistance in plants against various pathogens including fungi, bacteria, and viruses.
Both the SA and JA–ET pathways are triggered by these elicitors, and there is evidence
of ABA-dependent pathway activation by AOS [15,129]. Therefore, AOS can induce resis-
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tance to abiotic stress, such as drought, salinity, and heavy metals, by triggering the ABA
signaling pathway in plants [129–131].

Figure 4 shows a scheme for seed treatment with ALG, pathogen attack, and the
defense pathways that are activated.

Figure 4. The mechanism of induction of plant disease resistance by alginate.

4. Conclusions

Resistance to plant diseases is a very important issue that should be given great
attention. Some plant genotypes and cultivars have a natural resistance to plant pests and
diseases. Some have a protective wax-like layer on their surface that prevents damage from
pathogens. Others respond to the presence of factors that stimulate the plant’s immune
system as an effective way to promote resistance to disease. However, the introduction of
resistant cultivars and gene transfer to nonresistant cultivars is an extensive plant breeding
process. Further, the geographic compatibility of the introduced resistant cultivars must be
considered. Biological control agents, such as beneficial bacteria and nonpathogenic strains,
have led to the successful control of many pathogens in the greenhouse and laboratory.
However, these agents may fail under field conditions due to complex interactions between
the environment, pathogens, plants, and biological factors (e.g., PGPR). Therefore, abiotic
inducer compounds that are environmentally friendly and can trigger plant resistance under
adverse conditions are very important candidates for research on plant disease resistance.

ALG is a natural polymer that, due to its potential properties, has been considered
a viable choice for the induction of plant resistance against pathogens. This polymeric
compound plays a role by stimulating plant defense signals and activating defense genes.
Treatment of plants with this compound leads to the activation of SA and JA pathways that
protect against pathogen attacks. Plant defense responses, such as the synthesis of phenolic
compounds, lignin, PPO, PAL, and PR proteins, are significantly increased in plants treated
with ALG, and these responses induce disease resistance. Extensive applications of ALG
in the field confirm its effects on the activation of SAR and ISR against a wide range of
pathogens. However, induced resistance is a host response and can be influenced in practice
by factors such as plant genotype, crop nutrition, frequency, and the method of elicitor
application under field conditions.
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