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Renewable and sustainable materials are of great concern
in scientific research and industry. These materials include
biomass as industrial and agricultural residues and energy
crops.The utilization of suchmaterials as reinforcement or to
improve specific properties in composite or nanocomposites
materials is an excellent alternative. Among the advantages
which can be cited are the strong ecological appeal, low cost,
and higher specific mechanical properties.

Topics include the effect of the chemical treatment on the
physicomechanical properties of commercial polypropylene,
preparation of nanofibers with renewable polymers and
their application in wound dressing, use of waste clay from
boron production as landfill liner, use of wood fillers in
thermoplastic matrix, and thermal insulation of paper cups.

The effects of reinforcement of the treated and untreated
banana bark fiber on the physicomechanical properties of
isotactic polypropylene were verified, and the water absorp-
tion, mechanical properties, and hardness, among other
properties, were improved up to treatment. Another study
includes the effect of fiber content on mechanical and
morphological properties of woven kenaf reinforced PVB
film produced using a hot press technique. In this study, the
authors produced six different types of laminated composites
and their mechanical properties were compared.The authors
constated improvement of the mechanical characteristics up
to 40% kenaf content ratio.

In a review study regarding preparation of nanofibers
with renewable polymers and their application in wound

dressing, the authors constated that the preparation methods
as well as the components influenced their overall properties.

Wood fibers also were used as reinforcement in HDPE
composites.The rheological and the thermomechanical prop-
erties of composites vary according to wood filler content and
temperature.

A facile approach to evaluate the thermal insulation per-
formance of paper cups was realized by establishing a novel
evaluation that includes a characterization parameter and a
measurement apparatus, where the value of the temperature
factor is proportional to the thickness of paper samples.

Dynamic analysis of the melt conveying process in a
novel extruder as studied and the researcher concluded that
the polymer melt conveying process in the vane extruder is
completely different from the process in conventional screw
extruders; the pressure within the chamber is influenced
by the location and volume within the chamber and the
dynamics of melt conveyance in a vane chamber depend
mostly on pressure to overcome viscous forces.

The effect of the chitosan on isothermal crystallization,
thermal decomposition, and melt index of PLLA polymer
was studied. The authors concluded that chitosan acts as a
nucleating agent for PLLA, affecting the initial degradation
temperature and leading to higher values of melt flow index
up to 3% of chitosan.

Finally, boron production waste clay was used to develop
a geosynthetic barrier that can be used as an innovative
impermeable liner on solid waste landfills. In this study,
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waste clay generated during boron derivatives production
was mixed with bitumen, bentonite, and waste tire and the
mixtures were used to cover up reinforcement materials
(nonwoven polyester and glass fleece). The samples were
compared to commercial geomembranes and three samples
were used to apply hydraulic conductivity test. Microscopy
and mechanical and conductivity tests were performed and
satisfactory results were found. The study allows the pro-
duction of lower cost geomembranes while leading up to
utilizing waste clay of 900,000 tons/year generated at boron
enterprises in Turkey.

Matheus Poletto
Heitor Luiz Ornaghi Júnior

P. M. Visakh
Yoshihiko Arao



Research Article
Effect of Reinforcement of Hydrophobic Grade Banana
(Musa ornata) Bark Fiber on the Physicomechanical Properties
of Isotactic Polypropylene

Md. Mamunur Rashid,1 Sabrin A. Samad,1 M. A. Gafur,2

Md. Rakibul Qadir,2 and A. M. Sarwaruddin Chowdhury1

1Department of Applied Chemistry and Chemical Engineering, Faculty of Engineering and Technology,
University of Dhaka, Dhaka 1000, Bangladesh
2Pilot Plant and Process Development Center (PP & PDC), Bangladesh Council of Scientific and Industrial Research,
Dhaka 1205, Bangladesh

Correspondence should be addressed to Sabrin A. Samad; sabrinsamad@duet.ac.bd

Received 28 December 2015; Revised 15 March 2016; Accepted 4 April 2016

Academic Editor: Matheus Poletto

Copyright © 2016 Md. Mamunur Rashid et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

This research studied the physicomechanical as well as morphological properties of alkali treated (NaOH and KMnO
4
) and

untreated banana bark fiber (BBF) reinforced polypropylene composites. A detailed structural and morphological characterization
was performed using Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and mechanical
properties testing (tensile strength, flexural strength, andmicrohardness). Chemical treatments improved the hydrophobic property
of the fiber and it is found to be better for KMnO

4
treatment. Composites with 0, 5, 10, and 15wt.% loadings were then compared for

water uptake studies and revealed that KMnO
4
treated fiber composites absorb less water compared to others. KMnO

4
treatment

with 15% fiber loading improved the tensile strength, flexural strength, and microhardness of the composites compared to raw and
NaOH treated fiber loadings. TGA analysis also shows onset temperature at 400∼500∘C that is associated with the decomposition
of the banana fibers constituents including lignin, cellulose, and hemicelluloses which suggests better thermomechanical stability.
All of the values suggest that 15% KMnO

4
treated banana bark fiber (BBF)/PP composites were found to be better than those of the

raw and NaOH treated ones.

1. Introduction

In recent years, the use of composite materials has increased
too manyfold. The reason behind that is their versatile use,
ease of preparation, eco-friendly system, improved mechan-
ical and usable properties, and low cost. One of widely
used composite materials is composed of polymeric matrix.
These polymer matrixes are often reinforced with synthetic
(glass fiber, carbon, and aramid) and natural fibers (sisal,
jute, flax, etc.). These polymer matrix composites (PMCs)
are not only used in industries, automobiles, ships, and
structural applications but also proved to be advantageous
for their high strength to weight ratio, ease to fabricate,
complex shapes, low cost, and good resistance to corrosion
and marine fouling [1, 2]. Synthetic fiber based composites

are less prone to degradation because of their high molecular
mass and hydrophobic character. Natural fiber reinforced
composites show few drawbacks like low strength, poor inter-
facial bonding, and moisture uptake compared to artificial
fiber reinforced composites. Natural fibers are particularly
sensitive to moisture because fiber/matrix interface is critical
zone for composite long-term performance [3]. Chemical
treatment is an essential processing parameter to reduce
hydrophilic nature of the fibers and thus improves adhesion
with the matrix. Pretreatments of fiber change its structure
and surface morphology. Hydrophilic hydroxyl groups are
removed from the fiber by the action of different chemicals.
Significant improvements in the mechanical properties of
the composites are reported by using different chemical
treatments (NaOH, KMnO

4
, etc.) to achieve a good adhesion
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between fiber and matrix [4]. After these treatments of
fibers, removal of hemicelluloses, pectin, lignin, and wax
and increases in roughness of fibers were observed [4] in
addition to mechanical interlocking [5]. Chemically treated
fiber reinforced composites show significant improvement
in mechanical properties [6]. Studies have shown that
NaOH treated coir fiber had better mechanical property
than sodium lauryl sulphate (SLS) treated coir fiber. In
both cases the fiber was reinforced with epoxy resin [7].
Results have shown that NaOH treated sisal fiber reinforced
composites showed improved tensile and flexural strength
compared to untreated sisal fiber reinforced composites [8].
Permanganate treatment on natural fibers is conducted by
potassium permanganate (KMnO

4
) in acetone solution.This

treatment enhances chemical interlocking at the interface
and provides better adhesion with the matrix (Akash et al.
[9]). It also reacts with the lignin (hydrophilic AOH groups)
constituents and separates from the fiber cell wall which
causes reduction of hydrophilic nature of the fiber [10].

In Bangladesh, banana is abundantly cultivated. Banana
fiber can be easily obtained from the pseudostem after the
fruits and leaves are utilized and also the bark of the plant
itself. Like other natural fibers such as jute, sisal, and hemp,
banana fibers have also been used as a reinforcing material.
Venkateshwaran et al. [11–13] studied the mechanical prop-
erties of tensile and flexural strength and impact and water
absorption tests were carried out using banana/epoxy com-
posite material. The effect of alkali and SLS (sodium lauryl
sulphate) treatment on banana/kenaf hybrid composites and
woven hybrid composites was also studied.

Current research activities have shifted towards the
development of “cost-performance” rather than “high-
performance” thermoplastic composites. Since cost-
effectiveness depends also on raw material cost, most
composite systems that are considered as an attractive
candidate for this “cost-performance” market are based
on E-glass fibers and resins such as polypropylene (PP),
polyamide-6,6 (PA-6,6), poly(ethylene terephthalate) (PET),
or poly(butylene terephthalate) (PBT) [14]. Among these
PP offers a number of favorable characteristics as matrix
material for high volume applications of compositematerials.
It exhibits many beneficial properties such as low price, high
toughness, low density, relatively high thermal stability,
good (di) electrical properties, and chemical resistance [15].
Moreover, PP can easily be processed and recycled and is
available in a large number of grades. Considering all these
facts, we aimed to prepare a composite based on PP which
is reinforced by chemically treated banana fiber. The aim of
chemical treatment is to improve the hydrophobic character
of the fiber and to afford a better reinforcement in between
the fiber and hydrophobic matrix.

2. Materials and Methods

2.1. Preparation of Banana Fiber. Banana fibers were col-
lected from the bark of banana plant of species Musa ornata
(Sagor Kala) from Curzon Hall area. The fibers were about
30 cm long. When banana plants got matured, the bark of
the plant was cut down into small pieces and separated

layers were tied up in bundles. The bundles were put under
fresh water in two separate buckets for twenty days. Then
compost fertilizer was mixed with the water and bundles
were kept for five more days. When rotten, the barks were
taken out of the bucket and washed thoroughly with water
several times and dried in open air without exposure to
sunlight. The removal of impurities such as dirty materials
and gummy substances was carried out by immersing dry
fibers in a solution of 6.5 g detergent per liter of water at
70–75∘C for 30min in a beaker. Fiber-to-solution ratio was
1 : 50 (by weight).They were washed thoroughly with distilled
water to remove impurities and dried in an oven at 50∘C for
20min before drying in open air for 24 hrs and stored in a
desiccator.

2.2. Removal of Moisture from Treated and Untreated Banana
Fiber. Treated and untreated banana fibers were kept at 50∘C
for three hours in the oven for the removal of moisture.
This was done for better sample preparation and removal
of undesirable bubble in the composite. Raw BBF, 0.055%
KMnO

4
treated BBF, and 7.5% NaOH treated BBF were used

to prepare BBF/PP composites in different composition.

2.3. Removal of Moisture from Polypropylene. Commercial
polypropylene used for the preparation of composite was iso-
tactic and had an intermediate level of crystallinity between
that of low-density polyethylene (LDPE) and that of high-
density polyethylene (HDPE). The commercial isotactic PP
had a melting point that ranges from 160 to 166∘C. It was
dried by desiccating the polymer in the furnace operated
electrically at 80∘C for 3 hours, for better sample preparation.
Desiccating is the process of preservation by removing all
water and liquids from the substance. Moisture removal of
polymer was needed to make sure that the final sample was
free from undesirable bubble.

2.4. Composite Pellets Preparation. PP and BBF powder were
proportionately, gradually, and simultaneously poured into
the hopper of an extruder set at a temperature of 170∘C. The
mixture then came into the contact of header and rotating
shaft, where PP melted and the speed of the shaft helped
to squeeze out the mixture through nozzle. Shaft speed was
kept moderate to prevent the running out of the mixture.
Mixing was the major part for the extrusion. If the mixing
of fiber and matrix is not done homogeneously, the quality of
the products obtained would be very poor. Noodles obtained
through nozzles then chopped into small pellets, which were
favorable for further extrusion. This process was repeated at
least three times for uniform mixing.

2.5. Composite Sheet Preparation. Beads of BBF/PP compos-
ites made by chopping the extruder’s nozzle discharge were
taken into a mold prepared before by polishing with very fine
emery paper, acetone washing, and spraying mold releaser.
Then 20 g of pellet was taken into a mold placed between the
two steel plates of weber-pressure hydraulic press (hot press)
to make composite sheet. The temperature of the hot press
was set at 170∘C while the initial pressure was set at 350KN.
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Table 1: Composition of different composites.

Composites Composition (wt.%)
PP (wt.%) Banana fiber (wt.%)

C1 100 0
C2 95 5
C3 90 10
C4 85 15

Figure 1: Pellets of BBF/PP composites.

It took around 30 minutes to reach the set temperature. After
reaching the set temperature, the melt was held for about 5
minutes at 100KN pressure. Then the sheet was cooled down
to below 40∘C (Figures 1 and 2 and Table 1).

3. Results and Discussions

3.1. Physical Properties of Raw and Treated BBF/PP Com-
posites. From Figure 3, it is observed that the highest value
of water absorption is for 15% raw BBF/PP composites and
water absorption increases with the increase of percentage
of raw fiber addition. Fiber is the hydrophilic part while PP
is the hydrophobic part of the composite. That is why the
hydrophilicity of the composite increases with the increase of
fiber percentage in the composite. The same property is also
found for NaOH and KMnO

4
treated fibers. It is also found

that raw BBF/PP composites absorb more water than treated
BBF/PP composites. Sodium hydroxide treatment removes
the hydrogen bonding in the network structure of the fibers
cellulose, increasing fibers surface roughness [16]. It is due to
the fact that chemical treatment causes loss of hemicellulose,
lignin, and pectin of the fiber, decreasing the hydrophilicity
and increasing the surface tension and roughness of the fiber,
ensuring proper adhesion between matrix and fiber, and
making the composite less penetrable to water [17].

3.2. Mechanical Properties of Raw and
Treated BBF/PP Composites

3.2.1. Ultimate Tensile Strength (UTS) of Raw and Treated
BBF/PP Composites. Tensile specimen was prepared accord-
ing to ASTM D638-98. The test speed was 1mm/min while
the number of test specimens examined is 6. It is observed
that UTS increases with fiber treatment and with the increase
of percentage of fiber addition [16]. Chemical treatment of
fiber reduces incompatibility between hydrophilic fiber and

Figure 2: BBF/PP composites in pressed form.

5%
 ra

w PP

5%
 N

 tr
ea

te
d

5%
 K

 tr
ea

te
d

10
%

 ra
w

10
%

 N
 tr

ea
te

d

10
%

 K
 tr

ea
te

d

15
%

 ra
w

15
%

 N
 tr

ea
te

d

15
%

 K
 tr

ea
te

d

0
0.05

0.1
0.15

0.2
0.25

0.3
0.35

0.4
0.45

0.5

W
at

er
 u

pt
ak

e (
%

)

0hr
3hr
8hr

24hr
48hr
72hr

Figure 3: Water uptake for treated and untreated BBF/PP compos-
ites for time interval 0∼72 hr.

hydrophobic PP by removing waxes and other noncellulosic
substances, which brings about poor adhesion between fiber
and matrix, producing rough surfaces and creating strong
adhesion between matrix and fiber. With the increase of
fiber addition, surface area between fiber and matrix was
increased, strengthening the fiber-matrix adhesion [18]. The
value of UTS for 15% KMnO

4
treated BBF/PP composite

is 35.72MPa, which is the highest. It justifies the vigor of
permanganate treatment producing the rougher surface of
fiber. Thus it produces better adhesion between fiber and
matrix (Figure 4).

It is also observed that NaOH treated BBF/PP composites
have less tensile strength with respect to KMnO

4
treated

BBF/PP composites, indicating the efficiency of KMnO
4

treatment over NaOH treatment. Permanganate treatment
brings about the formation of cellulose radical through
Mno−3 ion formation.Thehighly reactiveMn3+ is responsible
for initiating permanganate induced grafting [19]. How-
ever, mechanical interlocking in permanganate treatment,
between the rougher fiber and the matrix, is a predominant
interfacial bonding mechanism compared to that of the
chemical bonding [20].
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Figure 4: The ultimate tensile strength (UTS) of different percent-
ages of raw and treated BBF/PP composites.
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Figure 5: Comparison of % elongation of raw and treated BBF/PP
composites.

3.2.2. Percentage Elongation of Raw and Treated BBF/PP
Composites. Figure 5 shows the comparison of percentage
elongation of raw and treated BBF/PP composites. It is
observed that treated fiber composites have less percentage
elongation than that of raw fiber reinforced composite.
Chemical treatment removes lignin, hemicellulose, and other
materials from the fiber. Thus roughness of the fiber surface
and adhesion between matrix and fiber increased. Increased
adhesion decreases ductility or increases hardness of the
composites.That is why chemical treatment eventually results
in less % elongation in composites. Also NaOH treated fiber
composite has comparatively more elongation than that of
KMnO

4
treated fiber composite. This is due to the more

adhesion between fiber and matrix in KMnO
4
treated fiber

composite. As KMnO
4
treatment is more vigorous than

NaOH treatment, KMnO
4
treatment removes more fiber

surface material and makes the surface rougher, resulting
in increased adhesion. With the increase of fiber addition,
adhesion between fiber and matrix also increases because of
the increase of rough surface area. So % elongation decreases
with fiber addition.

3.2.3. Flexural Strength of Raw and Treated BF/PP Composites.
Figure 6 shows comparison of flexural strength of various
percentage raw and treated BBF/PP composites. It is observed
that the highest flexural strength (50MPa) is for KMnO

4

treated 15wt.% BBF/PP composites and the lowest flexural
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Figure 6: Comparison of flexural strength of different BBF/PP
composites.

strength is for PP (40MPa). Flexural strength increases with
the increase of percentage of fiber addition. Goriparthi et al.
[21] attributed to the fiber surface modification by both
permanganate and mercerization chemical treatments for
the increase of flexural strength. Because both chemical
treatment and fiber content increase the adhesion forces
between fiber andmatrix, the highest value explains the vigor
of KMnO

4
treatment.

3.3. TG Analysis of BF/PP Composites. Thermal analysis is
an important and very useful method to characterize any
material such as thermoplastic or thermosetting polymer
matrix and also to determine the influence of natural fibers
addition into the polymers [22]. Thermal analysis is used as
an analytical method in understanding the structural prop-
erty relationship and thermal stability of compositematerials,
such as the incompatibility between fibers and polymer
matrixes.Themajority of natural fibers have low degradation
temperatures (200∘C) as a function of cellulose and lignin
which make them inadequate for processing temperatures
above 200∘C [23]. In Figure 7, S4 (red line) represents
TG analysis of KMnO

4
treated 15 wt.% BF/PP composite,

S1 (green line) untreated 15wt.% BF/PP composite, and S2
(blue line) NaOH treated 15wt.% BF/PP composite. From
Figure 7, it is observable that initial drop in weight is
normally attributed to the release of absorbed moisture or
the vaporization of water related to the humidity from the
surface of fibers. The interaction between hydrogen bonds
allowed the thermal energy to be distributed over many
bonds and is a major source of stability in cellulose [24]. This
was correlated with the dehydration of the banana fiber. After
the first constant stage, a sloping decrease in weight occurred
until the onset temperature reached at 400∼500∘C. This
sloping decrease can be associated with the decomposition
of the banana fibers constituents including lignin, cellulose,
and hemicelluloses. The higher onset temperature means the
higher crystallinity and stability [25]. So from the figure it is
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Figure 7: TGA analysis for different BBF/PP composites. Thermal analysis result, Center for Advanced Research in Sciences, University of
Dhaka.

(a) (b)

Figure 8: SEM images of tensile fractured surfaces of (a) NaOH treated composites and (b) untreated composites.

clear that KMnO
4
treated 15 wt.% BF/PP composite has the

highest crystallinity and thermal stability. The lowest water
absorption by this composite also justifies the fact.

3.4. SEM Analysis of BBF/PP Composites. SEM images of
tensile fractured surfaces of untreated and NaOH treated
composites are shown in Figure 8. The fractured surface of
untreated banana fiber composite exhibits a large number of
pullouts, indicating poor fiber-matrix adhesion. It can also
be observed from Figure 8(b) that no matrix is adhered to
the surface of pulled out fiber, indicating the incompatibility
between matrix and fiber. On the other hand, NaOH treated
composite exhibits a fiber breakage rather than pullout that
indicates a strong interfacial bonding between the fiber and
matrix, which in turn results in the transfer of stress between
the fiber and the matrix [21].

3.5. FTIR Analysis. Figure 9(a) shows the FTIR spectrum
of PP. From the figure, C-H asymmetric stretching band
at 2929 cm−1 and C-H asymmetric deformation band at
1454 cm−1 for CH

2
and CH

3
group, respectively, and C-C

absorption band at 1200∼1000 cm−1 for carbon chain are
observed. Figure 9(b) shows the FTIR spectrum of 15% raw
BBF/PP composite. From the figure, it can be noted that
there is an absorption peak at 3340 cm−1 indicating O-H
stretching absorption band.Here, C-Hasymmetric stretching
band at 2927 cm−1 and C-H asymmetric deformation band at
1452 cm−1 for CH

2
and CH

3
group, respectively, C=C stretch-

ing band at 1641 cm−1, C-O absorption band at 1226 cm−1
for ether group and C-O absorption band at 1035 cm−1 for
primary hydroxyl group, and C-C absorption band at 1200∼
1000 cm−1 for carbon chain are observed.

Figures 10(a) and 10(b) show the FTIR spectrum of 15%
treated BF/PP composites. From the figure, it can be noted
that there is an absorption peak at 3307 cm−1, which indicates
O-H stretching absorption band. Here, C-H asymmetric
stretching band at 2927 cm−1 and C-H asymmetric deforma-
tion band at 1450 cm−1 for CH

2
and CH

3
group, respectively,

C=C stretching band at 1641 cm−1, C-O absorption band
at 1224 cm−1 for ether group, and C-C absorption band at
1200∼1000 cm−1 for carbon chain are seen. Sgriccia et al. [26]
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Figure 9: (a) FTIR spectrum of PP and (b) FTIR spectrum of 15% raw BBF/PP composite.
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Figure 10: (a) FTIR spectrum of 15% NaOH treated BF/PP and (b) 15% KMnO
4
treated BBF/PP composites.

studied the effects of NaOH fiber treatment on the natural
fiber surfaces using FTIR. They attributed the disappearance
of C=O stretching of the acetyl group of hemicellulose to
the removal of hemicellulose from the fiber surfaces. From
Figure 9(b), it can be seen that 1735 cm−1 peak for C=O
stretching of the acetyl group of hemicellulose is present
in raw banana fiber [27, 28]. But from Figures 10(a) and
10(b) this is evident that this peak is disappeared from
both alkali and KMnO

4
treated BBF/PP composite samples,

which proves that both fiber treatments cause the removal of
hemicellulose [28]. Again, 1234 cm−1 peak forC=O stretching
of the acetyl group of lignin is not present in the KMnO

4

treated BBF/PP composite sample (Figure 10(b)), which
means that KMnO

4
treatment removes lignin from the fiber.

But this peak is reduced to 1230 cm−1 and is less intense in
case of alkali treated BBF/PP composite sample, whichmeans
that alkali treatment partially removed lignin from the fiber
[28].

4. Conclusions

In this study, we have prepared composites using treated and
untreated banana fibers with commercial PP as a matrix.
The water uptake studies reveal that 5% KMnO

4
treated

fiber composites absorb less water compared to others. The
mechanical property of KMnO

4
treated composite appears

to be better in terms of ultimate tensile strength (25MPa),
flexural strength (50MPa), andmicrohardness. TGA analysis
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shows onset temperature at 400∼500∘C that can be associated
with the decomposition of the banana fibers constituents
including lignin, cellulose, and hemicelluloses. In conclusion,
chemically treated banana bark fiber (BBF) has the capability
to improve the composite properties, which is attributed
to better hydrophobic character accompanied with better
mechanical properties as well as less water adsorption for the
fiber reinforced commercial PP composite.
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Wood polymer composites (WPC) have well proven their applicability in several fields of the plasturgy sector, due to their
aesthetics and low maintenance costs. However, for plasturgy applications, the characterization of viscoelastic behavior and
thermomechanical and thermophysical properties ofWPCwith the temperature andwood filler contents is essential.Therefore, the
processability of polymer compositesmade upwith different percentage of wood particles needs a better understanding ofmaterials
behaviors in accordance with temperature and wood particles contents. To this end, a numerical analysis of the viscoelastic,
mechanical, and thermophysical properties of composite composed of high density polyethylene (HDPE) reinforced with soft
wood particles is evaluated.

1. Introduction

Nowadays, due to the environmental and economic con-
cerns, many research activities are directed towards the
development of new composites based on thermoplastic
matrices with plants (or their residues) reinforcement [1].
Reinforcement of composites with natural fillers has several
advantages in comparison to mineral fillers including lower
density, being inexpensive, and being nonabrasive. In fact,
high cellulose component of natural fillers makes them
easily biodegradable and recyclable. Also, cellulose fillers
possess a crystalline structure which plays a positive role
in the composite reinforcement. As a consequence many
researchers are interested in the development of new tech-
niques for extraction and modification of cellulose fillers
from bioresources [2–4].

In addition, cellulose has a reactive functionality that can
react with coupling agents thus enhancing adhesion between
the fiber and matrix [5]. Studies have also shown that the
mechanical properties of composites are highly depending
on the interaction between the thermoplastic matrix and

distribution of loaded fillers [6].While this interaction is well
established, the loading force will be transferred frommatrix
to fillers more effectively.

On the other hand, the majority of modeling and sim-
ulating work of these biocomposites for their processing
assumes constant thermal parameters of the materials, such
as density and heat conductivity, or they do not take into
account the special temperature dependency of the specific
heat due to melting process. This is because the temperature
dependence of these material parameters for biocomposites
is not understood sufficiently so far. Since the rheological
and deformation behaviors are strongly connected with
the thermal behavior, it became obvious that these issues
affect directly the accuracy of any simulation or modeling
result.

In this regard, this work attempts to investigate, for
thermoforming application, the process ability of composites
made up of wood and a matrix of thermoplastic for six
different proportions of wood fillers. To this end, a numerical
analysis of the viscoelastic, thermomechanical, and thermo-
physical properties of composite composed of high density
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(a) (b)

Figure 1: Pellets (a) and compression molded samples (b) of wood polymer composites.

Table 1: Average geometrical dimensions of fillers.

Area
(mm2)

Long axis
(mm)

Short axis
(mm)

Shape ratio
(L/D)

0.1154 0.574 0.302 1.97

polyethylene (HDPE) reinforced with soft wood particles is
evaluated.

2. Materials and Methods

2.1.Materials. The sawdust used in this studywas supplied by
Tembec sawmill located in Béarn (QC, Canada). It consists
of 65% of white spruce (Picea glauca), 20% of black spruce
(Picea mariana), and 15% of balsam fir (Abies balsamea). The
particle size analysis of the sawdust is performed on more
than 5000 particles using the apparatus FQA (Fiber Quality
Analyser, Optest Equipment, Hawkesbury, Ontario). Table 1
shows the average geometry of sawdust. Wood flour was
sieved to a diameter less than 700 microns (Ǿ < 0.7mm).
The polymer matrix is a high density polyethylene (Sclair
A59), with the melting temperature of 138∘C and density
of 980 kg/m3. The coupling agent is Fusabond 226 from
Dupont, which is a polyethylene grafted with maleic anhy-
dride (melting temperature 120∘C, melt flow index (MFI)
of 1.5 g/10min, under condition 190∘C, 2.16 kg). The used
amount of coupling agent is 3% of total weight of composite.
This amount is well known to improve the homogeneity of the
mixture ensuring better distribution of fibers in the polymer
matrix [7, 8]. The sieved sawdust was previously dried under
temperature of 105∘C for 24 hours and stored in polyethylene
bags.The residual moisture content in wood used for samples
preparation is estimated by a second drying of 120∘C for
24 h. The wood humidity amount calculated from the mass
of sawdust before and after drying was found less than 3%wt.

2.2. Methods. The composite samples were prepared using
a twin-screw counter-mixer (Haake Rheometrix with roller

rotors) with angular speed of 90 rpm at the temperature
of 170∘C. In fact, this temperature is lower than wood
fibers degradation temperature (200∘C) [9]. To prepare the
composite material, first of all, Sclair A59 (HDPE polymer)
and Fusabond (coupling agent) were mixed for 2 minutes
in order to insure complete melting of the materials. Then,
sawdust was added to the mixture and blended for 5 minutes.
Six different sawdust proportions were investigated including
0wt%, 20wt%, 30wt%, 40wt%, 50wt%, and 60wt% and the
total mass of composite in mixing chamber is 148 g. In the
next step, flat disc samples were prepared by compression
molding using a hot press at the temperature of 150∘C
(above melting temperature of the polymer, 138∘C) with
aluminum mold plates. In order to make sure the mixture
is softened properly, a preload was first applied for two
minutes. This preload is also beneficial for removing possible
accumulated air in thematerial.Then, loading on thematerial
was continued up to 8MPa for 4 minutes to give the final
circular shape of the samples with 20mmdiameter and 4mm
thickness (Figure 1).

3. Viscoelastic Characterization of
Biocomposites

3.1. Constitutive Equation. The material deformation mech-
anisms that occur in plasturgy can be classified into two
types: linearmaterial response and nonlinearities due to large
deformations. The linear properties refer to elastic modulus,
viscosity, and deformation memory while the nonlinear part
refers to damping due to large deformations.

Integral type viscoelastic models relate the true stress
to strain history. These models are more appropriate for
representing polymers at the semisolid or molten state.
The Lodge model [10] has been developed for representing
the viscoelastic deformation of viscoelastic polymers. For
example, it can be used for the thermoforming of semisolid
materials [1] or injection for molten state [10].

To handle the behavior of isotropic thermoplastic com-
posite, we apply the Lodge constitutive model [10]. For this
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Figure 2: Dynamic modulus (loss modulus (a) and elastic modulus (b)) of WPC composites with different concentration of wood fillers at
𝑇 = 170

∘C.

model, the Cauchy stress tensor 𝜎(t) is related, at time t, to
the history of the Finger deformation tensor B(𝜏, t) by

𝜎 (𝑡) = −𝑝 (𝑡) I + ∫
𝑡

0

∑

𝑘

𝑔
𝑘

𝜏
𝑘

𝑒
−(𝑡−𝜏)/𝜏𝑘
𝜕B (𝜏, 𝑡)
𝜕𝜏

𝑑𝜏, (1)

where the Finger tensor B is related to the right Cauchy-
Green deformation tensor C:

B = C−1 = (F𝑇F)
−1

. (2)

F is the deformation gradient tensor, 𝑝 is the hydrostatic
pressure, and 𝑔

𝑘
and 𝜏
𝑘
represent, respectively, the stiffness

moduli and the relaxation time. The dependency of these
models on temperature is accounted for by using the WLF
function [11].

3.2. Characterization Techniques. The determination of
material constants requires the use of different charac-
terization techniques. The linear properties can be obtained
from small amplitude oscillatory shear test [12, 13]. This
technique is used to determine the storage and loss moduli of
the six composites (Figure 2). Data were collected at different
flours percentage, in the Sclair A59 matrix, of 0%, 20%,
30%, 40%, 50%, and 60%. As shown, good superposition
is obtained. The dynamic moduli curves for six composites
have very different shapes but shifted in frequency.

From the dynamic data, the discrete relaxation spectra for
six composites were determined employing a pattern search
method which minimizes the objective function, 𝐹, defined:

𝐹 =

𝑁

∑
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where 𝑁 is the number of data points, (𝐺
𝑖,exp, 𝐺



𝑖,exp) is
available from the dynamic experiments, and (𝐺
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denotes the best fit values on the basis of equations:
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(4)

The low-frequency behavior is dominated by the long relax-
ation times and the high-frequency response is controlled by
the short relaxation times.

This representation makes it possible to describe the
linear viscoelastic behavior over a wide range of time values
bymeans of only a few constants.The relaxation strengths 𝑔

𝑘
,

which represent the contribution to rigidity associated with
relaxation times 𝜏

𝑘
, are listed in Table 2.
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Table 2: Relaxation spectrum at 170∘C for WPC.

% wood fillers 0 wt% 20wt% 30wt% 40wt% 50wt% 60wt%
𝜏
𝑘
, sec 𝑔

𝑘
, MPa 𝑔

𝑘
, MPa 𝑔

𝑘
, MPa 𝑔

𝑘
, MPa 𝑔

𝑘
, MPa 𝑔

𝑘
, MPa

0.001 0.181 0.3314 0.4649 0.6811 1.1246 1.1286
0.01 0.0635 0.1219 0.1769 0.2605 0.4343 0.4987
0.1 0.0298 0.0655 0.1083 0.1696 0.2596 0.4685
1 0.011 0.0302 0.0566 0.1029 0.1249 0.3276
10 0.0033 0.015 0.0344 0.061 0.1166 0.3178
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Figure 3: Change of heat capacity of HDPE-wood composite as
function of temperature.

4. Measurement of Heat Capacity and
Specific Volume as Functions of Fillers
Contents and Temperature

4.1. Heat Capacity. Data curves of DSC analyses were used
to evaluate the heat capacity of biocomposites. In Figure 3 we
show the variation of specific heat capacity of the biocompos-
ites with different fillers content as a function of temperature.
We noticed that, during the melting phase, the variation of
this parameter (Δ𝐶

𝑝
) of HDPE-wood composites decreased

compared to the matrix, for polyethylene is estimated to
value 14.36 J/g⋅∘C and for HDPE-60% wood fillers are equal
to 6.7 J/g⋅∘C as shown in Figure 3. It could be interpreted in
the ways that the wood fillers act as a hindrance of molecular
chains mobility close to melting temperature. These results
are similar to those reported in many studies on natural
fillers polymers composites. Bendahou and coauthors have
investigated the effect of filler content and coupling agent
on physical properties of short palm tree fibers polyolefin
composites [13]. They report a slight increase of melting
temperature independently of the percentage of natural
fillers and also a considerable improvement in the structural
arrangement of the polymers when the concentration of rein-
forcements increases. According to the authors the natural

0.8

0.9

1

1.1

1.2

1.3

1.4

0 50 100 150 200

HDPE-20% wood
HDPE-30% wood
HDPE-40% wood

HDPE-50% wood
HDPE-60% wood
HDPE

Temperature (∘C)

Sp
ec

ifi
c v

ol
um

e (
cm

3
/g

)

Figure 4: Specific volume variation as a function of filler contents.

fibers in the polymers act as nucleation site promoting a
high degree of crystallinity of the polymer chains around the
fibers.

4.2. Specific Volume. High temperature gradient accumu-
lated in biocomposite during shaping process leads to a
high residual stresses. This residual stress results generally
in geometric instability of material. Specific volume changes
of the biocomposites can be used as an index to prevent
geometric instability through the processing. Also numerical
simulation of composite behavior, based on temperature,
requires an accurate description of specific volume changes
of biocomposite as a function of temperature. In this regard,
we study the variation of specific volume changes as function
of temperature and filler content. It is visible from Figure 4
that the specific volume increases with the temperature and
decreases while the wood fillers increase. The maximum
change takes place during the melting phase of polymer at a
transition temperature range of about 100 up to 130∘C.This is
mainly due to crystallinity effects at this stage. Also, in cases of
composites with high contents, the density of wood particles
per unit volume increases and the level of interaction between
wood particles became also important.
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Table 3: Linear regression of specific capacity according to the temperature and wood fillers.

Composites
𝐶
𝑝
− 𝐶
𝑝0
= 𝑎 ⋅ 𝑇 𝐶

𝑝
− 𝐶
𝑝1
=

𝐴

𝜔√𝜋/2

⋅ exp−2(𝑇−𝑇𝑚)
2
/(𝜔)
2

0 < 𝑇 < 80∘C 81∘C < 𝑇 < 200∘C
𝐶
𝑝0

𝑎 ⋅ 104 𝑅
2

𝐶
𝑝1

𝑇
𝑚

𝐴 𝜔 𝑅
2

HDPE 2.73 89 98 4.02 138.80 283.5 13.53 0.99
HDPE-20% wood 2.45 116 98 3.81 140.98 315.5 16.79 0.98
HDPE-30% wood 2.52 77 99 3.43 141.72 205.6 14.97 0.98
HDPE-40% wood 2.16 93 99 3.64 138.64 161.9 12.40 0.98
HDPE-50% wood 0.75 62 99 1.64 139.06 83.76 11.58 0.97
HDPE-60% wood 0.50 42 99 1.10 139.06 56.19 11.58 0.97

Table 4: Linear regression of specific volume according to the temperature and wood fillers.

Composites
𝜗 = 𝐴

2
+

(𝐴
1
− 𝐴
2
)

1 + exp(𝑇−𝑇0)/d𝑇
𝜗 − 𝜗
0
= 𝑎 ⋅ 𝑇

20 < 𝑇 < 130 131 < 𝑇 < 200
𝐴
1

𝐴
2

𝑇
0

d𝑇 𝑅
2

𝜗
0

𝑎 ⋅ 10
4

𝑅
2

HDPE 0.97 80 302 31 0.98 1.12 10.10 0.99
HDPE-20% wood 0.89 79 302 31 0.98 1.06 8.05 0.99
HDPE-30% wood 0.89 61 284 29 0.98 1.04 8.11 0.98
HDPE-40% wood 0.85 62 303 32 0.98 1.01 6.92 0.98
HDPE-50% wood 0.86 79 292 28 0.98 0.99 6.53 0.98
HDPE-60% wood 0.83 65 300 29 0.98 0.94 1.91 0.98

4.3. Mathematical Representation of Thermophysical Proper-
ties. For the purpose of processing modeling and numerical
simulation, it is essential to have mathematical expressions
of thermophysical properties of polymer based composites.
Hence, in order to have analytical representations of heat
capacity and specific volume based on the temperature and
wood filler content, some obtained experimental data were
used. In this case, based on a regression analysis the tempera-
ture region was divided into two different regions (inside and
outside of the transition zone). The equations in the tables
represent the best estimates of the measured experimental
data. The values of the required regression parameters are
listed in Table 3 for heat capacity and in Table 4 for specific
volume.

5. Conclusion

Wood polymer composites (WPC) have well proven their
applicability in several fields of the plasturgy sector, due to
their aesthetics and lowmaintenance costs.However, for plas-
turgy applications, the processability of polymer composites
made up with different percentage of wood particles needs
a better understanding of materials behaviors in accordance
with temperature and wood particles contents. In this regard,
we attempt in this work to perform a characterization of
viscoelastic, rheological, and thermophysical properties of
WPC.

Our results indicate that the rheological and the thermo-
mechanical properties of composites vary according to wood
fillers content and temperature. Composites behavior became

more elastic than viscous while wood particles percentage
increases.

Also, thermophysical properties of composites (specific
heat capacity and specific volume) change as function of
temperature and filler content.Themaximum variations take
place during the melting phase of polymer. A mathematical
representation of the variation of thermophysical parameters
according to temperature and wood fillers is performed.
This allowed us to predict the thermophysical behavior
of composite at temperatures and wood fillers where it is
difficult to measure experimentally.
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Renewable polymers have attracted considerable attentions in the last two decades, predominantly due to their environmentally
friendly properties, renewability, good biocompatibility, biodegradability, bioactivity, and modifiability. The nanofibers prepared
from the renewable polymers can combine the excellent properties of the renewable polymer and nanofiber, such as high specific
surface area, high porosity, excellent performances in cell adhesion, migration, proliferation, differentiation, and the analogous
physical properties of extracellular matrix. They have been widely used in the fields of wound dressing to promote the wound
healing, hemostasis, skin regeneration, and treatment of diabetic ulcers. In the present review, the different methods to prepare the
nanofibers from the renewable polymers were introduced.Then the recent progress on preparation and properties of the nanofibers
from different renewable polymers or their composites were reviewed; the application of them in the fields of wound dressing was
emphasized.

1. Introduction

Renewable polymers, including the polymers directly
extracted from biomass and proteins, for example, starch,
chitosan, cellulose, alginate, gelatin, and collagen [1], have
attracted considerable attentions in the last two decades, pre-
dominantly due to their environmentally friendly properties,
renewability, good biocompatibility, biodegradability, bioac-
tivity, andmodifiability [2].The nanofibers prepared from the
renewable polymers can combine the excellent properties of
the renewable polymer and nanofiber [3], such as high specific
surface area, high porosity, excellent performances in cell
adhesion, migration, proliferation, differentiation, and the
analogous physical properties of extracellular matrix (ECM).
They have been widely used in the fields of wound healing,
hemostasis, skin regeneration, and treatment of diabetic
ulcers. In the present review, wewill focus on the preparation,
composition, and properties of nanofibers prepared with
renewable polymers and their applications in the wound
dressing. The research progress and development directions
were also discussed.

2. Methods for the Preparation of
Nanofibers with Renewable Polymers

As nanofibers are becoming increasingly important, the high
throughput preparation of high quality nanofibers has drawn
remarkable attentions. Currently, electrospinning is the most
widely used method for the preparation of nanofibers. Other
methods including Bubbfil spinning, centrifugal spinning,
and freeze-drying have also been reported for their potential
applications in the biological field.

2.1. Electrospinning. Electrospinning is the most commonly
used method for the fabrication of nanofibers due to its
simplicity, adaptability, cost-efficiency, and versatility [4].

In a typical electrospinning process, a high voltage is
applied to a liquid polymer, leading to the ejection of a contin-
uous jet strand from the spinneret towards a grounded collec-
tor.The surface tension of the polymer droplet is overcome by
the applied electric field. The droplet then elongates to form
a cone known as “Taylor cone” and then is extruded from the
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cone to form a fiber jet.The solvent in the jets is evaporated as
the fiber jets travel through the atmosphere and solid polymer
fibers are deposited on the metal collector as nonwoven web
[4].

Based on the preparation process of the polymer, the
electrospinning process can be classified into two groups
including solution electrospinning and melt electrospinning.
Solution electrospinning is limited mainly by its low produc-
tivity, extra solvent extraction process, and requirement of
toxic solvent. Yet it is much more thoroughly reviewed than
melt electrospinning by researchers due to more concerns
on melt electrospinning, such as difficulties inherent in the
finer fiber formation, higher viscosity of polymer melts, and
electrical discharge issues associated with the application of
high voltage [5].Thus, several setups includingmultijets from
single needle, multijets from multineedle, and needleless
systems have been proposed for solution electrospinning to
increase its productivity.

2.1.1. Multijets from Single Needle Electrospinning. For single
needle electrospinning (SNE) process, a single jet is initiated
from the Taylor cone formed by the application of electric
field. Li et al. prepared poly(lactic acid) (PLA)/chitosan core-
shell structure nanofibers from a homogeneous solution
using SNE and found that this method was simpler and more
effective in producing core-shell structures from homogene-
ous solutions than other methods [6]. Ayaz et al. successfully
prepared composite nanofibers with SNE and coaxial (double
needle) electrospinning and compared their performances.
The polymer matrix and filler were mixed before being
infused into the single needle for SNE. Therefore, the filler
was uniformly distributed in thewhole nanofiber. In contrast,
polymer matrix and filler were infused separately into two
nozzles axially centered to each other for coaxial electrospin-
ning, which restricted the filler in the center of nanofiber. In
addition, the average diameter of the nanofibers prepared by
SNE is smaller than that of the nanofibers prepared by coaxial
electrospinning. However, nanofibers prepared through SNE
showed lower breaking elongation than those prepared by the
coaxial method [7].

2.1.2. Multijets from Multineedle Electrospinning. As dis-
cussed above, SNE provides very low throughput productiv-
ity [8].Multineedle electrospinning (MNE) system is a simple
way to improve the productivity and a simple technique to
fabricate composite fibers from the polymers that cannot be
easily dissolved in common solvents. However, the needle
configuration, number of needles, and needle gauge need to
be optimized for the MNE design. For example, needles can
be arranged in one- or two-dimensional configuration. How-
ever, charged jets could interfere with each other and restrain
jets injected from the spinneret, leading to low production
efficiency [9, 10]. The interference between the charged jets
can be resolved by several methods.

Nuryantini et al. prepared PVA/chitosan nanofibermem-
branes using an MNE system with a drum collector. Com-
pared with conventional electrospinning setups, MNE setup
can significantly improve the throughput while maintaining
the uniformity of the size and thickness of the stacked

Electrode

Nozzle

Polymer solution
input channel

Gas input
channel

Figure 1: Setup of MNE spinneret assisted with sheath gas [9].

nanofibers [11]. Yu et al. fabricated nanofibers using a novel
MNE setup with assistant sheath gas as shown in Figure 1 [9].
The assistant sheath gas introduced to the spinneret improved
the stretching process of the charged jet and realized mul-
tijet injection. During the electrospinning, assistant gas was
pumped into the chamber through gas input channels, which
were uniformly distributed and thus contributed to each spin-
neret evenly. Sheath gas at a pressure of 50 kPa decreased the
average diameter of the nanofibers from 600 nm to 472.8 nm
and decreased the diameter distribution region from 249 nm
to 188 nm.The assistant sheath gas also promoted the stability
of the electrospinning and the uniformity of the nanofibers
due to its ability to reduce the required voltage for jet injection
and jet surface charge density [9].

2.1.3. Multijets from Needleless Electrospinning. MNE system
usually needs a big space and optimization of the relative
distance between needles to avert strong charge repulsions
between the jets. Therefore, needleless electrospinning has
been developed and widely used due to its notable ability
to increase the production of nanofibers. For the needleless
electrospinning, an electric field is applied on a large area,
producing numerous polymeric jets from free liquid surface
[5, 8].

Sasithorn andMartinová prepared silk nanofibers by both
needle electrospinning and needleless electrospinning and
found that themass production rate of needleless electrospin-
ning was much higher than that of needle electrospinning.
In addition, the production rate of needleless electrospinning
could be increased significantly with the increase of solution
concentration and applied voltage. However, nanofibers pro-
duced by needle electrospinning were much smaller and had
a narrow diameter distribution [12].

Wang et al. prepared uniform nanofibers using a needle-
less electrospinning system with a rotating spiral wire coil as
the spinneret (Figure 2). The polymer solution was charged
with a high voltage and loaded onto the coil surface by slowly
rotating the coil at 40 rpm. They found the production of
nanofiber was improved by increasing the length (𝐷) and
diameter (𝜙) of the coil or decreasing the spiral distance (𝑑)
and the diameter (𝜙

𝑤
) of the wire. However, these factors

showed no significant effect on the average diameter of the
nanofibers. Compared with the needle electrospinning, the
needless electrospinning with coil spinneret showed better
performance, such as producing thinner nanofibers and
higher productivity [13].
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Figure 2: (a) Schematics of spiral coil electrospinning setup; (b) magnified view of the coil [13].

+

DC high voltage generator

Grounded collector

Jets

Bubble
Solution reservoir

Metal electrode

Gas tube
Gas pump

Figure 3: Bubble electrospinning setup for tunable bubble size [14].

2.2. Bubbfil Spinning. It is known that the increases in the
molecular weight and viscosity of polymers lead to higher
surface tension of their Taylor cone, which cannot be used
to fabricate nanofibers by the conventional electrospinning
methods. Therefore, higher electrostatic force is required for
the electrospinning to fabricate desired nanofibers [14]. Other
drawbacks of electrospinning including low productivity
and uncontrollability of the spinning process call for the
development of other technologies [15].

Bubbfil spinning including bubble electrospinning and
blown bubble spinning is one of main newly developed
methods for the preparation of nanofibers.

2.2.1. Bubble Electrospinning. Bubble electrospinning has
attracted considerable attention due to its high throughput.
Unlike conventional electrospinning, bubble electrospinning
uses electrostatic force rather than Taylor cone to overcome
the surface tension of a polymer bubble [16, 17]. The electro-
spinnability of bubble electrospinning depends geometrically
on the sizes of the obtained bubbles, which avoid using high
voltages and thus make it the best candidate in the green
production. Figure 3 shows a typical bubble electrospinning
setup.

In a typical bubble electrospinning process, bubbles are
formed on the surface of a polymer solution by a controllable

syringe pump as the gas pump slowly turned on.The number
of the bubbles is reduced with the decrease of the tube
diameter. Multiple jets are then ejected from the bubbles to
the grounded collector when the applied voltage surpasses a
critical value.The fluid jets are usually solidified into fibers in
less than 0.001 seconds [5, 14].

Jiang et al. mass-produced nanofibers with an improved
microbubble electrospinning system where a pyramid-
shaped copper spinneret was used as the generator. They
found that the increase of bubble size from 29.6 ± 8.2 𝜇m to
152.7 ± 22.7 𝜇m led to an increase in the average diameter of
nanofibers from 139 ± 39 to 165 ± 26 nm. The microbubble
electrospinning produced nanofibers with average diameter
of 147± 28 nmwith the bubble sizes of 59.9 ± 10.8 𝜇m, which
are similar to those produced by the conventional electro-
spinning with the same processing parameters. The through-
put of microbubble electrospinning reached 8.9 g/h, which
was much higher than that of the conventional electrospin-
ning (5.2 g/h) [18].

2.2.2. Blown Bubble Spinning. Blown bubble spinning pro-
duces nanofibers using blowing air and has been used
commercially as a one-step process to convert polymer resin
directly into a nonwoven mat of fibers. Figure 4 shows an
experimental setup of blown bubble spinning.

Blown bubble spinning process is very much similar to
bubble electrospinning except that it uses blowing air instead
of electronic force to produce fine fibers [19].However, aweak
electronic field can significantly improve the performance
of the blown bubble spinning, which actually turns into an
electrostatic-field-assisted blown bubble spinning (Figure 5).
It can also be called as air-jet assisted bubble electrospinning,
depending on which one is the major functional force [14].

Li et al. prepared silk fibroin through blown bubble
spinning and found that the direction of blowing air, both
perpendicular (setup I in Figure 6(a)) and parallel (setup II in
Figure 6(b)) to the ejected direction of broken polymer bub-
ble, could affect the morphology, structure, and arrangement
of the produced fibers. For example, random oriented nano-
fibers with an average diameter of 524.25 ± 142.41 nm were
formed through setup I andwell organized fiber bundles were
obtained with setup II [16].

2.3. Centrifugal Spinning. Centrifugal spinning, also called
rotary spinning or rotational jet spinning, has been well
developed. Since no high voltage is required by the centrifugal
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Figure 4: Blown bubble spinning (the only acting force is blowing
air) [14].
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Figure 5: Air-jet assisted bubble electrospinning or electrostatic-
field-assisted blown bubble spinning [14].

spinning, the system can alleviate safety-related concerns.
In addition, centrifugal spinning can remarkably improve
the production efficiency by increasing the rotational speed,
allowing the fast and large-scale fabrication of nanofibers.
Compared with the electrospinning process, it also allows
nanofiber fabrication from the polymers at much higher
concentrations, which decreases the use of solvent and lowers
the production cost [20].

During a typical spinning process, a polymer solution is
introduced into a highly rotating spinneret and then ejected
as jets at a high rotating speed which is used to overcome the
surface tension. The jets are then deposited on the collectors
to form dried nanofibers as the solvent evaporated during

the stretching process. Figure 7 shows a typical setup for
centrifugal spinning [20].

Hammami et al. prepared nanoscale fibers using cen-
trifugal force spinning and found that centrifugal force
spinning also required certain chain overlap or entanglement.
However, needles with smaller inner diameters were used for
the centrifugal force spinning, which significantly improved
the spinnability of the nanofiber [21].

Erickson et al. fabricated highly aligned chitosan/polyca-
prolactone (PCL) nanofibers via centrifugal electrospinning
system. Compared with those produced by the conventional
electrospinning, the nanofibers produced by centrifugal
electrospinning showed more uniform diameters and were
aligned vertically.The diameter distribution of the nanofibers
produced by centrifugal electrospinning was from 100 nm to
275 nm,whichwasmuchnarrower than that of the nanofibers
produced by the conventional electrospinning (25–450 nm)
[22].

2.4. Freeze-Drying. Freeze-drying (FD) can fabricate porous
structures with controllable sizes directly from polymers,
such as chitin, without structure-directing additives or pre-
treatments needed, which cannot be achieved by other
techniques, such as self-assembly and electrospinning [23]. In
addition, no high temperature and further leaching step are
required for the freeze-drying process [24]. Therefore, it has
drawn increasing attention in the fabrication of nanofibers.
Starting with solution, emulsion, or dispersion, freezing leads
the solute or solids to be excluded by ice front in the intersti-
tial spaces between ice crystals. Then porous structures are
created by the following sublimation [23].

Ma et al. prepared chitosan (CS)/sodium hyaluronate
(SH) polyelectrolyte complex (PEC) fibers by FD method.
The SEM images indicate that the equimolar ratio of CS to SH
benefits the formationmost.The in vitro tests indicate that the
freeze-dried fibers have no cytotoxicity and good compatibil-
ity, which are essential for its application in aqueous systems,
especially for biological and environmental applications [25].

Wu andMeredith prepared nondirectional and aperiodic
chitin nanofibers (CNFs) by FDmethod.The prepared struc-
tures successfully mimicked the size and interconnectivity of
white beetle structure with improved porosity. In all, the fine
and porous structure can be realized by more facile water-
based FD method [23].

3. Renewable Polymers for
the Preparation of Nanofibers

3.1. Chitosan. Chitosan (CS) is a natural cationic polyelec-
trolyte copolymer that can be obtained by the deacetylation
of its parent polymer chitin, a naturally occurring source
derived from the exoskeleton of insects, crustaceans, and
certain fungi. The abundance as a renewable resource and
excellent properties, such as hemostasis, biodegradability,
biocompatibility, nontoxicity, and chelation with metals, ren-
der chitosan suitable for biomedical applications. Moreover,
chitosan has also shown good performances in inhibiting the
growth of a wide variety of yeasts, fungi, and bacteria as
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Figure 6: The schematic of the experimental setup of two airflow directions: (a) perpendicular flow and (b) parallel flow [16].
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Figure 7: Setup of centrifugal spinning [20].

well as gas and aroma barrier properties in dry condition.
All these positive features of chitosan have provided ample
opportunities for further development in biomedical and
other industrial fields [26–28].

It has been reported that pure chitosan fibers can be pro-
duced in nonaqueous solvents. For example, electrospinning
of pure chitosan was successfully achieved in trifluoroacetic
acid (TFA) byOhkawa et al. [29]. Sencadas et al. improved the
homogeneity of the nanofibers by adding dichloromethane
to the chitosan/TFA mixtures and systematically studied the
processing parameters to set the ground for a reproducible
way to obtain chitosan nanofibers for specific applications
[30].

However, electrospinning individual chitosan from its
aqueous solution remains a challenge. First, the rigid D-
glucosamine repeat unit, high crystallinity, and ability to form
strong hydrogen bond of chitosan make it difficult to be dis-
solved in most solvents. In addition, its polycationic property
also leads to high viscosity, which hinders the formation of
sufficient chain entanglements and results in the formation
of nanobeads rather than nanofibers [26, 31]. However, the
solvents for the spinning of the pure chitosan are environ-
mentally harmful [32]. The electrospinning for chitosan can
only be achieved at concentrations in the range between 2%

and 8% (wt/v).This urges us to develop newversatilemethods
for the electrospinning of chitosan at higher concentrations
to ensure the mechanical stability and retain the bioactivity
of its nanofiber products [33].

Therefore, special attention needs to be paid to improv-
ing the spinnability of chitosan. Attempts have been made
by blending chitosan with synthesized polymers, such as
polyethylene oxide (PEO), polyvinyl alcohol (PVA), and
PLA, and renewable polymers such as gelatin, alginate, and
silk fibroin and nanoparticles to improve the mechanical
strength, antibacterial activity, and antiadhesive properties
towards bacteria of its nanofibers [31, 34].

PVA is a typical nontoxic and water-soluble synthesized
polymer with high biocompatibility and hydrophilicity. More
importantly, PVA has goodmechanical properties [35]. Liu et
al. explored the preparation of PVA/chitosan hydrogel nanofi-
bers by solution blowing method with ethylene glycol digly-
cidyl ether (EGDE) as cross-linker at various concentrations
(as shown in Figure 8) and found that CS/PVA hydrogel
nanofibermats possessed the properties of both hydrogel and
nanofiber mats. In addition to the similar excellent exudate
absorption property to that of hydrogel films, hydrogel
nanofiber mats allowed gaseous exchange, which decreased
with the increase of its cross-linking degree (DCL).Moreover,
CS/PVA hydrogel nanofiber mats demonstrated good anti-
bacterial rates of over 81% against E. coli, which was not
significantly affected by DCL. The findings suggest that
the CS/PVA nanofiber hydrogel is a promising material for
wound dressing [36].

Compared with synthetic polymers, natural polymers
have better biocompatibility and lower immunogenicity.
Sericin is one of the biodegradable and biocompatible natural
polymers with good antioxidant, moisture absorption, and
antibacterial and UV resistance properties and has been
widely used in cosmetics and fabrics. Zhao et al. prepared
chitosan/sericin composite nanofibers by blending binatural
polymers and electrospinning to enhance their biological
performance. The nanofibers had diameters ranging from
240 nm to 380 nm and continuous and uniform diame-
ter distribution. Bioassays indicated that these novel com-
posite nanofibers showed noncytotoxicity and remarkably
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Figure 8: The structure of CS/PVA hydrogel nanofibers cross-linked by EGDE.

enhanced cell proliferation and antibacterial activities against
both Gram-negative bacteria Escherichia coli and Gram-
positive bacteria Bacillus subtilis [34].

Ag nanoparticles (Ag-NPs) have shown superior antibac-
terial properties. Ag-NPs can attach to cells to interrupt their
permeability and intermembrane exchange. In addition, Ag-
NPs have no adverse effects on viable cells and cause no
significantmicrobial resistance.Therefore, Ag-NPs have been
widely used as additives to various materials and in wound
dressings against microbial contaminations [35, 37]. Abdel-
gawad et al. successfully prepared chitosan/PVA/Ag-NPs
nanofibermats with chitosan as capping polymer at high con-
centrations and glucose as reducing agent for antimicrobial
applications. Ag-NPs were able to improve the electro-
spinnability of the blend, reduce the diameter of fibers, and
more importantly enhance the antibacterial performances of
the electrospun fibers, which made them viable to wound
dressing [37].

3.2. Cellulose. Cellulose is one of the most abundant biode-
gradablematerials and can be extracted fromdifferent natural
sources, such as wood and cotton pulps, via chemical and/or
physical methods [38].

Bacterial cellulose (BC) is natural cellulose synthesized by
acetobacter xylinum [38] and has high biocompatibility and
transparency, nontoxicity, and excellent mechanical strength.
Moreover, BC fibers have a very high surface area per unit
mass, which, combining with its high hydrophilicity, leads to
a very high liquid loading capacity.Thus, BC has been applied
in various fields [39]. Costa et al. carried out electrospinning
of acetylated BC nanofiber mats to produce artificial sym-
metric nanoporous structures.The SEM images revealed that
nanopores were more uniformly distributed throughout the
electrospun nanofibermat than those castedwith BCmats. In
addition, the electrospinning of modified BC nanofibers was
easier than that of unmodified BC nanofibers, which could
be explained by the dissolution mechanism of cellulose in
DMA/LiCl solvent system [40].

However, BC shows poor antibacterial, antioxidant, and
conducting and magnetic properties, which limits its appli-
cation in biomedical and electronic fields [41]. One of the
solutions is to blend BC with other substances to promote
its properties. Carbon nanotubes (CNTs) have been of great
interest in various fields since their discovery. They are
promising fillers for polymer matrices to prepare CNTs-
reinforced composite materials because of their extraordi-
narily high aspect ratio, elastic modulus, and high axial
strength. Chen et al. prepared multiwalled CNTs-embedded
BC nanofibers (MWCNTs/BC nanofibers) by electrospin-
ning. The TGA analysis showed that the initial temperature
of degradation followed the increasing order of BC < electro-
spun BC nanofibers < electrospunMWCNTs/BC nanofibers,
which was attributed to the crystalline polymorph transfor-
mation and orientation as well as the embedded MWCNTs.
In addition, the mechanical properties including tensile
strength and Young’s modulus and electrical conductivity of
the products were significantly enhanced due to the well-
dispersed and aligned MWCNTs. The finding indicates that
MWCNTs/BC nanofibersmay be potentially used inmedical,
mechanical, and electrical fields [42].

Cellulose acetate (CA) is a derivative of cellulose and has
good stability and solubility in organic solvent. It can also
selectively absorb low-level organic compounds and toxins.
However, CAhas poormechanical properties [43]. Khalf et al.
fabricated a CA/polycaprolactone (PCL) core-sheath nanos-
tructure by coaxial electrospinning to promote itsmechanical
and biological properties. The preparation process is shown
in Figure 9.Their results indicate that the loading of PCL was
able to improve the elastic elongation of CA solid and hollow
fibers. Cell attachment test suggested that the nontoxicity
and higher cell attachment performance of CA nanofibers
blended with PCL were attributed to its higher surface area
per volume ratio [44].

3.3. Alginate. Alginate is a natural linear polysaccharide
copolymer and can be obtained from brown sea weed.
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Sodium alginate (SA) has been well studied on its biomedical
applications due to its superior properties including biocom-
patibility, biodegradability, nontoxicity, hydrophilicity, and
low cost. Unlike chitosan, alginate is highly soluble in water
[45].

To improve the structural integrity of the prepared
nanofibers, alginate-based materials are usually cross-linked
with divalent ions, such as calcium and barium. In addi-
tion, double cross-linking with glutaraldehyde, hexamethy-
lene diisocyanate (HMDI), epichlorohydrin, and adipic acid
(ADA) hydrazide has also been proposed (as shown in
Figure 10). Unlike the non-cross-linked electrospun nanofi-
bers, the cross-linked electrospun nanofibers are highly stable
and relatively insoluble in both water and simulated body
fluid [46–48].

However, pure SA nanofibers have been rarely fabricated
via electrospinning. Nie et al. [49] prepared smooth and uni-
form alginate nanofibers by introducing glycerol as a cosol-
vent and simply adjusting the volume ratio between glycerol
and water. Fang et al. [50] reported that pure alginate had
been successfully electrospun by introducing Ca2+ cations to
SA aqueous solutions. They demonstrated that high inter-
molecular interactions and low surface tension were the criti-
cal factors to improve the electrospinnability of SA solutions.

Alginate has poor properties including low mechanical
strength, high degradation rates, and processing difficulties,
which are usually overcome by compositing alginate with
other polymers such as PEO [51] and PVA [45]. It can be
attributed to the intermolecular hydrogen bonds formed
between the polymers and alginate. Surfactants, such as
lecithin [52], and cosolvents have also been proposed to
facilitate its processing for the preparation of nanofibers [53].

3.4. Gelatin. Gelatin (GT) is a renewable polymer obtained
by the partial hydrolysis of collagen, a most abundant natural

substance in connective tissues. GT has been widely used as
a bioengineering material due to its high biocompatibility,
biodegradability, and low cost. GT can also prevent fluid loss,
which plays an important role in wound healing [54–56].
However, the electrospun gelatin nanofibers are soluble in
water and have poor mechanical strength [56, 57]. Therefore,
cross-linking treatments have been adopted to increase their
water resistance [13] and mechanical properties [58, 59].
The cross-linking can be realized by physical processes,
such as drying, heating, 𝛾-ray, electron beam, and UV light
exposure and chemical treatments by using cross-linker, such
as formaldehyde, glutaraldehyde (GA), epoxy compounds,
tannic acid, carbodiimide, acyl azide, and transglutaminase
[60], through dissolving gelatin in 2,2,2-trifluoroethanol [61],
formic acid dope solution [62], and water-based cosolvent
composed of ethyl acetate and acetic acid [63]. Among all
chemicals, GA is by far the most widely used due to its
high efficiency, easy accessibility, and low cost. However,
glutaraldehyde at high concentrations is cytotoxic and can
disrupt the electrospun fiber morphology [59, 64]. Ko et al.
[60] demonstrated that the gelatin nanofibers cross-linked
with 0.5% (w/v) genipin promoted cell proliferation and
reduced its solubility and cytotoxicity. Lu et al. [65] fabricated
gelatin nanofibers by electrospinning and compared the
properties of the gelatin nanofibers cross-linked by vapor
and liquid-phase GA. Their results indicated that the cross-
linking by both vapor-phase and liquid-phase GA was able
to improve the mechanical strength of the gelatin fibers. The
cross-linking with liquid-phase GA resulted in more evenly
cross-linked, close-packed, and higher tensile. The excessive
cross-linking with vapor-phase GA led to membranes
shrinking due to poorly cross-linked middle layers in their
hierarchy structure. Therefore, a novel in situ cross-linking
method was proposed by Slemming-Adamsen et al. [66] for
the fabrication of electrospun gelatin nanofibers with 1-ethyl-
3-(3-dimethylaminopropyl)-1-carbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) as cross-linkers.
Kwak et al. [67] prepared Phaeodactylum tricornutum (P.
tricornutum) extract-loaded gelatin nanofibers via electro-
spinning. P. tricornutum is a diatom which exists in brackish
and marine water worldwide. The water-soluble extracts of
P. tricornutum have showed anti-inflammatory, analgesic,
and free radical scavenging activities. The introduction of P.
tricornutum extracts improved the conductivity of the gelatin
solution and reduced the diameter of the nanofibers. Their
results also confirmed the antimicrobial activity and noncy-
totoxicity of the P. tricornutum-loaded gelatin nanofibers.

Gelatin has also been used as a blend component to
prepare nanofibrous membranes for tissue scaffolds, wound
healing and health caring devices, and other biomedical
applications. Shan et al. [68] prepared silk fibroin/gelatin
(SF/GT) electrospun nanofibrous dressing loaded with astra-
galoside IV (AS), an effective component, to accelerate
wound healing. They found that the nanofibers were able
to significantly improve cell adhesion and proliferation,
promote wound healing, induce proangiogenesis of partial
thickness burn wound, and inhibit complications in wounds.
In addition, SF significantly decreased the average diameter,



8 International Journal of Polymer Science

OH

Ca
OH

OH

OH

COO

COO

(a)

O

O

O

O

OH

OH

OH

CO−

CO−

CH
H2C

H2C

(b)

O

O

O

O
O

O

HC

CO−

CO−

(CH2)3

CH

(c)

O
O

O
O

O

C

C

O

OH

OH

CO−

CO−

(CH2)6

NH

NH

(d)

O

O

O

O
C

C

C

C

OH

OH

OH

OH

(CH2)4

NH
NH

NH
NH

(e)
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2
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degradation rate, and the facture strain under high break
strength of the produced nanofibers.

In addition to the general properties of a condensed
polyphenol, the grape seed polyphenol (GSP) has some
unique properties, such as antimicrobial activity, anti-inflam-
matory activity, and reducing blood sugar and fat. Han et al.
[69] fabricated GSP/gelatin composite nanofibers containing
Ag-NPs by electrospinning as a novel biomaterial. The pro-
cess is shown in Figure 11. GSP served as the reducing agent
and the stabilizing agent for silver nanoparticles.The electro-
spun composite nanofibers had average diameters in the
range of 150–230 nm and a uniform distribution of Ag-NPs
with an average diameter of 11 nm that contributed to their
good antibacterial performance. Further investigation also
revealed that the composite nanofibers containing silver nano-
particles had no toxicity at such concentrations. Thus, they
could be potentially utilized in biomedical field as a wound
dressing.

3.5. Hyaluronic Acid. Hyaluronic acid (HA) is one main
glycosaminoglycan which is found in the ECM of many soft
tissues of higher animals [70]. HA can decrease the formation
of postsurgical adhesions due to its noncoagulant activity,
modulation of fibrous tissue, barrier effect on fibrinogen, and
inhibitory effect on the superoxide release from granulocytes
[71]. Previous studies have demonstrated that HA nanofiber
wound dressing showed better performance than the solid
HA in wound healing due to its unique morphologies.
However, HA solutions have high solution viscosity even at
low concentrations, leading to issues in the production of
consistent nanofibers [72].

Brenner et al. prepared pure HA nanofibers by elec-
trospinning in a solvent system of aqueous ammonium
hydroxide (25% NH

4
OH) and DMF at pH of 11 to eliminate

the solvent induced degradation effects on the biopolymer
as reported in the previous studies. Continuous, cylindrical,
and randomly oriented pure HA nanofibers with a diameter
of 39 ± 12 nm and good biocompatibility were successfully
electrospun [70].

Uppal et al. fabricated HA nanofibers by electrospin-
ning with deionized water as a solvent and cocamidopropyl
betaine as a surfactant. Based on the report of histopathol-
ogist, the sterilized HA nanofibers wound dressing showed
better pathology performance than other sterilized wound
dressings including solid HA, gauze with Vaseline dressing,
adhesive bandage, and antibiotic wound dressing. The evalu-
ation criteria included epithelial tissue gap, epithelial tissue
detachment from the dermis, the presence of granulation
tissue, and the assessment from clinic photographs based on
the color of the wound and whether the wound was fully
covered or not by the epithelial tissue. In addition, it showed
higher air permeability than sterilized solid HA and gauze
withVaseline dressing, which contributed to the fasterwound
healing [72]. In all, the addition of antibiotic components
could lead to better performance of HA nanofibers.

Chen et al. prepared dual functional core-sheath struc-
tured nanofibers with HA as the inner core and Ag-NPs-
loaded PCL as extremal sheath by coaxial electrospinning.
This design was used to control the slow release of HA from
the core to mimic the biological function of HA in synovial
fluid containing high concentration of HA. The sheath acted
as a barrier with antimicrobial activity to prevent infection
and alleviate adhesion. The results demonstrated that the
core-sheath structure met the need of preventing peritendi-
nous adhesion and postoperative infection through the
slowly released HA and rapid release of Ag-NPs without
exhibiting significant cytotoxicity [71].

3.6. Collagen. Collagen is the principal structural element of
the native ECM in a three-dimensional network structure
composed of multifibrils in a nanofiber scale. Due to a wealth
of merits including biological origin, nonimmunogenicity,
and excellent biocompatibility and biodegradability, collagen
has been widely used as biomaterials in pharmaceutical and
medical fields such as carriers for drug delivery, dressings
for wound healing, and tissue engineering scaffold. Among
all isoforms of collagen, the fibrillar structure of type I
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Figure 11: Schematic representation of the mechanism for preparing silver nanoparticles with GSP [69].

collagen has long been known for its important roles in cell
attachment, proliferation, and differentiation [73, 74].

The adaptations of electrospinning to produce tissue
engineering scaffolds composed of collagen nanofibers have
shown that the structural properties of the electrospun
collagen vary with the tissue of origin, the isoform, and the
concentration of the collagen solution [75].

Collagen-composite fibrous mats have been fabricated
with PEO [76], PCL [77, 78], polylactide-polyglycolide
(PLGA) [75], poly(L-lactide-co-𝜀-caprolactone) (PLCL) [79],
chitosan [73], hydroxyapatite [80, 81], andpoly(L-lactic acid)-
co-poly(𝜀-caprolactone) (P(LLA-CL)) [82]. Chen et al. [83]
prepared the composite nanofibrous membrane (NFM) of

type I collagen, chitosan, and PEO by electrospinning, which
was further cross-linked with GA vapor. The cross-linking
increased Young’s modulus of the NFMs and decreased their
ultimate tensile strength, tensile strain, and water sorption
capability. The NFMs showed no cytotoxicity toward the
growth of 3T3 fibroblasts and demonstrated good biocom-
patibility in vitro. In addition, the NFMs showed better
wound healing performances than gauze and commercial
collagen sponge wound dressings. This novel electrospun
matrix can also be potentially used as a wound dressing for
skin regeneration. Choi et al. [78] examined the feasibility
of using PCL/collagen based nanofibers as a scaffold system
for implantable engineeredmuscle organization.Their results
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showed that, in contrast to the randomly oriented nanofibers,
unidirectionally oriented nanofibers could inducemuscle cell
alignment and myotube formation. The aligned composite
nanofiber scaffolds seeded with skeletal muscle cells may be
able to provide implantable functional muscle tissues. Liu
et al. [84] explored the incorporation of neurotrophin (NT-
3) and chondroitinase ABC (ChABC) into the electrospun
collagen nanofiber for spinal cord injuries (SCI) treatment.
The sustained release of NT-3 and ChABC for at least 28
days was achieved. Such biofunctional scaffolds may be
found useful in SCI treatment by providing topographical
and multiple biochemical cues to manipulate the growth
inhibitory environment and promote axonal regeneration.

3.7. Silk Fibroin. Silk fibroin (SF) is a main component of silk.
It is a type of fibrous proteins with remarkable mechanical
properties produced in the form of fiber by silkworms and
spiders. SF is also a promisingwound dressingmaterial due to
its excellent mechanical properties, as well as its biocompat-
ibility, controllable biodegradability, water-based processing,
morphologic flexibility, and easily accessible chemical groups
for functional modification. Despite its advantages, the low
availability of SF limits the industrial scale production of
its biomaterials. Generally, the electrospun SF fibers with
desirable properties for bioengineering are prepared with
SF at very high concentrations in the range of 20–40%. In
addition, the highly crystalline 𝛽-sheet secondary structures
result in the insolubility of SF, which limits its biomedical
applications.Therefore, electrospun SF nanofibers are usually
chemically treated with methanol [85], ethanol, propanol
[86], and water vapor [87] to increase their stability. Strate-
gies have been proposed to increase the viscoelasticity of
SF systems by blending them with other polymers, which
improves the mechanical properties while maintaining the
biocompatibility of the obtained nanofibers [88–91].

Calamak et al. [92] fabricated silk fibroin nanofibers con-
taining UV-reduced Ag-NPs by electrospinning method and
posttreated the product with methanol and GA vapor. The
posttreatments promoted themechanical properties of the SF
bionanotextiles. The results indicate that the methanol treat-
ment was more effective in the crystallization transition of
fibroin from random coil to 𝛽-sheet. In addition, Ag-NPs sig-
nificantly decreased the diameter of the nanofibers and con-
tributed to their antibacterial activity against Gram-positive
bacteria S. aureus and Gram-negative bacteria P. aeruginosa.

Polyethylenimine (PEI) is a polycationic antimicrobial
polymer with interesting ability to enter cells or perme-
abilize cell membranes. Çalamak et al. [90] prepared silk
fibroin based antibacterial bionanotextiles and explored their
application as wound dressing materials. The addition of
PEI to the nanofibers decreased the average diameter of the
nanofibers and increased their hydrophobicity, cell viability,
and antimicrobial activity against both Gram-positive and
Gram-negative bacteria. In contrast, the sulfated SF only
showed antibacterial activity against P. aeruginosa.

Shahverdi et al. [89] fabricated silk fibroin blended with
PLGA nanofibers via a dual source electrospinning setup,
through which the electrospinning of SF and PLGA nanofi-
bers could be separately optimized and achieved.They found

that the concentrations of SF and PLGA predominantly
affected the formation of the bead structure in the fibers.
The addition of PLGA significantly improved the mechanical
properties of the nanofibers. The incorporation of SF with
PLGAdisplayed better cell attachment, proliferation, and via-
bility performance than pure SF nanofibers and pure PLGA
nanofibers.

A novel tissue engineering scaffold of electrospun silk
fibroin/nanohydroxyapatite (nHA) biocomposite was pre-
pared by an effective calcium and phosphate (Ca-P) alternate
soaking method. The cell cultivation experiments demon-
strated that the silk/nHA nanocomposite scaffold could sup-
port the early stage of osteoblast adhesion and had a signifi-
cant effect on the differentiation stage. Their findings suggest
that this composite scaffold can be a promising biomaterial
for bone tissue engineering [93].

Ki et al. [94] determined the characteristics and per-
formance of an electrospun membrane prepared with wool
keratose (WK) and SF protein for metal ion absorption. The
nanofibrous membranes exhibited higher metal ion absorp-
tion capacities than the conventional fibrous filters (wool
sliver and filter paper). Particularly, theWK/SF blend nanofi-
brous membrane showed an extraordinary performance for
the absorption of metal ions. In addition, its absorption
capacity remained stable after several adsorption-desorption
cycles. The electrospun WK/SF nanofibrous membrane is
suitable for removing and recovering heavy metal ions in
water.

4. Applications of Renewable Polymer
Based Fibers in Wound Dressing

Effective wound dressings are highly desired in various areas,
such as promoting wound healing, hemostasis, skin regener-
ation, diabetic ulcers, and tissue engineering. A good wound
dressing can maintain a moist environment at the interface,
providemechanical protection, prevent bacterial penetration,
and allow gas-fluid exchange. In addition, it is nonadhesive
to the wound and easily removed without trauma. However,
the dressings used in specific fields may have their unique
properties and requirements.

4.1. Promoting Wound Healing. A variety of fibers prepared
with renewable materials including chitosan, fibrinogen, silk
fibrin, bacterial cellulose, gelatin, and collagen and compos-
ites of these materials can promote wound healing and show
antibacterial activity, good adhesion, good absorption, and
nontoxicity and sufficient gas-exchange properties. The mats
prepared with the fibers have unique porous structures and
high surface areas, which are beneficial to cell regeneration
and the wetness of the wound. In addition, the mats can pro-
tect the wound from the harmful external environments [95].

The bioactive molecules or drugs can be easily incor-
porated in the fibers by electrospinning to provide addi-
tional functions such as anti-inflammatory activity and tissue
growth-promoting activity [96, 97].Wu developed a compos-
ite dressing of alginate, hydroxyethyl cellulose, and growth
factor and successfully applied it to the treatment of facial
wounds [98].
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Chitosan fibers blended with other polymers, such as
PEO, PLA, PVA, and PCL, have been proved as promising
candidates for wound healing dressing [99]. Huang et al.
reported that chitosan/poly-L-lactic acid (PLLA) composite
nanofiber prepared by electrospinning showed better perfor-
mance in maintaining wettability than pure PLLA and thus
accelerated wound healing [100]. Theisen et al. found that
blending gelatin with PLLA led to a better performance for
cell proliferation and ECM production and the cells were
able to grow into tissue-like constructs [101]. Alginate might
provide gelation and moist healing environment for chronic
wounds, boosting their reepithelialization [102]. de Moraes
and Beppu prepared a biocomposite membrane with sodium
alginate and silk fibroin fibers. The incorporation of fibroin
fibers enhanced the tensile strength of the fibers and resulted
in the properties of a typical biomaterial for biomedical
applications such as wound dressing. Its nontoxicity and
flexibility also contributed to the fast wound healing [103].

4.2. Hemostasis. Timely and rapid hemostasis is very impor-
tant to avoid further complications in surgical operation
and emergency medical treatment. An effective hemostatic
dressing should have properties such as excellent hemostasis,
good biocompatibility, nontoxicity, no antigenicity, low cost,
and easy processing [104].

Various renewable polymers, such as fibrinogen, fibrin,
alginate, chitosan, cellulose, and gelatin, have been used in the
preparation of hemostatic dressings. These materials in the
form of fiber have shown excellent performances in hemosta-
sis due to the large contact areas with blood which promotes
the aggregation and adhesion of thrombocyte on the fibers.
In addition, the soft and strong fiber can closely adhere to the
wound and press the wound to promote hemostasis.

Zhao et al. prepared a nanofiber of fibrinogen fiber by
electrospinning and applied it to hemostasis. The clinical
study indicates that the dressing was able to significantly
shorten bleeding time and decrease bleeding volume of
splenic hemorrhage, hepatic hemorrhage, and femoral arteri-
ovenous fistula, thus reducingmortality rate [105].The fibrin-
ogen forms a tough fibrin clots once it is activated by throm-
bin. The clot adheres to the wound and promotes hemostasis
to accelerate wound healing. In addition, cross-linked fib-
rinogens have certain toughness and viscosity, which can
prevent blood flushing and provide a physical hemostasis
[106].

Fibrin is used in hemostasis due to its biocompatibility
and excellent biological properties [107]. Fibrin is an initia-
tor for the regulation of thrombosis and hemostasis. It is
decomposed by fibrinogen, the major component of plasma
proteins, when human body gets wounded and immediately
covers the wound to accelerate the hemostasis [108]. During
the healing process, fibrin can be completely degraded and
absorbed by the tissue and causes no damage to the organism
nearby.

Alginate is also an excellent hemostatic material. Pillai
and Naieb prepared a ventral nonadhesive dressing with a
soft net of pure calcium alginate, which showed an excellent
hydrophilism. During the treatment, it swelled upon the
absorption of exudate and formed a firm gel filled wound

without adhesion, which maintained a moist environment
for the wound and promoted its healing [109]. In addition,
Ca2+ in the alginate fibers could be transferred into the blood
by exchanging with Na+ and acted as a coagulation factor to
accelerate the hemostasis.

Sibaja et al. synthesized a fiber by composing chitosan
with alginate through wet extrusion and found that it was a
biocompatible material with acceptable tensile properties for
the inhibition of body fluids, such as blood, from flowing.
The positive -NH

3

+ groups on the skeleton of chitosan can
interact with the negative charges on the surface of the red
blood cells and platelets, accelerate their aggregation, and
promote the hemostasis. Studies have also shown that the
incorporation of chitosan into alginate fibers can significantly
enhance the tensile properties of the dressing [110].

Liu et al. prepared several novel nonwoven hemostatic
dressings composed of chitosan derivatives including car-
boxymethyl chitosan fiber, hydroxypropyl chitosan fiber,
hydroxyethyl chitosan fiber, and carboxymethyl hydrox-
yethyl chitosan fiber. The dressing showed good biocompati-
bility, excellent tensile strength, and easy processing proper-
ties and had no antigenicity. Their study also demonstrated
that the dressings promoted hemostasis and wound healing
by forming a colloidal solution during the swelling and
dissolving. Therefore, the dressings are especially suitable in
the field of in vivo hemostasis [111].

Dressings prepared with cellulose have been widely
applied in the surgical hemostasis because they can quickly
stop bleeding and have a strong affinity for water and normal
saline.Thedressing absorbswater fromblood and is dissolved
to form a gel that plugs the capillary end to increase the
viscosity of the blood and decelerate blood and thus stops
bleeding. The hemostasis of cellulose dressing is based on
mechanical press, erythrocyte absorption, and thrombocyte
aggregation. Wang et al. prepared a soluble hemostatic
fiber of carboxymethyl cellulose, which showed an excellent
hemostatic performance in the clinical experiments [112].
Compared with gelatin sponge, the dressing was able to more
effectively control bleeding of small blood vessels during the
surgery, especially the blood infiltration of wound and suture.
It is believed that the carboxymethyl cellulose fiber can accel-
erate platelet adhesion and reduce postoperative hematoma.

Niu et al. blended gelatin with lidocaine and PVA to pro-
duce nonwoven hemostatic materials.The produced dressing
had a thin and dense network structure with numerous loose
gaps that increased the contact area for the blood and thus
promoted thrombocytes aggregation and the formation of
clot and accelerated hemostasis [113]. PVA is a high expansion
material having a high degree of hydrophilicity, which makes
the dressing expand quickly to partially press the wound and
stanch the bleeding [114].

4.3. Skin Regeneration. Nowadays, burn healing is one of
the most significant problems of modern surgery because
of the high lethality and disability after the treatment for
burns of large surface area. Patients with burn injuries
undergo significant emotional and physical pain and trauma
from the burn, dressing changes, and the related treatments
during the healing process [115]. In addition, fluid loss,
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Figure 12: Donor wound: (a) before covering; (b) after covering; (c) 12 days after covering; and (d) 14 days after covering [121].

bacterial invasion, passive evaporative water, heat loss, and
other complications can prevent wound from healing [116].
Therefore, the ideal burn dressing should have the following
properties [117, 118]: (1) high exudate absorption capability,
(2) ability to protect the wound from microorganisms, (3)
being removable from the injured skin surface, (4) sufficient
oxygen permeability, (5) high water vapor permeability, (6)
nontoxicity, and (7) ability to accelerate scar formation.
Covering large burned surfaces is still a challenge.

Fibrouswound dressingmaterial is a promising candidate
for skin regeneration. For example, Venugopal and Ramakr-
ishna found that gelatin nanofibers could speed wound heal-
ing and could be used for cell transfer and skin regeneration
[119]. Various blend fibers of renewable polymers, such as
PEO/chitosan [120], PCL/collagen [119], PCL/gelatin [121],
PLLA/chitosan [122], Zein/collagen [123], and PLLA/gelatin
[124], are the dominate candidates.

Themicro- and nanofibers of chitosan are an ideal candi-
date for burn dressing because of its high surface area to vol-
ume ratio [120]. The nanostructure of fibrous materials with
small pore size functions as biological filters to effectively
retain water and prevent infection from various bacteria.
Kossovich et al. prepared a novel nanofiber dressing by blend-
ing chitosan with PEO through an electrospinning in glacial
acetic acid. The clinical study indicates that the chitosan
nanofiber dressing showed antibacterial properties and high
absorption capacity and was able to effectively absorb exu-
date, ventilate wound, protect the wound from infection,
and stimulate skin tissue regeneration. In addition, the

chitosan-based dressing showed excellent biodegradation,
which avoided the mechanical damage to the wound from
the wound dressing removal, reduced pain from dress-
ing removal and change, and fastened rehabilitation [120].
Figure 12 shows that the wound dressing applied to the donor
wound of transplant skin removal promoted skin regenera-
tion by keeping a moist environment and removing the sur-
plus of exudate without dressing change.

Venugopal et al. reported that composite fiber of collagen
and PCL could support the growths of human dermal fibrob-
last and keratinocytes in skin engineering and the PCK film
could not. They believe that cells migrated through pores in
the fibers by amoeboid movement, pushing the surrounding
fibers aside to expand.The dynamic architecturemay provide
cells with an opportunity to adjust the optimal pore diameter
and grow into the scaffold. Chaisiri et al. prepared a skin tis-
sue scaffoldwith composite fibers of gelatin andPCL tomimic
the natural dermal ECM. The scaffold had a pore size of 40–
70micron and 98%-99%of porosity. In addition, it is biocom-
patible and can support cell migration and proliferation in its
network [121].

4.4. Diabetic Ulcers. Diabetes mellitus is one of the most
important public health problems worldwide because of its
high prevalence and enormous social and economic conse-
quences. It has been reported that there are more than 135
million diabetics in the world and the number is expected to
increase to 300 million in the next 25 years [125].
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Foot ulcers are a common, serious, and costly health
issue for people with diabetes around the world. Two com-
mon chronic complications of diabetes mellitus including
peripheral neuropathy and vascular insufficiency may lead to
diabetic foot ulcers. Diabetic patients have a sharp decreased
fibroblasts activity provoked by unavailability of glucose for
aerobic metabolism, resulting in insufficient fibrous collagen
tissue proliferation. Imbalance in these processes has been
believed to be the main reason for the occurrence and
persistence of this kind of disease.Thewound healing process
involves the interaction between various cellular groups,
ECM, and growth factors, which is affected by the vascular
insufficiency and severity of the lesion and infection.

Many renewable polymers, such as chitosan, alginate, cel-
lulose, and silk, can be used to produce the dressings for the
diabetic ulcers. Wang et al. developed a dressing composed
of chitosan fibers, calcium alginate fibers, and chemically
modified cellulose fibers and successfully used it to treat dia-
betic ulcers. In addition, epidermal growth factor (EGF) was
incorporated into the renewable polymers to further promote
the healing [126]. Schneider et al. prepared a silk mat with
electrospun nanoscale silk fibers containing EGF, fromwhich
the EGF was slowly released in a time-dependent manner
(25%EGF released in 170 h). Clinical study shows that the silk
mat aided the healing by increasing time of wound closure
by 90% by epidermal tongue, especially in chronic wounds
including diabetic ulcers. Renewable polymers blended with
metals can also show anti-inflammatory activity to accelerate
the healing. Lázaro-Mart́ınez reported a dressing of the
blend of alginate fiber and hydrocolloid silver with excellent
performances in decreasing inflammatory clinical signs and
promoting healing on diabetic ulcers.The clinical study indi-
cates that it reduced wound area with a median percentage
of 47.7% and a mean percentage on the lesion of 58% at 2
weeks and 67.14% at 3 weeks. Wounds of all patients showed
an obvious reduction in their size by 3-week treatment [127].

5. Conclusion

The nanofibers prepared from the renewable polymers can
combine the excellent properties of the renewable polymers
and nanofibers.They have become one of themost important
materials used in wound dressing and attracted more and
more attentions in recent years. The preparation methods,
including electrospinning, bubbfil spinning, centrifugal spin-
ning, and freeze-drying, have been widely used to prepare
the nanofibers from the renewable polymers. Particularly the
wound dressings prepared from chitosan, cellulose, alginate,
gelatin, hyaluronic acid, collagen, and silk fibroin or their
composites have been widely used as the wound dressing
to promote wound healing, hemostasis, skin regeneration,
diabetic ulcers, tissue engineering, and so on. Many of the
dressings have been used in clinic. But for many renewable
polymers which originated from natural components, there
are many factors which influence the structure and property
of the polymers and they are hard to be controlled. Although
their properties are versatile, many of the properties are less
prominent. When the renewable polymers are prepared to

nanofibers and used for wound dressing, many of their prop-
erties, including antibacterial properties, hemostatic prop-
erties, biodegradability, cell adhesion and proliferation, and
mechanical properties, need to be regulated by controlling
the structure and properties of the nanofibers or compositing
with other synthetic polymers to fit for the requirement
of different wound. The above problems have become the
future research keynotes for the nanofibers prepared from the
renewable polymers.
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3Department of Civil Engineering, Anadolu University, Iki Eylül Campus, 26555 Eskişehir, Turkey
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Copyright © 2016 Müfide Banar et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Bituminous geomembranes, one type of geosynthetics, include a hot bituminous mixture with mineral filler and reinforcement. In
this study, boron production waste clay (CW) was used as filler to produce a geosynthetic barrier with bentonite, waste tire, and
bitumen. Bentonite and waste tires were used as auxiliary fillers and bitumen as the binder. CW/bitumen, CW/bentonite/bitumen,
and CW/waste tire/bitumen mixtures were prepared by using a laboratory mixer at 100∘C. Hot mixtures were extruded into strips
by using a lab-scale corotating twin screw extruder (L/D: 40) followed by die casting (2mm × 100mm). Glass fleece or nonwoven
polyester was used as reinforcement material and while die casting, both sides of the reinforcement materials were covered with
bituminous mixture. Thickness, mass per unit area, tensile strength, elongation at yield, and hydraulic conductivity were used
to characterize the geomembranes. Among all geomembranes, nonwoven polyester covered with 30% bitumen-70% boron waste
clay mixture (PK-BTM30CW70) was found to be the most promising in terms of structure and mechanical behaviour. After that,
consequences of its exposure to distilled water (DW),municipal solid waste landfill leachate (L-MSW), and hazardous waste landfill
leachate (L-HW) were examined to use for an innovative impermeable liner on solid waste landfills.

1. Introduction

Geosynthetic barriers, also known as geomembranes, are
defined as a nonporous homogeneous material, a relatively
impermeable membrane, or barrier used in a geotechnical
engineering application so as to control fluid migration from
a man-made project, structure, or system. In the use of
geomembranes as barriers to the transmission of fluids, it
is important to recognize that it differs from other liner
materials that are porous such as soils and concrete. The
transmission of permeating species through geomembranes
without holes occurs by absorption of the species in the
geomembrane and diffusion through the geomembrane on a
molecular basis [1]. Bituminous geomembranes (GBR-B) are
mainly composed of a binder (the modified bitumen), a filler
(mostly calcitemine is used industrially), and a reinforcement

(glass fleece or nonwoven polyester is preferred) as shown in
Figure 1.

GBR-Bs are highly resistant to oxidation and UV rays
without an antioxidant or stabilizer when compared to poly-
meric geomembranes (GBR-P). GBR-Ps are widely used in
landfills as impermeable liner. Also the viscoelastic behavior
of GBR-B allows self-repair of any defect that may occur with
time such as strain, puncture, or fracture. Fillers are used in
GBR-B with the intent of increasing stiffness and strength
and also filling the voids in the hot mixture [2]. The filler
is not only natural aggregates such as calcite, but also lime,
lignin, sulfur, or ultrathin cut fiber particles which could pass
number 200 (0.075mm) sieve [3].

Turkey has 72% of the world’s boron reserves and takes
the first place with a reserve of 1.8 million tons. Eskisehir Eti
Maden Kırka Boron Works has the largest boron reserve in
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Figure 1: Bituminous geomembrane [1].

Turkey with 41% of the world’s boron production. On the
other hand, boron minerals have a strategic importance due
to their wide range of uses in the manufacture of industrial
products including glass, ceramic, textile, detergent, metal-
lurgical, and fire-retardant materials. Thus, 900.000 tons of
boron derivative waste are generated during 1 million-ton
borax pentahydrate production [4]. Increasing amount of
mining wastes, storage, stability, and safety of waste, and air,
soil, and water pollution are major environmental issues [5].
Under the circumstances, developing novel products from
the waste clay and investigating the utilization areas for waste
clay become a necessity.

There have been studies related to utilization of the
clay derivative waste and concentrated waste from boron
concentrator facilities in various sectors such as cement [6–
11], construction, brick and tile [12–20], and ceramic [21,
22]. Among these various studies, to our best knowledge,
utilization of boron waste clay as a filler material has not been
studied.Therefore, in this study, boron production waste clay
(CW)was used as filler to produce a geosynthetic barrier with
bentonite, waste tire (TW), and bitumen. Bentonite andwaste
tires were used as auxiliary fillers and bitumenwas used as the
binder.

2. Materials and Methods

2.1. Materials. Waste clay samples used in this study were
collected from Eti Maden Kırka Boron Works in Eskisehir,
Turkey. Basic geotechnical properties of the waste clay were
given in Table 1. Grain-size distribution of CW consists of
1.74% sand, 20.76% silt, and 77.5% clay and the determined
soil class is high plasticity clay (CH). CEC of the CW is
55meq/100 g and this kind of high CEC values denotes that
the clay is able to hold more contaminants. According to
XRD, XRF, ICP-MS, and FT-IR results, dolomite is the most
dominant compound in the CW followed by magnesium
oxide, tincal, and quartz. The specific surface area of the
CW is 5.12 ± 0.1m2/g by BET analysis method. The analyses
methods and the details of the properties are available in our
previous study [23].

Bitumen is used on the purpose to coalesce and unite
the clay particles. The properties of bitumen (penetration

100/150 at 25∘C, 100 g, 5 sec; softening point 39–47∘C; flash
point 230∘C), the binder of the hot mixtures, were adopted
from Turkish Petroleum Refineries Corporation (TÜPRAŞ),
Turkey. Bentonite is generally used in improvement of
impermeable compacted clay layers in landfills due to its
high swelling potential and low hydraulic conductivity [24].
Bentonite was obtained from a bentonite plant. In this study,
it is aimed at utilizing waste tires in landfill sites as a
side material using boron waste clay. The particle size of
the adopted waste tire samples was less than 1.18mm. The
steel free waste tire (<1.18mm) was adopted from a tire
recycling plant. Two different reinforcement materials were
used, fiberglass tissue also known as glass fleece (CT) and
nonwoven polyester (PK), and both were obtained from a
geomembrane production plant.

2.2. Geomembrane Production. In the geomembrane produc-
tion process, bitumen was firstly mixed with auxiliary fillers,
bentonite or waste tire within a laboratory mixer at 100∘C.
After obtaining a homogenous mixture waste clay was added
at certain amounts given in Table 2 andmixed for 45minutes.
In addition to geomembrane samples including bentonite
or waste tire, neat samples including only CW were also
prepared.

After mixing, hot mixtures were extruded into strips by
using a lab-scale corotating twin screw extruder (L/D: 40)
followed by die casting (2mm × 100mm). The temperatures
of the various barrel elements were set in the ranges 100–
130∘C (bitumen introduction) and 38–52∘C (extruder exit).
Depending on the ingredients amount, the apparent fluidity
of hot mixtures differed from each other. In order to obtain
optimum product with stabile strip shape and no visible
deformations such as puncture, tearing, or ruffle, different
heating profiles were constituted for each mixture.

The extruded strips were then passed on a conveyor belt
at a speed of 1 rpm. Two different reinforcement materials
were used, fiberglass tissue also known as glass fleece (CT)
and nonwoven polyester (PK). When the optimum profile
was obtained, reinforcement material was placed on the
binder mixture in strip shape and another layer of strip was
placed on the reinforcement and pressed. Thus, both sides
of the reinforcement material were covered with bituminous
mixture (Figure 2).

2.3. Analyses Performed on GBR-B. According to the Turk-
ish Standard of “TS EN 13493: Geosynthetic barriers-
Characteristics required for use in the construction of solid
waste storage and disposal sites,” thickness (TS EN 1849-
1), mass per unit area (TS EN 1849-1), tensile strength
(TS EN 12311-1), elongation at yield (TS EN 12311-1), and
hydraulic conductivity (TS EN 14150) tests were applied to
geomembranes with/without reinforcements to see the effect
of reinforcements.

The tensile properties are the most critical mechanical
properties of geomembranes since there are a range of
tensile forces that can act on the geomembrane during
installation and service. Also it is misleading to assume that
if a geomembrane material has a high elongation at break, it
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Table 1: Geotechnical properties of CW.

Water
content, %

Specific
weight,
g/cm3

Liquid limit,
%

Plastic limit,
%

Plasticity
index, %

Optimum water
content, %

Unconfined
compressive

strength, kg/cm2

Hydraulic
conductivity,

m/s

Swelling
potential,

%
39.2 2.77 58 30 28 33 2.16 3.5 × 10−11 10.4

(a) (b)

Figure 2: Geomembrane production with lab-scale extruder.

Table 2: BTM/CW, BTM/CW/BNT, and BTM/CW/TW specimens
and proportions.

Specimen code BTM, % CW, % BNT, % TW, %
BTM30CW70 30 70 — —
BTM40CW60 40 60 — —
BTM50CW50 50 50 — —
BTM40CW50BNT10 40 50 10 —
BTM40CW52BNT8 40 52 8 —
BTM40CW55BNT5 40 55 5 —
BTM40CW50TW10 40 50 — 10
BTM40CW52TW8 40 52 — 8
BTM40CW55TW5 40 55 — 5
BTM: bitumen; CW: waste clay; BNT: bentonite; TW: waste tire
All numbers in specimen codes represent the percentage of material at its left
in the mixture.

has high survivability in service. Elongation at yield of the
geomembrane should be investigated instead of elongation
at break because after yield elongation point, deformation is
irreversible. For instance, high density polyethylene (HDPE)
has an elongation at break value of 700% but exhibits a dis-
tinct yield point at 12% strain [1]. According to the tensile and
elongation properties, one of the BTM/CW, BTM/CW/BNT,
and BTM/CW/TW geomembranes was selected to apply
hydraulic conductivity test (Figure 3).

2.4. Exposure to Leachate. Leachate tests were applied to the
most promising geomembrane sample determined by the
analyses according to TS EN 13493. Geomembrane sample
was exposed to distilled water (DW), municipal solid waste
landfill leachate (L-MSW), and hazardous waste landfill
leachate (L-HW). L-MSW was collected from a municipal
solid waste landfill and L-HW was collected from İzmit
Waste and Residue Treatment Incineration Recycling Co.
(İZAYDAŞ). The test arrangement constituted for geomem-
branes exposure to leachate (Figure 4(a)) included a hydraulic
conductivity test cell (Figure 4(b)) which was composed of

two parts (D: 50mm) holding to each other by clamping for
housing the geomembrane sample. In Figure 4(a), 1 bar of
pressure was constantly applied on the leachate column to
sustain the 1-bar fluid pressure in test cell.Theplastic bottle on
the bottom is placed for collecting leachate sample from the
exit stream of the cell in case of any leaching occurrence.The
leachate exposure test lasted for 35 days. SEM analysis was
performed to examine the structural changes on the surface
of geomembrane specimen due to exposure to leachates by
using Phenom ProX SEM. Before the analysis, in order to
prevent electrical charging, geomembrane was covered with
gold for 40 seconds under the presence of Argon gas. During
the analysis, 300, 500, and 1000x zoomed SEM images were
obtained for each geomembrane and the appropriate 2 images
in all 3 were chosen for consideration.

3. Results and Discussion

Results of thickness, mass per unit area, tensile strength,
and elongation at yield analyses performed on geomembrane
samples with/without reinforcement are given in Table 3.
A commercial geomembrane was also tested in order to
compare the results of produced geomembranes.

According to Table 3, geomembrane samples had thick-
ness values between 2.5 and 3.7mm. These thickness values
are in the range of 2 to 5mm given by the literature [1].
Produced samples had mass per unit area values between 3.6
and 5.4 kg/m2. Geomembranes withmass per unit area above
0.5 kg/m2 are considered as heavyweight membranes since
this specification depends on density of the reinforcement
and the filler [1].

Tensile strength of the geomembrane samples without
reinforcements decreases with increasing bitumen content; in
other words, tensile strength increases with increasing waste
clay content.

Bentonite addition improved neither tensile strength
nor elongation of geomembrane. At constant bitumen con-
tent, decreasing bentonite content and increasing waste clay
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Figure 3: Hydraulic conductivity test arrangement.

(a) (b)

Figure 4: Leachate test arrangement: (a) leachate column; (b) test cell.

content affected tensile strength values of geomembrane
negatively.

Waste tire addition improved tensile strength when bitu-
men/waste clay/waste tire mixtures were examined. At con-
stant bitumen amount, tensile strength of the geomembrane
increased with increasing waste tire amount. So with the
intent of utilizing waste tires, waste tire could be used in
geomembrane materials as modifier of bitumen.

Glass fleece reinforced geomembranes, in other words
the CT-specimens, had relatively higher tensile strength
values. However elongation values were in the range of 5–
8% which was very low when compared to the commercial
geomembrane.

The highest elongation belonged to PK-BTM30CW70
and PK-BTM50CW50, where nonwoven polyester reinforce-
ment is already known to have a beneficial usage in geomem-
branes due to its high yield elongation. Tensile strength of
PK-specimens was also higher than the commercial bitumi-
nous geomembrane.Therefore, PK (nonwoven polyester) was
considered as the most appropriate reinforcement material.
Since all specimens with PK had favorable tensile strength
and elongation values, the one with highest waste clay con-
tent among BTM/CW, BTM/CW/BNT, and BTM/CW/TW
groups was selected for hydraulic conductivity test applica-
tion.

Hydraulic conductivity test was performed with
PK-BTM30CW70, PK-BTM40CW55BNT5, and PK-
BTM40CW55TW5. The hydraulic conductivity test results
were 3.6 × 10−6, 2.2 × 10−5, and 1.0 × 10−5m3/m2/day,
respectively, while the hydraulic conductivity of commercial
geomembrane was 10−6m3/m2/day. PK-BTM30CW70 had
the closest value to commercial geomembranes’ value; hence
leachate exposure tests were performed with only that
specimen.

3.1. Exposure to Leachate Results. Leachate exposure tests
were carried on with PK-BTM30CW70 for 35 days. Mean-
while, leaching of any water sample through geomembrane
was not observed; the outlet tubes and sample bottles were
both empty at the end of the experiment. This result was
a proof of considerably low hydraulic conductivity of the
produced geomembrane. SEM analysis was performed on
uncured geomembrane (Figure 5) and geomembrane samples
exposed to DW (Figure 6), L-MSW (Figure 7), and L-HW
(Figure 8).

SEM images of uncured geomembrane show a solid
structure without any scratch, puncture, or gaps. Here, waste
clay seems to be distributed homogenously in the mixture
and size of waste clay particles is in the range of 10–20 𝜇m.
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Table 3: Physical properties of all specimens and constituents.

Reinforcement state Specimen Thickness
(mm)

Mass per unit
area (kg/m2)

Tensile
force (kN)

Elongation
(%)

Without reinforcement

BTM30CW70 1.4 2.2 0.0033 20
BTM40CW60 1.3 2.0 0.0022 20
BTM50CW50 1.2 1.8 0.0010 20
BTM40CW50BNT10 1.4 2.3 0.0010 20
BTM40CW52BNT8 1.4 2.5 0.0012 20
BTM40CW55BNT5 1.5 2.7 0.0013 20
BTM40CW50TW10 1.5 2.3 0.0029 50
BTM40CW52TW8 1.5 2.5 0.0022 30
BTM40CW55TW5 1.7 2.6 0.0022 32

With reinforcement

Glass fleece

Glass fleece 0.25 0.044 0.1045 1.4
CT-BTM30CW70 3.2 4.4 0.5152 7
CT-BTM40CW60 2.7 4.0 0.6386 7
CT-BTM50CW50 2.8 3.6 0.4606 7
CT-BTM40CW50BNT10 3.0 5.4 0.5520 7
CT-BTM40CW52BNT8 3.1 4.9 0.5735 8
CT-BTM40CW55BNT5 3.2 4.6 0.6000 7
CT-BTM40CW50TW10 3.2 4.6 0.3104 5
CT-BTM40CW52TW8 3.7 5.0 0.5606 7
CT-BTM40CW55TW5 3.6 5.2 0.4860 7

Nonwoven polyester

Nonwoven polyester 0.5 0.148 0.3885 40
PK-BTM30CW70 3.2 4.5 0.4928 68
PK-BTM40CW60 2.5 4.1 0.4213 57
PK-BTM50CW50 3.0 3.7 0.4830 68
PK-BTM40CW50BNT10 3.1 4.7 0.4061 53
PK-BTM40CW52BNT8 3.4 5.0 0.4624 62
PK-BTM40CW55BNT5 3.4 5.5 0.4964 67
PK-BTM40CW50TW10 3.2 4.7 0.5088 35
PK-BTM40CW52TW8 3.5 5.1 0.4935 59
PK-BTM40CW55TW5 3.6 5.3 0.4986 59

Commercial geomembrane 3.2 3.6 0.4032 75
BTM: bitumen; CW: waste clay; BNT: bentonite; TW: waste tire; PK: nonwoven polyester; CT: glass fleece
All numbers in specimen codes represent the percentage of material at its left in the mixture.

(a) (b)

Figure 5: SEM images of uncured PK-BTM30CW70: (a) 300x; (b) 500x.
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(a) (b)

Figure 6: SEM images of PK-BTM30CW70 exposed to DW: (a) 300x; (b) 1000x.

(a) (b)

Figure 7: SEM images of PK-BTM30CW70 exposed to L-MSW: (a) 300x; (b) 1000x.

Geomembrane sample exposed to distilled water had some
scratches with maximum length of 200𝜇m and a small
amount of waste clay was released from the bitumen and
reached the surface. Geomembrane exposed to L-MSW had
200𝜇m scratches and also fractional punctures with the
length range 10–20𝜇m.Geomembrane exposed to L-HWhad
a relatively more defective image with punctures at length of
20–50𝜇m. Clay particles that reached surface were observed
more in those images. The punctures are claimed to be a
result of a certain amount of waste clay released from the
bitumen when the geomembrane gets in contact with any
kind of water. However those defects were limitative on the
top surface of the geomembrane. Additionally, any effect on
the bottomwas not expected since no leaching was observed.

4. Conclusion

In this study, waste clay generated during boron derivatives
production was mixed with bitumen, bentonite, and waste
tire and these mixtures were used to cover up reinforcement
materials (nonwoven polyester and glass fleece). Among all

produced geomembrane samples, according to thickness,
mass per unit area, tensile strength, and elongation results,
the samples were eliminated by comparing to a commercial
geomembrane and only three samples (PK-BTM30CW70
(nonwoven polyester, 30% bitumen, 70% waste clay), PK-
BTM40CW55TW5 (nonwoven polyester, 40% bitumen, 55%
waste clay, and 5% waste tire), and PK-BTM40CW55B5
(nonwoven polyester, 40% bitumen, 55% waste clay, and
5% bentonite)) were used to apply hydraulic conductiv-
ity test. PK-BTM30CW70 was determined as the opti-
mum geomembrane with the lowest hydraulic conductivity.
Therefore leachate exposure tests were performed with PK-
BTM30CW70 and distilled water, municipal solid waste
leachate, and hazardous waste leachate. During the experi-
ments, leaching did not occur, but SEM analysis comparison
of geomembranes exposed to leachate showed increasing
defectives such as scratches and punctures. Those structural
defects did not affect the impermeability of geomembrane.

In terms of tensile strength, elongation, and hydraulic
conductivity, boron waste clay could be used in geomem-
brane production instead of calcite in order to lower the cost
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(a) (b)

Figure 8: SEM images of PK-BTM30CW70 exposed to L-HW: (a) 500x; (b) 1000x.

while leading up to utilize waste clay of 900,000 tons/year
generated at boron enterprises in Turkey. The optimum
geomembrane produced is appropriate to use in landfills
in means of the applied test results. As a conclusion, this
study has an importance from the point of sustainable waste
management principles with its aim to produce an innovative
material by using waste materials.
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This work addresses the results of experimental investigation carried out on mechanical and morphological properties of plain
woven kenaf fiber reinforced PVB film which was prepared by hot press technique. The composites were prepared with various
fiber contents: 0%, 10%, 20%, 30%, 40%, 50%, and 60% (by weight), with the processing parameters 165∘C, 20min, and at a pressure
of 8MPa applied on the material. Tensile, flexural, and Charpy impact properties were studied as well as morphological properties
of impact fracture surface. With the increase in kenaf fibers content up to 40%, the PVB composites have shown lower tensile and
flexural strength accompanied with reduction in the ultimate strain of the composite. The results showed that impact properties
were affected in markedly different ways by using various kenaf contents and decrease with the increase in kenaf fiber content up to
40%; however, high impact strength was observed even with 40% kenaf fiber content. Furthermore, scanning electron microscopy
for impact samples was utilised to demonstrate the different failures in the fracture surfaces for various kenaf fibers contents.

1. Introduction

Natural fiber composites are proposed to replace synthetic
materials in many engineering applications due to several
advantages such as renewability, less abrasiveness to equip-
ment, biodegradability, and low weight and cost [1]. Kenaf
fiber has been found to be an important source of fiber for
composites due to its good properties and its contribution to
environmental sustainability and eco-friendly products [2, 3].

In several studies, El-Shekeil et al. [4–6] have concen-
trated their efforts on the study of the natural fiber content
effects on the behavior of composites. It was concluded
that the fiber content strongly affects the overall properties
of composites; 30% fiber loading displays the best tensile

strength, while the tensile modulus, thermal stability, hard-
ness, and flexural strength increased with increase of fiber
content, but the strain decreased. In other studies, Joseph
et al. [7] and Ku et al. [8] described a remarkable increment
of mechanical behaviors in the polymeric composites by
increasing the natural fiber content.

Likewise, Ochi [9] and Nishino et al. [10] indicated
that unidirectional kenaf/polylactic acid composite at fiber
loading of 70% has high tensile and flexural strength. It was
concluded that the decline in tensile strength and Young’s
modulus increased with the increase of fiber loading with
above 70 vol.%. This means fibers might not be fully satu-
rated because of insufficient filling of the polymer amount.
Similarly, Lee et al. [11] investigated the kenaf/polypropylene
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composites fabricated with different fiber content, varying
from 10% to 70% weight fraction with 10% increment. The
results indicated that the tensile strength and modulus of
kenaf/PP composites increased with increasing kenaf fiber
contents, reaching a maximum value at 40%, and then
decreased.

However, Hargitai et al. [12] indicated that themechanical
behaviors of the hemp/PP composites improved when the
hemp fiber content increased, up to 50%, and reduced gradu-
ally at 70%. Shibata et al. [13] examined the flexural behavior
of the kenaf fiber reinforced biodegradable resin composites
and observed that flexural modulus increases with increase
in kenaf loading irrespective of fiber orientation. This is in
agreement with the findings of Liew [14] who found similar
trends for oil palm fiber/polyester composites and concluded
that the presence of 40% fiber content is the best. Rao et al.
[15] studied experimentally the effect of banana fiber loading
and other natural fibers reinforced polyester composites on
mechanical behaviors of their composites.

More recently, a few attempts have been made to study
the effect of processing method and polymer type relative to
the physical and mechanical properties of composites based
on kenaf fibers by Sharba et al. [16, 17]. From the results, it
was concluded that kenaf fibers could be used as a potential
reinforcing material, in order to decrease the use of synthetic
fibers while taking advantage of natural resources.

However, the experimental results are different due to
the properties of fibers and viscosity of matrix; therefore,
the effect of fiber loading on the mechanical behavior
of composites is one of the significant interests of many
researchers. Even though many studies in the literature
investigate the fiber loading effects on mechanical charac-
terization, introducing new resin into the field of natural
fiber composites gives more alternatives with a broad set of
properties. Kenaf reinforced PVB film composites will open
a new avenue for use in structural applications due to their
remarkable properties, for example, in the automotive and
aircraft industries. The objective of this research is to study
the effect of fiber content on the mechanical performance of
plain woven kenaf reinforced PVB composite.

2. Materials and Methods

To clarify the effect of fiber loading on the mechanical
behavior of composites, plain woven kenaf and PVB film
were utilised to fabricate the composites with different kenaf
fiber loading. Plain woven kenaf was supplied by ZKK Sdn.
Bhd., Malaysia, with the properties as reported in Table 1
and shown in Figure 1. PVB film (polyvinyl butyral resin) is
now employed in a wide array of industrial processes and
projected to ascertain a bright future for the new industry.
The PVB tensile strength is ≥20MPa and breaking elongation
≥200% (manufacturer data sheet).

2.1. Fabrication of Composite Samples. The composite sam-
ples were made with 10%, 20%, 30%, 40%, 50%, and 60%
kenaf fiber weight content by using a hot hydraulic press
technique to reinforce PVB film. A detailed flow chart for

Table 1: Properties of woven kenaf [18].

Characterization Woven kenaf
Thickness, 𝑡 (mm) 2 ± 0.2
Weight (g/m2) 890
Density (g/cm3) 1.2
Warp density (warp/inch) 12
Weft density (weft/inch) 12
Wavelength, 𝜆 (mm) 4.2
Interyarn fabric porosity (𝜀) 0.274
Moisture content (%) 8.353
Water uptake (%) 148.86
Average breaking strength (MPa) 100.64
Average maximum strain (%) 17.3

0∘/90∘

Figure 1: Kenaf fiber.

processing method is explained in Figure 2. Six panels with
dimension 300mm by 300mm were fabricated and then
cut by using a wheel saw machine, according to the ASTM
standard of each test. For each panel, five layers of woven
kenaf and six layers of PVB film are centered between
two stainless-steel molds and hot plates of a compression
moulding press. The hot press plates are heated to 165∘C
and the compression pressure is increased to 8MPa and held
constant for 15min. Then, the platen temperature is reduced
to room temperature (25∘C), under pressure 8MPa, until the
temperature reaches 25∘C. The panel was taken out of the
compression molding frame and allowed to complete inner
cure.

2.2. Mechanical Properties of Composites. The effect of fiber
content on the tensile and flexural properties of woven
kenaf/PVB composites was investigated in the composite
laboratory of the Mechanical Department, Universiti Putra
Malaysia, according to the ASTM D3039/D3039M-10 [19]
and ASTM D790-10 [20]. The composites were categorized
according to their fiber weight fractions (10%, 20%, 30%,
40%, and 50%). The test was carried out to determine the
maximum tensile strength, maximum tensile strain, tensile
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Figure 2: Drawing of the plain woven kenaf/PVB composite laminates by using the hot press technique and the temperature profile.

modulus, and stress-strain graphs, with crosshead speed of
1mm/min. Tensile specimens were cut to 250mm × 25mm
× actual thickness for each composite, rectangular sectional
area flat strip (gage length of 170mm). Four tabs plates with
a dimension of 40 × 25mm were attached to the two sides of
both ends of the specimens by an adhesion agent.

The flexural tests were investigated using the three-point
bending fixture with rectangular shape three-point bending
specimens, 127mm × 12.7mm × actual thickness for each
composite. The distance between the supports (span length)
was calculated as per the standard, with a ratio of 16 : 1.
The crosshead motion was calculated for each composite,
according to

𝑅 =
𝑍 × 𝐿

2

6 × 𝑑
, (1)

where 𝑅 is rate of crosshead motion (mm/min), 𝐿 is support
span (mm), 𝑑 is depth of composite (mm), and 𝑍 is equal to
0.01.

The flexural modulus or bending modulus was calculated
by drawing a tangent to the steepest initial straight-line
portion of the stress-strain curve and using

𝐸
𝑏
=
𝐿
3

𝑚

4𝑏𝑑
, (2)

where 𝐸
𝑏
is the modulus of elasticity in bending (MPa), 𝑚 is

the slope of the tangent to the initial straight-line portion of

the load-deflection curve, (N/mm) of deflection, and 𝑏 is the
width of sample tested (mm).

Eight samples for each composite were tested and the
average value of five specimen results was reported by using
a universal testing machine (Instron 3365) with a capacity of
100KN (for both tests).

The impact strength of the samples was measured using
Charpy impact test machine, according to the ASTM D6110
[21]. The Charpy impact tests were conducted by using a
universal testingmachine, INSTRON,MECOMB, in the Lab-
oratory of Bio-Composites Technology, Institute of Tropical
Forestry and Forest Products (INTROP), Universiti Putra
Malaysia. By using a wheel saw machine, the specimens were
carefully cut and finished to the accurate size, 127mm ×
12.7mm × actual thickness for different weight fraction and
striking hammer energy (0.5, 2.7, 5.4, and 21.6 joules). All
impact test sampleswere notchedwith the radius of curvature
0.25𝑅mm to 2.54mm by motorised Notchvis in the middle.
Eight specimens for each composite and energy level were
tested and the average value of five specimen results was
reported.

2.3. Morphological Observation. The influence of the kenaf
fiber content on the fractured surface of the composites after
Charpy impact test was observed by using the scanning elec-
tron microscope (SEM) instrument model Hitachi 5.00 kV,
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Figure 3: Average values of tensile stress-deformation diagram of
different fiber content of kenaf/PVB composites.

after being coated with a thin layer of gold to avoid electron
charge accumulation.

3. Results and Discussions

3.1. Tensile Test Results. Figure 3 shows that the stress-strain
curve of kenaf/PVB film with different fiber content is linear
and follows Hooke’s law. It could be seen that the tensile
strength increased linearly with the increase of the tensile
strain and fiber content, reaching a maximum value at 50%.
However, when it reaches certain stress values, nonlinear
behavior is noticed, especially for the 10% and 50% fiber
content. The average tensile strength is 11.28MPa, 13.23MPa,
16.19MPa, 19.19Mpa, and 6.27MPa for 10%, 20%, 30%, 40%
[22], and 50%fiber content, respectively.The results indicated
that failure takes place at a much lower strain rate at 30%
and 40% kenaf fiber content. Meanwhile, the highest tensile
strength was enhanced at 40% kenaf fiber content.The results
indicated that the mechanical interlocking was sufficient to
transfer the load from the PVB film to the kenaf fibers and
the reinforcing effect of the kenaf fibers predominated, while
at low kenaf fiber content, less fiber amount caused low load
transfer capacity among the fibers, which led to accumulation
of stress that occurred in the matrix which led to rapid
failure of the composites. The low stress rate for 50% fiber
content is attributed to two reasons. The first reason is the
low tensile properties of PVB film, and the second one is the
fact that the spacing between kenaf fibers becomes so small
that the stress transfer between kenaf fiber and PVB resin
becomes inefficient. As a result, a premature failure occurred
due to increased shear stresses on all planes parallel to the
axes of the fibers which led to delamination. It is stated by
Kim et al. [23] that most highly polymeric materials tend
to be stress rate dependent. It has been recorded that the
strength of composites is influenced by several factors such
as fiber content, fiber/matrix interfacial bonding, and fiber
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Figure 4: Effect of different kenaf fiber content on flexural proper-
ties of kenaf/PVB composites.

and matrix strength [24]. However, the fiber works as load
carriers in the matrix, and high tensile strength depends
more on effective and uniform stress distribution. Several
researches have concluded that there is a practical maximum
fiber content above which composite characteristics deteri-
orate [25, 26] and/or porosity increases highly [27]. Similar
findings were also observed by Ku et al. [8], who reported
that the increment of fiber loading above 40% causes the
reduction in ultimate strength.

3.2. Flexural Test Results. Flexural characteristics represent
the flexibility of the materials and good flexural strength
indicates that the materials have brittle properties and high
hardness [4]. Figure 4 shows the effect of different fiber
content on the flexural properties of kenaf/PVB composites.
Flexural strength behaved with a similar trend to tensile
strength behavior; the 40%kenaf fiber content has the highest
stress to resist deformation under flexural condition. As
a result of good interfacial bonding between kenaf fiber
and PVB film, the fibers are effectively participating in
the stress transfer. Tensile, compression, and shear stresses
caused the flexural failure that occurred at the two sides
of the bending samples [28]. The average flexural strength
is 8.4MPa, 9.8MPa, 10.8MPa, 11.8MPa, and 6.98MPa for
10%, 20%, 30%, 40%, and 50% fiber content, respectively.
A characteristic stepwise reduction in flexural stress was
demonstrated with increasing both the strain of maximum
flexural stress and up to 40% kenaf fiber content. Hence,
the failure in flexural testing of the kenaf/PVB film is dom-
inated by individual ply failure rather than any observable
interlaminar failure. It can be concluded that 40% kenaf
fiber content exhibited relatively high flexural strength; good
kenaf fiber/PVB bonding offers an advantage over other
composites. The comparatively lower flexural modulus of the
50% kenaf fiber content is due to using lower percentage
of PVB film, which might lead to inefficient load transfer
from fiber to matrix (weak fiber adhesion). As reported in
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Figure 6: Effect of fiber content on impact energy of kenaf/PVB composites at different energy levels.
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previous studies, the flexural strength increased at the 40%
fibers content [13, 29], the stiffer and higher to resist any
deformation.

Figures 5(a), 5(b), and 5(c) show the effects of fiber
content on the average tensile and flexural strength,modulus,
and strain of the kenaf fiber reinforced PVB composites,
respectively. In Figure 5(a), it is noticed that the tensile and
flexural strength are increasing gradually with increase in
fiber content up to 40% kenaf content and then decreased.
Similarly, de Albuquerque et al. [30] have reported the same
trend on the Jute reinforced polyester composites. Figure 5(b)
shows that the modulus increased with addition of fibers,
reaching a maximum value at 40% kenaf content, and
then reduced. As discussed earlier, a lower value for tensile
and flexural modulus is predominantly seen for 50% kenaf
content composites due to increased shear stresses on all
planes parallel to the axes of the fibers.The tensile modulus is
363.5MPa, 475.5MPa, 699.4MPa, 889.2MPa, and 215.3MPa
for 10%, 20%, 30%, 40%, and 50% fiber content, respectively,
while flexural modulus is 61.497MPa, 91.4MPa, 105.5MPa,
144.9MPa, and 54.98MPa for 10%, 20%, 30%, 40%, and
50% fiber content, respectively. The tensile and flexural
strain show an inverse relationship to strength and modulus.
As illustrated in Figure 5(c), when kenaf fiber content was
increased until 30%, failure took place at the lowest strain
rate. It can be indicated that the strain is decreasing with
increase in fiber content, up to 30% fiber content. The tensile
strain is 3.13%, 2.82%, 2.32%, 2.26%, and 2.84% for 10%, 20%,
30%, 40%, and 50% fiber content, respectively. The value
of the maximum tensile strain decreased slightly for 40%;
nevertheless, flexural strain increased for 50% continuously
(12.7%). In the 10% kenaf fiber content composite, insufficient
fibers are mixed with large PVB matrix; thus, elongation
will be high because it is high in the PVB matrix. At 30%
kenaf fiber content composite, more kenaf fibers were there
which could transfer stress properly along them, leading to
less elongation. This prevents creating a crack propagation
rate, thus causing the composite to break at a higher failure
strain. Both fibers content and characteristics of individual
reinforcing fibers are themain factors which have affected the
variation in the modulus and failure strain of composites.

3.3. Impact Test Results. Figure 6 compares the energy
absorption capability of the different kenaf fiber content
under varied impact energies, 0.5 J, 2.7 J, 5.4 J, and 21.6 J,
respectively. It showed the variation of the energy absorbed by
the tested specimens under different energies levels.However,
the Charpy impact energy of different kenaf content showed
almost the same behavior when tested under the same energy
level. It could be observed that there is an increase in the
total energy absorption by the specimens up to 40% then a
decrease was observed.The level of maximum impact energy
reached for the 40%kenaf/PVB composite is the highest value
at different energy levels. At low energy level, 0.5 J, there is
not a significant difference in the absorbed energy that can
be observed for the various kenaf fiber contents. However,
when the energy level was increased, a high increment in
the absorbed energy can be seen for kenaf/PVB composite
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Figure 7: Effect of fiber content on impact energy of kenaf/PVB
composites at different energy levels.

up to 40% kenaf fiber content, as shown in Figure 7. Then,
the energy absorbed is decreased at 50% and 60% kenaf
fiber content, at different energy levels. Due to the lower
percentage of resin, both intralayer failures and delamination
affect the total absorbed energy values at these kenaf fiber
contents, which is found to change the failure mechanism of
the composites [31]. However, the amount and the type of
failure mechanism depend on the impact energy level and
mechanical properties of fiber and matrix [32].

A similar finding was also observed in the average impact
strength of the kenaf/PVB composites with different kenaf
content and energy levels, as shown in Figure 8. It was clear
that, for the composite specimens with 40% kenaf fiber
content, higher values of impact strength were recorded
compared with the other composites, at different energy
levels. This is attributed to the fact that the increase of fiber
content above 40% causes lack of energy absorbance. It could
be attributed to the increase of the stiffness of the composite
by increase of fiber content to reinforced thermoplastics, as
reported by Joffe andAndersons [33]. Generally, it can be seen
that the impact energy strongly depends on the percentage of
the fiber content, especially when combining natural fibers
with thermoplastics [34, 35], as shown in Figure 9. Further,
low interface shear stress between natural fiber and polymer
resin might contribute to the increase in the composite
strength. The incorporation of lignocellulosic fibers offers
an obstacle to the propagation of an initial crack at the
specimen notch and then causes other cracks at the weak
fiber/matrix interface to propagate longitudinally through the
interface following the specimen length direction. Likewise,
Wirawan et al. [36] have reported that higher absorbed
impact energy resulting in corresponding higher strength of
sugarcane reinforced PVC thermoplastic.

Similarly, the Charpy impact toughness seems to have
the same impact energy and impact strength behaviors at
different energy levels, as represented in Figures 10 and 11. It is
clearly seen that the compositematerials with 40% kenaf fiber
content have the greatest impact toughness value, at different
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0.5J 2.7J 5.4J 21.6J
10% 28.25 130.64 206.35 278.960
20% 59.92 332.64 427.55 389.96
30% 62.16 349.96 442.81 506.38
40% 109.67 357.7 595.09 642.28
50% 107.17 335.32 364.77 382.03
60% 104.54 245.43 316.78 329.57
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Figure 8: Effect of fiber content on impact strength of kenaf/PVB composites at different energy levels.
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Figure 9: Effect of fiber content on impact strength of kenaf/PVB composites.

0.5J 2.7J 5.4J 21.6J
10% 2.38 12.96 19.82 24.400
20% 4.16 23.26 29.9 27.66
30% 4.2 23.49 35.71 41.17
40% 9.9 30.42 42.81 44.65
50% 8.31 24.12 29.91 31.05
60% 7.47 17.53 21.4 23.37
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Figure 10: Effect of fiber content on impact toughness of kenaf/PVB composites at different energy levels.
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Figure 11: Effect of fiber content on impact toughness of kenaf/PVB composites.
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International Journal of Polymer Science 9

energy levels, while the average impact toughness of the other
composites showed almost the same behavior when tested at
low energy levels (0.5 J). As research studies have reported
[28, 37], both fiber content and properties of the polymer are
accountable for deciding the impact toughness of composites.
This implies that both the effect of interlaminar delimitation
and interfacial strength between fiber and matrix highly
decide impact properties, especially in the case of weaving
pattern as stated by others [38].

3.4. Morphological Properties. SEM photographs of all the
impacted specimens (10%, 20%, 30%, 40%, 50%, and 60%
kenaf fiber content) are shown in Figure 12. The fractured
impact surface with 21.6 J energy level was selected as a
representative sample for the interpretation of the degree
of interfacial adhesion. It is evident that the differences
in interfacial adhesion resulted in the different fracture
mechanism, a combination of matrix cracking and gaps
between kenaf fibers and PVB film as well as kenaf fiber
breakage. These failure mechanisms agree very well with the
impact damage observed by Khan et al. [39] for Jute fabric-
reinforced polypropylene composite and byDhakal et al. [40]
for nonwoven hemp fiber reinforced unsaturated polyester
composites.

Rich regions and matrix failure were noted in the SEM
image of the 10% and 20% kenaf fiber content, as shown
in Figures 12(a) and 12(b), because of the lower kenaf fiber
content, attributed to poor kenaf fiber distribution, hence
resulting in poor energy dissipation. In 30% and 40% kenaf
fiber content, an increasing trend in impact strength was
found. As a result of a strong bond at the interface, the impact
damage does not propagate into the vicinity of the impacted
point. This was revealed by SEMmicrograph in Figures 12(c)
and 12(d) which showed that the interfacial bonding between
kenaf fiber and PVB film was the best among all samples,
reaching the highest impact strength. However, when the
kenaf fiber weight reaches beyond its threshold value, the
impregnation of PVB film into the interface area is decreased
and results in weak bonding between PVB film and kenaf
fiber. As a result of poor kenaf fiber/PVB film adhesion,
the composites could not withstand further impact loads, as
noticed in the composites of 50%and60%kenaf fiber content.
Figure 12(e) shows both entanglement of kenaf fiber and kind
of debonding between the kenaf fibers and PVB film, still
not appearing to be to the maximum extent as shown in
Figure 12(f). As a result, more shear action is observed in
the interfacial zone which leads to layer-by-layer fracture
of the matrix (delamination) and corroborates the observed
decrease in impact strength. Also, poor wetting of the kenaf
fiber surface and cohesive force between kenaf fibers may
decrease with the increase in kenaf fibers content.

4. Conclusions

A new type of composite using kenaf fiber reinforced PVB
film was fabricated with different fiber content, and its
mechanical behavior was studied. Six types of laminated
composites were fabricated and compared under tensile and

flexural and four levels of impact conditions. It was concluded
that the mechanical characteristics of the kenaf/PVB com-
posites were variously affected by the kenaf fiber loading.
40% kenaf content composite has optimized mechanical
properties, followed by 30% kenaf content, while 10% and
60% kenaf content composites have shown the weakest
performance. SEM examinations of impact specimens show
that the kenaf fiber content played an important role in the
interfacial bonding between kenaf fiber and PVB film, which
affects the mechanical properties of composites.
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Paper cups are ubiquitous in daily life for serving water, soup, coffee, tea, and milk due to their convenience, biodegradability,
recyclability, and sustainability. The thermal insulation performance of paper cups is of significance because they are used to
supply hot food or drinks. Using an effective thermal conductivity to accurately evaluate the thermal insulation performance of
paper cups is complex due to the inclusion of complicated components and a multilayer structure. Moreover, an effective thermal
conductivity is unsuitable for evaluating thermal insulation performance of paper cups in the case of fluctuating temperature. In
this work, we propose a facile approach to precisely analyze the thermal insulation performance of paper cups in a particular range
of temperature by using an evaluation model based on the MISO (Multiple-Input Single-Output) technical theory, which includes
a characterization parameter (temperature factor) and ameasurement apparatus. A series of experiments was conducted according
to this evaluationmodel, and the results show that this evaluationmodel enables accurate characterization of the thermal insulation
performance of paper cups and provides an efficient theoretical basis for selecting paper materials for paper cups.

1. Introduction

The first modern paper cup was initially developed by
Lawrence Luellen in 1907. After a hundred years of devel-
opment, paper cups have become one of the life’s necessities
for serving hot and cold drinks; they are widely used in fast-
food restaurants, coffee shops, and offices, among others,
because they are inexpensive, biodegradable, and renewable
and because there are environmentally friendly properties
of paper [1, 2]. The consumption of paper cups in China
has increased sharply in recent years. More than 25 billion
paper cups were consumed in 2011, and the number will
continue to increase, with an estimated future annual growth
rate of 12.84%. Paper cups are sometimes used to serve hot
drinks or food, and the thermal insulation performance of
paper should be considered because of the possibility of
serious scalding accident. However, there is a lack of uniform
standards, such as national standard or industrial standard
for the convenient and accurate evaluation of the thermal
insulation performance of paper cups.

Heat is transferred via conduction, convection, and radia-
tion [3], and the impact of eachmode of heat transfer depends

on the application. The thermal insulation performance of
paper cups is determined by the paper materials. Paper is
considered to be a type of porous fibrous material with a
porosity of 40%∼70%.When the volume fraction of cellulose
fibers is greater than 1%, heat transfer by convection is
negligible because the air cells in the fiber systemare too small
to support convection or turbulence [4–6]. Heat transfer
by radiation is a linear function of temperature cubed (𝑇3)
according to the Rosseland approximation [7]. Hence, the
radiative heat transfer is also inappreciable at the relatively
low operating temperature of paper cups [8, 9]. Therefore,
an effective thermal conductivity is generally used to char-
acterize the conductive heat transfer and thermal insulation
performance of paper materials.

Schuhmeister first proposed amodel for the thermal con-
ductivity of fibrous materials [10]. Many researchers have
since worked on modifications of this model [11–13]. The
most basic expression for defining an effective thermal con-
ductivity in porous media was given by Bhattacharyya [14]
and Bankvall [12]

𝑘eff = 𝛼𝑘𝑓 + (1 − 𝛼) 𝑘𝑔. (1)
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The above equation assumes that the conductive heat
travels through both the fibers and the interstitial fluid (often
air). Therefore the effective thermal conductivity was based
on a weighted average of the thermal conductivity values
of the fibers and the interstitial fluid. The first term in the
right-hand side of (1) overpredicts the conductivity of the
solid phase. The second term is expected to predict the
conductivity of the fluid phase. However, there are some
questions regarding this equation. The heat transfer does
not occur in a parallel mode through the paper because of
the random fiber system, and the thermal barrier resistance
should be considered when heat flows through a number of
fiber-to-fiber contact areas [15].The impact of each parameter
on the thermal insulation performance of paper was studied
by computer simulation. Through this simulation, we can
predict the effective thermal conductivity of the whole media
[15, 16].

However, a variety of parameters such as temperature
and pressure [17], moisture [18, 19], the nature of the raw
materials, and the macrostructure and microstructure of the
paper [20] will affect the veracity of the effective thermal
conductivity [21]. Another problem with an effective thermal
conductivity is that the numerical value changes with tem-
perature. Paper cups are always used at a relatively low tem-
perature (below 100∘C) that fluctuates.Therefore, an effective
thermal conductivity is unsuitable for practical applications.
In this study, we proposed a facile approach to precisely
analyze the thermal insulation performance of paper cups
by establishing an evaluation model. For the first time, we
propose a new parameter named “temperature factor,” which
is a simple and convenient parameter for characterizing the
thermal insulation performance of a paper cup. Moreover, an
apparatus for the experiment is also designed, as shown in
Section 2.

2. Model Establishment

On the basis of MISO (Multiple-Input Single-Output) tech-
nical theory [22], the equation for the effective thermal
conductivity can be expressed as shown below

𝑘eff = 𝑓 (𝑘𝑓, 𝑘𝑔, 𝛽, 𝛾, . . .) . (2)

This equation denotes the effective thermal conductivity
as a function of the factors that influence the thermal
insulation performance of paper cups. When this approach
is used, only the value of 𝑘eff is required to appraise the
thermal insulation performance of paper cups. However,
Fourier’s law states that thermal conductivity is independent
of the temperature gradient but necessarily of temperature
itself. The thermal conductivity is a function of temperature.
That means the effective thermal conductivity was suited
for evaluating the thermal conductivity of materials at a
single temperature [23]. For paper cups, evaluation of the
thermal insulation performance in a particular temperature
range ismore suitable for practical applications.Therefore, for
assessing the thermal insulation performance of paper cups,
this study includes the proposal of the temperature factor and
the design of a corresponding apparatus for measurement

Digital
thermometer

Heating liquid

Metal conducting sheet

SMD thermocouple

Sample

Figure 1: Schematic of setup for thermal insulation measurement.

of this new parameter. The temperature factor represents
the thermal insulation performance of paper cups within a
certain temperature interval, and the apparatus can help to
quickly determine the value of the parameter.

2.1. Experimental Apparatus. To evaluate the thermal insu-
lation performance of paper cups, an apparatus to test the
temperature difference between the inside and outside of the
cup wall was set up, and its structure is shown schematically
in Figure 1. This apparatus was assembled based on the
method used by Iioka [24], which was comprised of a heating
section, a support frame, and a measuring part.

The sample is held between two heat-conducting fins to
reduce the small amount of radiative heat as much as possible
and to maintain stable heat transfer between the interface
of the paper and the other phases. The internal surface
temperature is the same as the heating liquid and is tuned by
changing the heating power. A digital thermometer is utilized
to monitor the in situ temperature of the liquid. A patch
type thermocouple is posted on the heat-conducting metal
sheet at the outside of the sample to monitor the cold side
temperature.The temperature of the heating liquid is initially
the ambient temperature and rises at a rate of 2∘C/min. The
temperatures on both sides of the sample are synchronously
recorded every 5∘C.

Pretreatment of paper materials is necessary to maintain
a steady state heat transfer in paper media. First a 50 ×
50mm sample is cut from the cup and placed in a constant
temperature humidity chamber at a temperature of 20∘C and
a relative humidity of 10% for 8 hours. A thin polyethylene
film is then laminated onto each side of the paper to prevent
moisture from penetrating the paper media. This allows the
convective heat transfer on both surfaces of the paper to
be neglected in the next measurement. What is more, the
thermal insulation effect of the PE layer is neglected as the
thickness of the laminated film is much thinner than the
fibrous layer.

2.2. Establishment of the Numerical Model. Figure 2 illus-
trates the relationship between the hot surface tempera-
ture and the cold surface temperature of paper materials.
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Figure 2: Cold surface temperature as a function of hot surface temperature for the paper cups. The area of the shaded part (the shape with
the oblique lines) is 𝜔.

The temperatures on both sides of the material will be
the same when the material has no insulating effect, as in
the diagonal line in Figure 2 referred to as “standard line.”
The cold surface temperature-hot surface temperature curves
will migrate downward from the standard line because the
temperature of the cold side must be lower than that of the
hot side for thermal insulation materials. These curves are
labeled deviation curves and are the dot and dash curves
in Figure 2 (the circle and the square symbols represent
different types of paper materials). Moreover, the further
the deviation from the standard line, the better the thermal
insulation performance. Hence, the deviation curves are used
to qualitatively analyze the thermal insulation performance of
paper materials.

Furthermore, each fitting curve is obtained by curve
fitting based on the original experimental data and is given
by

𝑡

𝑐
= 𝑓 (𝑡

ℎ
) . (3)

The area between the standard line and a fitting curve
in a particular temperature interval [𝑡

1
, 𝑡

2
] is then used to

quantitatively analyze the thermal insulation performance of
the paper material in a particular temperature range, such as
the shaded part (depicted with oblique lines) in Figure 2. We
define the temperature factor (𝜔) as the area of the shaded
part given by the expression

𝜔 = ∫

𝑡
2

𝑡
1

Δ𝑡 𝑑𝑡 = ∫

𝑡
2

𝑡
1

[𝑡 − 𝑓 (𝑡)] 𝑑𝑡. (4)

The higher the numerical value of 𝜔 for a paper material
in the closed interval [𝑡

1
, 𝑡

2
], the better the thermal insulation

performance of the paper cup in a particular temperature
range.

Table 1: Data of the paper cup samples.

Number Grammage
g/m2

Thickness
mm Structure type

1 252 0.335 I
2 280 0.333 I
3 248 0.321 I
4 537 0.672 II
5 504 0.646 II
6 479 0.820 III with air layer
7 606 0.780 III with air layer
8 282 0.512 III with foam surface
9 606 0.950 III with air layer
10 356 0.706 III with foam surface
11 299 0.361 I
12 543 0.695 II

3. Experimental

3.1. Materials. Paper cups with different structures were
collected from the market and divided into three types based
on the study of Iioka et al. [25–27], as shown in Figure 3.
The main body of the paper cup was a single fibrous layer
for structure I and a double-layer structure for structure II.
Structure III was a composite structure composed of material
of different natures.The structure type and basic properties of
each paper sample are given in Table 1.

3.2. Heat Insulation Performance Test. All of the samples in
Table 1 are pretreated and tested based on the methods
mentioned in Section 2.1. The experiment was performed
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Figure 3: Structure type classification: (a) structure I, (b) structure II, and (c) structure III.

at 23∘C and 50% RH ambient conditions. The operating
environment for evaluation of the paper cups was set to be
the closed interval from 70 to 85∘C. The temperatures of the
cold and hot surfaces were recorded synchronously for every
5∘C temperature change as the liquid temperature was varied
from 45 to 85∘C.

4. Results and Discussion

4.1. Qualitative Analysis forThermal Insulation Performance of
Paper Cups. Figure 4(a) shows the relationship between the
hot surface temperature and the cold surface temperature of
each sample in Table 1. With increasing temperature of the
hot surface, increases in both the cold surface temperature
and the amount of deviation from the standard line were
observed. Furthermore,most of these curves are approaching
each other and are hard to identify. Moreover, some curves
crossed or overlapped in the closed interval, as shown in
the high magnification image of Figure 4(a), for instance,
number 4, number 5, number 8, number 10, and number
12.

Curve fits for each deviation curve in Figure 4(a) were
obtained with Origin 8 software (Figure 4(b)). The broken
lines with symbols were replaced by a group of continuous
lines of different colors. The phenomenon of crossing and
overlapping of the curves dramatically decreased with the
use of the fitting curves, although these problems still exist.
The samples were ranked by approximate thermal insulation
performance as below (>means better than,≈means similar):

No. 7 > 6 > 9 > 12 ≈ 10 ≈ 4 ≈ 5 ≈ 8 > 3 > 11 > 1

> 2.

(5)

The thermal insulation performance is proportional to
thickness [28], and the thermal insulation performance of
the air is better than that of a solid, so structure III with
an air layer can effectively increase the thermal insulation
performance of paper cups. In addition, the thermal insu-
lation performances of number 7, number 6, and number

Table 2: Fitted curve equations, linear correlation coefficients,
temperature factors, and temperature factors per unit thickness.

Number Equation 𝑅

𝜔

∘C2
𝜔/𝑏
∘C2/mm

1 𝑦 = 3.15722 + 0.881𝑥 0.99926 90.98 271.58
2 𝑦 = 4.43 + 0.88467𝑥 0.99974 67.62 203.06
3 𝑦 = 4.52167 + 0.84633𝑥 0.99979 110.82 345.23
4 𝑦 = 5.92444 + 0.808𝑥 0.99911 134.33 199.90
5 𝑦 = 7.39833 + 0.79233𝑥 0.99819 130.44 201.92
6 𝑦 = 7.23556 + 0.72133𝑥 0.98962 215.42 262.71
7 𝑦 = 16.14278 + 0.55233𝑥 0.99237 278.27 356.76
8 𝑦 = 6.32333 + 0.80733𝑥 0.99874 129.13 252.21
9 𝑦 = 9.11389 + 0.72833𝑥 0.99568 179.11 188.54
10 𝑦 = 6.54056 + 0.79767𝑥 0.99938 137.10 194.19
11 𝑦 = 6.045 + 0.83367𝑥 0.99932 102.68 284.43
12 𝑦 = 7.22556 + 0.78867𝑥 0.99425 137.29 197.54

9, which all have structure III with an air layer between
the fibrous layers, were better than the others. However, it
was difficult to discriminate the differences in the thermal
insulation performances of number 4, number 5, number 8,
number 10, and number 12.

4.2. Quantitative Analysis forThermal Insulation Performance
of Paper Cups by Temperature Factor 𝜔. The temperature
factor 𝜔 was used to quantify the thermal insulation perfor-
mance of paper cups. First, the fitting curves and equations
were established using linear fitting. The equations and the
linear correlation coefficients are shown in Table 2. The
process for calculation of the temperature factor 𝜔 was as
follows.

Assume that the linear regression equation for the fit to
the deviation curve is

𝑦 = 𝐴 + 𝐶𝑥. (6)
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Figure 4: (a) Cold surface temperature as a function of hot surface temperature for the paper cups. (b) The fitting curve of each deviation
curve in (a).

The equation of the standard line is

𝑦 = 𝑥. (7)

Subtracting (7) from (6) gives

𝑦 = −𝐴 + (1 − 𝐶) 𝑥. (8)

Let 1 − 𝐶 = 𝐵. Equation (8) can then be expressed as

𝑦 = −𝐴 + 𝐵𝑥. (9)

The temperature factor 𝜔 is calculated by

𝜔 = ∫

85

70

(−𝐴 + 𝐵𝑥) 𝑑𝑥 = 1162.5𝐵 − 15𝐴

= 1162.5 (1 − 𝐶) − 15𝐴.

(10)

As shown in Table 2, each sample’s temperature factor in
the particular range [70, 85]∘C was calculated from the fitted
curve equations and (10).
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Figure 5: Temperature difference as a function of hot surface
temperature for the paper cups.

The utilization of the temperature factor clarifies evalu-
ation of each sample’s thermal insulation performance in a
particular temperature range. We can exactly and accurately
rank these paper cups according to their values of𝜔 in Table 2
as

No. 7 > 6 > 9 > 12 > 10 > 4 > 5 > 8 > 3 > 11 > 1

> 2.

(11)

Rank (11) is almost the same as rank (5). For paper
sample numbers 12, 10, 4, 5, and 8, whose thermal insu-
lation performances were approximately equal in rank (5),
the specific heat insulation performance order can now be
obtained by comparing their values of 𝜔, which are 137.29,
137.10, 134.33, 130.44, and 129.13, respectively. Moreover, the
utilization of 𝜔 could avoid difficulties associated with the
possible overlapping of fitting curves as in Figure 4(b).

4.3. The Application of 𝜔 to Paper Cup Design and Selection of
Paper Materials. To compare the thermal insulation perfor-
mance of paper cups with different structures, we calculated
the temperature difference at eachmeasurement temperature
and plotted the temperature difference curves (Figure 5).The
color of each temperature difference curve corresponds to the
structure of the sample: black for structure I, red for structure
II, and blue for structure III, as shown in Figure 5.

Figure 5 clearly shows the change of temperature differ-
ence with the hot surface temperature. Generally, the differ-
ence at high temperature is larger than at low temperature.
Furthermore, the thermal insulation performance of a sample
with a higher curve is better than that of a sample with

a lower one. The order of descending thermal insulation
performance of the structures is structure III, structure II,
and structure I, and the corresponding ranges of temperature
factors are 129.13 to 278.27, 130.44 to 137.29, and 67.62 to 110.82,
respectively.The degree of tightness of the curves for samples
of the same structure in Figure 5 is consistent with the width
of the temperature factor interval for that structure. Hence,
we can choose the best structure for paper cups according
to the required thermal insulation performance (the range of
𝜔).

In addition to the structure, another factor in the design
of paper cups is the selection of paper materials. The temper-
ature difference between the cold and hot surfaces of paper is
proportional to the thickness according to Fourier’s law and
the equation for heat conduction through a flat single-layered
wall [28]:

𝑄 = −𝑘𝐴

𝑑𝑡

𝑑𝑥

, (12)

Δ𝑡 = 𝑡

2
− 𝑡

1
=

𝑏𝑄

𝑘𝐴

. (13)

Simultaneous equations (4) and (13) give

𝜔 = ∫

𝑡
2

𝑡
1

Δ𝑡 𝑑𝑡 = 𝑏∫

𝑡
2

𝑡
1

[

𝑄

𝑘𝐴

]𝑑𝑡. (14)

Equation (14) demonstrates that the value of the tempera-
ture factor𝜔 is also proportional to the thickness of the paper
material.Thus, the temperature factor𝜔 per unit length in the
thickness direction could be expressed as

𝜔

𝑏

=

1

𝑏

∫

𝑡
2

𝑡
1

[𝑡 − 𝑓 (𝑡)] 𝑑𝑡. (15)

Equation (15) also manifests the thermal insulation per-
formance of paper cups per unit length in the thickness
direction. From the simultaneous equations (10) and (15),
the thermal insulation performance of each sample per unit
length in the thickness direction was obtained and given in
Table 2. According to the numerical values of 𝜔/𝑏 in Table 2,
the papermaterials in order of descending thermal insulation
performance per unit length in the thickness direction are

No. 7 > 3 > 11 > 1 > 6 > 8 > 2 > 5 > 4 > 12 > 10

> 9.

(16)

Obviously, rank (16) is quite different from rank (11). A
sample with better thermal insulation performance of the
whole media may not be outstanding when compared on a
per thickness basis. Therefore, many benefits will flow from
this finding. For instance, it can be speculated that if the
fiber layer of sample 4 was instead by the fiber as sample
3, it would have better thermal insulation performance than
present sample 4.

In conclusion, the structure of paper cups significantly
influenced the thermal insulation performance. The differ-
ence in thermal insulation performance can be attributed to
amultitude of factors, such as fiber type, paper bulk, porosity,
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moisture, and production process. Numerous parameters
cause accurate measurement of the effective thermal con-
ductivity to be difficult and time consuming. However, it
will be more convenient to use the temperature factor 𝜔
when characterizing the thermal insulation performance of
paper cups in practical applications and, of course, during the
design of thermally insulating paper cups.

5. Conclusion

(1) This work proposed a facile approach to analyze the
thermal insulation performance of paper cups by
establishing a novel evaluation model that includes
a characterization parameter named “temperature
factor” 𝜔 and a measurement apparatus.

(2) The temperature factor is defined as 𝜔 = ∫𝑡2
𝑡
1

[𝑡 −

𝑓(𝑡)]𝑑𝑡, which is the integrated area between the
standard line and the fitting curve in a particular
temperature range [𝑡

1
, 𝑡

2
]. Moreover, the value of the

temperature factor is proportional to the thickness of
the paper samples.

(3) The thermal insulation performance of paper cups
with different structures is quantitatively analyzed
based on the value of the temperature factor in the
temperature range of 70 to 85∘C. The calculation
results of the temperature factor of 12 paper cup
samples show that the structure type of the cups is the
most important parameter which strongly influences
the thermal insulation performance of the paper cups.
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This study investigates dynamics of the melt conveying process in a novel extruder in which a polymer experiences a primarily
elongational deformation field.The working principle of the novel extruder is completely different from that of conventional screw
extruders. At the last stage of polymer processing in the proposed novel extruder, melt is conveyed through feeding and discharging
processes. Here we present a mathematical model to analyze dynamics in the melt conveying process. Melt extrusion is primarily
influenced by the position of vane chamber and the structural parameters of the novel extruder such as eccentricity.

1. Introduction

Polymer manufacturing involves melting and plasticizing
material from glass to viscous states. During this process,
the solid bed disappears completely and the polymer is fully
melted. The role of a metering section is to further plasticize
and homogenize the viscous polymer melt. At the end of the
metering section, the melt is dispensed from the extruder
headpiece at constant pressure and temperature.

Polymer melt flow in the metering section must abide by
the laws of conservation of mass, momentum, and energy.
To solve the corresponding equations of continuity, motion,
and energy, the material parameters of the polymer must
be defined by an appropriate constitutive equation. Because
polymer melt generally behaves as a non-Newtonian fluid,
a complex constitutive equation is required to accurately
model the melt behavior. Because of this complexity, it is
difficult to obtain an analytical solution for the complex flow
field and geometric parameters of the extruder [1, 2]. To
simplify the system, approximations are made which reduce
the problem into less complex terms. A linear constitutive
model or the equivalent or average Newtonian viscosity has
been used to simplify the constitutive equation of the melt

[3, 4]. Alternatively, the melt flow in the metering section of a
screw extruder can be considered as the linear superposition
of drag flow and pressure flow by simplifying the flow field
[5]. More recently, numerical simulations have been used to
understand the melt conveying process [6–12]. In a dynamic
polymer extruder, changes in the melt elasticity are more
apparent when the flow is disturbed by the action of a
vibrational field. Zhang and Qu [13] corrected the Tanner
constitutive equation and established a dynamic model of the
melt conveying process when exposed to a vibration force
field.

In recent years, many scholars have proposed methods to
reduce the power consumption of an extruder. For example,
Qu et al. [14–16] introduced the pulsating electromagnetic
force field in the extrusion process, which reduced overall
power consumption. The novel vane extruder introduced in
this study provides a reduction in extruder power consump-
tion, which can be verified by experiments [17]. Qu et al. [18]
have also studied the power consumption of the extrusion
process in a vane extruder.

In this paper, an analytical model of polymer melt extru-
sion is established, including solving the velocity distribution,
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Figure 2: The cylindrical coordinate system in VCPU.

pressure gradient, extrusion flow rate, and dynamics of the
melt flow field.

2. Description of the Melt Conveying Process
in the Extensional Extruder

Figure 1 shows the internal structure of a vane extruder. As
introduced by Qu et al. [19], a vane extruder includes several
Vane Conveying and Plasticizing Units (VCPUs) throughout
the chamber. Figure 2 shows the VCPUs in the cylindrical
coordinate system (𝑟, 𝜃, 𝑧), where the origin 𝑂 is defined as
the center of the rotor, 𝑟 gives the radial position along the
rotor shaft, 𝜃 is defined along the circumferential direction of
theVCPUswhere the rotation direction of the rotor is defined
as positive, and 𝑧 is the axial direction of the rotor where the
positive direction is defined along the rotor shaft from the
feed material baffle to the discharge material baffle.Themain

geometric parameters of the VCPU system are (1) the outer
radius of the rotor 𝑟

0
; (2) the inner radius of the stator 𝑟

1
; (3)

the axial width of each VCPU 𝑊; (4) the radial coordinate
value of the point of the inner arc of the stator 𝑟

2
; (5) the

eccentricity 𝑒 between the center of the rotor𝑂 and the center
of the stator𝑂

1
; (6) the length of the vaneΔ𝑟V; (7) the angular

coordinate of the front vane 𝜃
𝑓
; (8) the angular coordinate of

the rear vane 𝜃
𝑟
.

According to Figure 2 and the cosine theorem, the inner
arc of the stator and the length of the vane are related to the
VCPU system geometry by

𝑟
2
(𝜃) = √𝑟2

1
− 𝑒2sin2𝜃 + 𝑒 cos 𝜃,

Δ𝑟V (𝜃) = 𝑒 + 𝑒 cos 𝜃 −
𝑒2sin2𝜃
2𝑟
1

.

(1)
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n

z

Figure 3: The melt conveying model in a chamber of VCPU.

A cross section of the melt conveying zone in the vane
extruder is shown in Figure 3. To simplify the melt conveying
process and allow for an analytical solution, the following
assumptions are made:

(i) The chamber is always filled with polymer melt, even
when the volume changes with the rotation of the
rotor.

(ii) The melt in the vane chamber is always in isothermal
laminar flow.

(iii) The melt in vane chamber is incompressible.
(iv) Leakage and the influence of the thickness of each

vane and its geometry are neglected.
(v) The influence of gravity is neglected.
(vi) A Newtonian constitutive equation is used for the

melt.

Using the above assumptions, the melt conveying model of
the vane extruder can be analytically obtained.

Melt conveyance is examined in the melt-mixing zone of
the fully filled chamber of the vane extruder. The Reynolds
number was assumed to be much less than unity so that
inertial effects are neglected.The governing equations for this
situation are shown below.

Continuity Equation. Consider

1

𝑟

𝜕V
𝜃

𝜕𝜃
+

𝜕V
𝑧

𝜕𝑧
= 0, (2)

where 𝑟, 𝜃, and 𝑧 are cylindrical coordinate components,
respectively; V

𝑟
, V
𝜃
, and V

𝑧
are velocity components of 𝑟-

direction, 𝜃-direction, and 𝑧-direction.

Constitutive Equation. Consider

𝜏 = 𝜇 ̇𝛾, (3)

where 𝜏 is stress tensor; 𝜇 is viscosity coefficient dependent
deformation rate; ̇𝛾 is rate of deformation tensor.

Motion Equations. Consider

𝜕𝑝

𝜕𝑟
= −

2𝜇

𝑟2
𝜕V
𝜃

𝜕𝜃
, (4)

1

𝑟

𝜕𝑝

𝜕𝜃
= 𝜇[

𝜕

𝜕𝑟
(
1

𝑟

𝜕

𝜕𝑟
(𝑟V
𝜃
)) +

1

𝑟2
𝜕2V
𝜃

𝜕𝜃2
] , (5)

𝜕𝑝

𝜕𝑧
= 𝜇 [

1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕V
𝑧

𝜕𝑟
)] , (6)

where 𝑝 is pressure; 𝑟, 𝜃, and 𝑧 are cylindrical coordinate
components, respectively; V

𝑟
, V
𝜃
, and V

𝑧
are velocity compo-

nents of 𝑟-direction, 𝜃-direction, and 𝑧-direction; 𝜇 is viscos-
ity coefficient dependent deformation rate. Furthermore, the
boundary conditions are V

𝑧
(𝑟
0
, 𝜋) = 0 and V

𝑧
(𝑟
2
, 𝜋/4) = 0.

Equation (2) can be simplified to

𝜕V
𝑧

𝜕𝑧
= −

1

𝑟

𝜕V
𝜃

𝜕𝜃
. (7)

Taking the partial derivative of (7) with respect to 𝑧 and
assuming 𝜕V

𝜃
/𝜕𝑧 = 0 gives

𝜕2V
𝑧

𝜕𝑧2
= −

1

𝑟

𝜕2V
𝜃

𝜕𝜃𝜕𝑧
= 0. (8)

Melt velocity is assumed to vary linearly along the length of
the extruder, 𝜕V

𝑧
/𝜕𝑧 = 0. Thus, V

𝑧
can be defined as

V
𝑧
= 𝑓
1
(𝑟, 𝜃) 𝑧 + 𝑓

2
(𝑟, 𝜃) , (9)

where 𝑓
1
and 𝑓

2
are only functions of 𝑟 and 𝜃.

Material enters the vane chamber at the origin of the 𝑧

axis, 𝑧 = 0; thus, the maximum axial velocity of melt occurs
at the origin. In contrast, the velocity of the melt at the exit,
𝑧 = 𝑊, in the most extreme case can be zero, V

𝑧=𝑊
= 0.

Substituting this boundary condition into (9) gives 𝑓
2
(𝑟, 𝜃) =

−𝑓
1
(𝑟, 𝜃)𝑊. At the origin 𝑧 = 0, the axial velocity of melt

feeding into the vane chamber is V
𝑧0

= 𝑓
2
(𝑟, 𝜃) = −𝑓

1
(𝑟, 𝜃)𝑊.

Thus, (9) can be simplified to

V
𝑧
= V
𝑧0

(1 −
𝑧

𝑊
) , (10)

where𝑊 is the axial width of VCPU.
In contrast, the terminal end of the chamber discharges

melt, so the axial velocity of melt at the terminal side is
maximum, while at the origin, 𝑧 = 0, the melt velocity is
zero, V

𝑧=0
= 0. Substituting this boundary condition into (9),

the following expression is obtained: 𝑓
2
(𝑟, 𝜃) = 0. The axial

velocity of the melt at discharge from the vane chamber is
V
𝑧0

= 𝑓
1
(𝑟, 𝜃)𝑊. Thus, (9) can be further simplified to

V
𝑧
= V
𝑧0

𝑧

𝑊
. (11)
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Assuming both sides of (4) and (5) are zero, and 𝜕V
𝜃
/𝜕𝑧 = 0,

the following expressions are obtained:

𝜕
2𝑝

𝜕𝑧𝜕𝑟
=

𝜕

𝜕𝑧
(−

2𝜇

𝑟2
𝜕V
𝜃

𝜕𝜃
) = 0,

1

𝑟

𝜕2𝑝

𝜕𝑧𝜕𝜃
=

𝜕

𝜕𝑧
(𝜇[

𝜕

𝜕𝑟
(
1

𝑟

𝜕

𝜕𝑟
(𝑟V
𝜃
)) +

1

𝑟2
𝜕2V
𝜃

𝜕𝜃2
])

= 0.

(12)

Examining (12), 𝜕𝑝/𝜕𝑧 is independent of 𝑟 and 𝜃.
Substituting (10) into (6) and rearranging give

(1 −
𝑧

𝑊
)[

1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕V
𝑧0

𝜕𝑟
) +

1

𝑟2
𝜕2V
𝑧0

𝜕𝜃2
] =

1

𝜇

𝜕𝑝

𝜕𝑧
. (13)

In the geometry of a vane extruder, the circumferential dis-
tance is far greater than radial distance, and V

𝑧
is independent

of 𝜃; that is, 𝜕V
𝑧0
/𝜕𝜃 = 0. To solve for V

𝑧0
, we first examine the

inlet, 𝑧 = 0. Equation (13) can be simplified to

1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕V
𝑧0

𝜕𝑟
) =

1

𝜇

𝜕𝑝

𝜕𝑧

𝑧=0
. (14)

The boundary conditions of (14) are (1) when 𝑟 = 𝑟
0
, V
𝑧0

= 0

and (2) when 𝑟 = 𝑟
2
, V
𝑧0

= 0.
Solving (14) gives

V
𝑧0

=
1

4𝜇
[(𝑟
2
− 𝑟
2

0
) − (𝑟

2

2
− 𝑟
2

0
)
ln 𝑟 − ln 𝑟

0

ln 𝑟
2
− ln 𝑟
0

]
𝜕𝑝

𝜕𝑧

𝑧=0
,

(15)

where V
𝑧0

is the axial velocity of the melt at discharge from
the vane chamber; 𝑝 is pressure; 𝜇 is viscosity coefficient
dependent deformation rate; 𝑟

2
is the radial coordinate value

of the point of the inner arc of the stator; 𝑟
0
is the outer radius

of the rotor; 𝑟 and 𝑧 are cylindrical coordinate component,
respectively.

Substituting (15) into (10), the axial velocity V
𝑧
ofmelt flow

in the vane chamber at the origin (feed location) is given by

V
𝑧
=

1

4𝜇
[(𝑟
2
− 𝑟
2

0
) − (𝑟

2

2
− 𝑟
2

0
)
ln 𝑟 − ln 𝑟

0

ln 𝑟
2
− ln 𝑟
0

]

⋅ (1 −
𝑧

𝑊
)

𝜕𝑝

𝜕𝑧

𝑧=0
,

(16)

where 𝑊 is the axial width of VCPU and (𝜕𝑝/𝜕𝑧)|
𝑧=0

can be
obtained using the expression for volumetric flow rate:

𝑄 = ∬ V
𝑧0
𝑟 d𝜃 d𝑟, (17)

where 𝑄 is the rate of volume flow, 𝑄 = d𝑉/d𝑡; 𝑉 is the
volume of the vane chamber; and V

𝑧0
is the velocity of the

melt entering the vane chamber.

Substituting (15) into (17) and rearranging give
1

4𝜇

𝜕𝑝

𝜕𝑧

𝑧=0

⋅ ∫
𝜃𝑓

𝜃𝑟

∫
𝑟2

𝑟0

[(𝑟
2
− 𝑟
2

0
) − (𝑟

2

2
− 𝑟
2

0
)
ln 𝑟 − ln 𝑟

0

ln 𝑟
2
− ln 𝑟
0

]

⋅ 𝑟 d𝑟 d𝜃 = 𝑄,

(18)

where 𝜇 is viscosity coefficient dependent deformation rate;
𝑝 is pressure; 𝑟 and 𝑧 are cylindrical coordinate components,
respectively; 𝜃

𝑓
is the angular coordinate of front vane; 𝜃

𝑟
is

the angular coordinate of rear vane; 𝑟
2
is the radial coordinate

value of the point of the inner arc of the stator; 𝑟
0
is the outer

radius of the rotor; 𝑄 is the rate of volume flow.
To simplify, the distance 𝑟

2
is defined as 𝑟

2
≈ 𝑟
1
+

(1/2)𝑒(cos 𝜃
𝑓
+ cos 𝜃

𝑟
), which can be substituted into (18):

𝜕𝑝

𝜕𝑧

𝑧=0
=

4𝜇𝑄

𝑘 (𝜃
𝑟
)
, (19)

where

𝑘 (𝜃
𝑟
) =

1

4
(𝜃
𝑓
− 𝜃
𝑟
)

{{

{{

{

−(𝑟
1
+

1

2
𝑒 (cos 𝜃

𝑓
+ cos 𝜃

𝑟
))
4

+
[(𝑟
1
+ (1/2) 𝑒 (cos 𝜃

𝑓
+ cos 𝜃

𝑟
))
2

− 𝑟2
0
]
2

ln (𝑟
1
+ (1/2) 𝑒 (cos 𝜃

𝑓
+ cos 𝜃

𝑟
)) − ln 𝑟

0

}}

}}

}

,

(20)

where 𝑘(𝜃
𝑟
) is the function for simplification; 𝜃

𝑓
is the angular

coordinate of front vane; 𝜃
𝑟
is the angular coordinate of rear

vane; 𝑟
1
is the inner radius of the stator; 𝑟

0
is the outer radius

of the rotor; 𝑒 is the eccentricity between the center of the
rotor and the center of the stator.

The same steps can be performed on the discharge process
in the vane chamber, where the volumetric flow rate of melt
discharge can be written as

𝑄 = ∬ V
𝑧0
𝑟 d𝜃 d𝑟, (21)

where 𝑄 is the rate of volume flow; V
𝑧0

is the axial velocity
at the discharge point from the vane chamber; 𝑟 and 𝜃 are
cylindrical coordinate components, respectively.

At discharge, the volume of the chamber continues to
shrink, so the volumetric flow rate is negative and the absolute
value of 𝑄must be used in (21).

Substituting (11) into (6) and setting 𝑧 = 𝑊, the axial
velocity of the melt at discharge is given by
V
𝑧0

=
1

4𝜇
[(𝑟
2
− 𝑟
2

0
) − (𝑟

2

2
− 𝑟
2

0
)
ln 𝑟 − ln 𝑟

0

ln 𝑟
2
− ln 𝑟
0

]
𝜕𝑝

𝜕𝑧

𝑧=𝑊
.
(22)

Substituting (22) into (21) gives the flow rate 𝑄, which can
then be substituted into (19).Thepressure gradient of themelt
flow along the 𝑧-axis at the discharge location is given by

𝜕𝑝

𝜕𝑧

𝑧=𝑊
= −

4𝜇𝑄

𝑘 (𝜃
𝑟
)
, (23)

where the value of 𝑘(𝜃
𝑟
) is given by (20).
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Because the volume of the vane chamber varies periodi-
cally with the rotation of the rotor, there is a large change in
chamber volume during the feeding process.

2.1. Axial Velocity

2.1.1. Feeding Process (𝜋/2 < 𝜃
𝑟
≤ 7𝜋/4). Substituting (19)

into (16), the axial velocity V
𝑧
of the melt in the vane chamber

at the inlet can be given by

V
𝑧
=

𝑄

𝑘 (𝜃
𝑟
)
[(𝑟
2
− 𝑟
2

0
) − (𝑟

2

2
− 𝑟
2

0
)
ln 𝑟 − ln 𝑟

0

ln 𝑟
2
− ln 𝑟
0

]

⋅ (1 −
𝑧

𝑊
) ,

(24)

where 𝑟
2
is the radial coordinate of the point on the inner

surface of the stator in the cylindrical coordinate system in
which the origin is the center of the rotor and 𝑟

2
= 𝑟
1
+𝑒 cos 𝜃.

Here, 𝑟
1
is the inner radius of the stator, 𝑒 is the eccentricity

between the rotor and the stator, 𝑟
0
is the outer radius of the

rotor, 𝑊 is the axial width of the vane, and 𝜃
𝑟
is the angular

coordinate of the rear vane of the VCPU in the cylindrical
coordinate system. In addition, 𝑄 is the volumetric flow rate
of the vane chamber at the position 𝜃

𝑟
. The value of 𝑄 is

directly proportional to the speed of the rotor.The coefficient
function 𝑘(𝜃

𝑟
) relates to the geometric parameters of the vane

chamber and the position of vane.

2.1.2. Discharge Process (−𝜋/4 ≤ 𝜃
𝑟
< 𝜋). Substituting (22)

and (23) into (11), the axial velocity V
𝑧
of melt in the vane

chamber at the discharge point is given by

V
𝑧
= −

𝑄

𝑘 (𝜃
𝑟
)
[(𝑟
2
− 𝑟
2

0
) − (𝑟

2

2
− 𝑟
2

0
)
ln 𝑟 − ln 𝑟

0

ln 𝑟
2
− ln 𝑟
0

]
𝑧

𝑊
. (25)

According to (24) and (25), the axial velocity V
𝑧
of melt in the

VCPU is directly proportional to the speed of the rotor and is
related to the geometric parameters of the vane chamber and
the position of vane.

The elongational strain rate along the axis is defined in
the cylindrical coordinate system in Figure 2 and can be
calculated as

̇𝛾
𝑧𝑧

= 2
𝜕V
𝑧

𝜕𝑧
,

̇𝛾
𝑧𝑧

= −
2𝑄

𝑊 ⋅ 𝑘 (𝜃
𝑟
)
[(𝑟
2
− 𝑟
2

0
) − (𝑟

2

2
− 𝑟
2

0
)
ln 𝑟 − ln 𝑟

0

ln 𝑟
2
− ln 𝑟
0

] ,

(26)

where ̇𝛾 is rate of deformation tensor; V
𝑧
is the velocity

components of 𝑧-direction; 𝑟 and 𝑧 are the cylindrical
coordinate components, respectively; 𝑟

0
is the outer radius of

the rotor; 𝑟
2
is the radial coordinate value of the point of the

inner arc of the stator;𝑊 is the axial width of VCPU; 𝑘(𝜃
𝑟
) is

the function for simplification; 𝑄 is the rate of volume flow.

Note. The values of all parameters are identical to those given
in (24) for the feeding process and to those given in (25) for
the discharge process.
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Figure 4: The axial tensile strain rate of melt moving in a chamber
of VCPU: feed process.
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Figure 5: The axial tensile strain rate of melt moving in a chamber
of VCPU: discharge process.

For example, 𝑟
0
= 20mm, 𝑟

1
= 23mm, 𝑒 = 3mm, 𝑊 =

35mm, and the rotation speed of the rotor𝑁 = 60 rpm.
The relationship of the axial elongational strain rate of

melt moving in the chamber ̇𝛾
𝑧𝑧

and the circumferential
position of the rear vane 𝜃

𝑟
is shown in Figures 4 and 5.

3. Mathematical Model

3.1. Governing Equations. In Figures 4 and 5, the axial rate of
strain of the melt ̇𝛾

𝑧𝑧
< 0 at the inlet, but ̇𝛾

𝑧𝑧
> 0. In brief, the

axial strain rate is at a maximum for a given circumferential
position, namely, 𝑟 = 𝑟

0
+ 2𝛿, and others in inner arc surface



6 International Journal of Polymer Science

of stator or in outer arc surface of rotor are smaller; that is,
𝑟 = 𝑟
0
+ 𝛿 or 𝑟 = 𝑟

0
+ 3𝛿, where 𝛿 is the dimensionless gap.

3.2. Circumferential Velocity

3.2.1. Feeding Process. Substituting (24) into continuity (2),
the expression can be simplified:

𝜕V
𝜃

𝜕𝜃

=
𝑄 ⋅ 𝑟

𝑊 ⋅ 𝑘 (𝜃
𝑟
)
[(𝑟
2
− 𝑟
2

0
) − (𝑟

2

2
− 𝑟
2

0
)
ln 𝑟 − ln 𝑟

0

ln 𝑟
2
− ln 𝑟
0

] .

(27)

The boundary conditions of melt circumferential velocity are
as follows: (1) when 𝜃 = 𝜃

𝑟
, V
𝜃

= 𝜔𝑟; (2) when 𝑟 = 𝑟
0
,

V
𝜃
= 𝜔𝑟
0
. Substituting these boundary conditions into (27),

the circumferential velocity V
𝜃
can be obtained:

V
𝜃
= 𝜔𝑟

+
𝑄 ⋅ 𝑟

𝑊 ⋅ 𝑘 (𝜃
𝑟
)
[(𝑟
2
− 𝑟
2

0
) − (𝑟

2

2
− 𝑟
2

0
)
ln 𝑟 − ln 𝑟

0

ln 𝑟
2
− ln 𝑟
0

]

⋅ (𝜃 − 𝜃
𝑟
) .

(28)

3.2.2. Discharge Process. Similarly, substituting (29) into
continuity (2), the circumferential velocity V

𝜃
matches the

expression given by (28).

4. Results and Discussion

4.1. Elongational Strain Rate in the Circumferential Direction.
Theelongational strain rate in the circumferential direction is
defined in the cylindrical coordinate system in Figure 2 and
given below:

̇𝛾
𝜃𝜃

=
2

𝑟

𝜕V
𝜃

𝜕𝜃
, (29)

̇𝛾
𝜃𝜃

=
2𝑄

𝑊 ⋅ 𝑘 (𝜃
𝑟
)
[(𝑟
2
− 𝑟
2

0
) − (𝑟

2

2
− 𝑟
2

0
)
ln 𝑟 − ln 𝑟

0

ln 𝑟
2
− ln 𝑟
0

] .
(30)

Note. The values of all parameters are identical to those given
in (28) in both the feeding and the discharge processes.

For example, 𝑟
0
= 20mm, 𝑟

1
= 23mm, 𝑒 = 3mm, 𝑊 =

35mm, and the rotational speed of the rotor𝑁 = 60 rpm.
The relationship between the axial elongational strain

rate of melt moving in a chamber of the VCPU ̇𝛾
𝜃𝜃

and the
circumferential position of rear vane 𝜃

𝑟
is shown in Figures 6

and 7.
In Figures 6 and 7, the circumferential strain rate of the

melt ̇𝛾
𝜃𝜃

> 0 at the inlet, but ̇𝛾
𝜃𝜃

< 0. In brief, the value
of the circumferential strain rate is maximum at any given
circumferential position in the vane chamber, namely, 𝑟 =

𝑟
0
+2𝛿, and others in inner arc surface of stator or in outer arc

surface of rotor are smaller, namely, 𝑟 = 𝑟
0
+ 𝛿 or 𝑟 = 𝑟

0
+ 3𝛿.

4.2. Pressure Distribution in the Vane Extruder. In the melt
conveying section, the polymer is driven circumferentially
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Figure 6: The circumferential tensile strain rate of melt moving in
a chamber of VCPU: feed process.
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Figure 7:The circumferential tensile strain rate of melt moving in a
chamber of VCPU: discharge process.

through the VCPU by a rear vane and motion of the rotor.
In addition, the VCPU produces positive displacement of the
melt, conveying it in the axial direction as the volume of the
chamber changes periodically. The axial and circumferential
velocity of the melt is different in every position in the vane
extruder. Similarly, the axial and circumferential pressure in
the melt vary continuously throughout the extruder.

4.2.1. Pressure Distribution in the Axial Direction at the
Inlet. Substituting (24) into the motion equation (6) and
simplifying give

𝜕𝑝

𝜕𝑧
=

4𝜇𝑄

𝑘 (𝜃
𝑟
)
(1 −

𝑧

𝑊
) , (31)
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where the values of all variables including 𝑄 and 𝑘(𝜃
𝑟
) are

identical to those given in (6).
Because the volumetric rate along the axis 𝑄 > 0 and the

coefficient function 𝑘(𝜃
𝑟
) < 0, 𝜕𝑝/𝜕𝑧 ≤ 0 at the inlet to the

vane chamber. This means that the pressure within the vane
chamber decreases gradually from the inlet to the outlet of
the chamber. As a normal stress field in the axial direction
is produced in the vane chamber, melt is conveyed forcibly
forward.

The axial pressure difference from the inlet to a point in
the vane chamber can be given by

Δ𝑝
𝑧
= −∫

𝑧

0

𝜕𝑝

𝜕𝑧
d𝑧, (32)

where Δ𝑝
𝑧
is the pressure difference for 𝑧-direction.

Substituting (31) into (32), the following expression can
be obtained:

Δ𝑝
𝑧
=

2𝜇𝑄

𝑘 (𝜃
𝑟
)
(
𝑧
2

𝑊
− 2𝑧) . (33)

With 𝑧 = 𝑊, the axial pressure difference from the inlet (𝑧 =

0) to the outlet is given by

Δ𝑝
𝑧
= −

2𝜇𝑄𝑊

𝑘 (𝜃
𝑟
)
. (34)

4.2.2. Pressure Distribution in the Circumferential Direction at
the Inlet. Substituting (28) into the motion equation (6) and
simplifying give

𝜕𝑝

𝜕𝜃
=

2𝜇𝑄

𝑊 ⋅ 𝑘 (𝜃
𝑟
)
[4𝑟
2
−

𝑟2
2
− 𝑟2
0

ln 𝑟
2
− ln 𝑟
0

] (𝜃 − 𝜃
𝑟
) , (35)

where the values of all variables, including 𝑄 and 𝑘(𝜃
𝑟
), are

identical to those given in (6).
Because the volumetric axial flow rate 𝑄 > 0 and the

coefficient function 𝑘(𝜃
𝑟
) < 0, 𝜃−𝜃

𝑟
≥ 0, 4𝑟2−(𝑟2

2
−𝑟2
0
)/(ln 𝑟

2
−

ln 𝑟
0
) > 0, and 𝜕𝑝/𝜕𝜃 ≤ 0 in the entire range 𝜃

𝑟
≤ 𝜃 ≤ 𝜃

𝑓
of the

vane chamber. Thus, the circumferential pressure decreases
gradually within the vane chamber from rear vane to front
vane. The inner arc of the stator gradually moves away from
the rotor so that negative pressure is produced in the front of
the vane chamber along with the periodic volume expansion
of the melt. The circumferential pressure difference from the
edge of the chamber (𝜃 = 𝜃

𝑟
) to a point within the vane

chamber is given by

Δ𝑝
𝜃
= −∫

𝜃

𝜃𝑟

𝜕𝑝

𝜕𝜃
d𝜃, (36)

where Δ𝑝
𝜃
is the pressure difference for 𝜃-direction.

Substituting (35) into (36) and setting 𝑟 = (𝑟
0
+ 𝑟
2
)/2 give

Δ𝑝
𝜃

=
𝜇𝑄

𝑊 ⋅ 𝑘 (𝜃
𝑟
)
[

𝑟2
2
− 𝑟2
0

ln 𝑟
2
− ln 𝑟
0

− (𝑟
0
+ 𝑟
2
)
2
] (𝜃 − 𝜃

𝑟
)
2
.
(37)

At 𝜃 = 𝜃
𝑓
, the circumferential pressure difference from the

extreme side (𝜃 = 𝜃
𝑟
) to the front side is given by

Δ𝑝
𝜃

=
𝜇𝑄

𝑊 ⋅ 𝑘 (𝜃
𝑟
)
[

𝑟2
2
− 𝑟2
0

ln 𝑟
2
− ln 𝑟
0

− (𝑟
0
+ 𝑟
2
)
2
] (𝜃
𝑓
− 𝜃
𝑟
)
2

,
(38)

where 𝜃
𝑓

and 𝜃
𝑟
are the most front and the most rear

circumferential coordinates, respectively. When 𝜋 ≤ 𝜃
𝑟

≤

7𝜋/4, 𝜃
𝑓
− 𝜃
𝑟
= 𝜋/2; when 𝜋/2 < 𝜃

𝑟
< 𝜋, 𝜃

𝑓
− 𝜃
𝑟
= 𝜃
𝑟
− 𝜋/2.

Synthesizing (30) and (37), the characteristic pressure
function at the inlet is given by

𝑝 = 𝑝
𝑖
+

2𝜇𝑄

𝑘 (𝜃
𝑟
)
(2𝑧 −

𝑧
2

𝑊
)

+
𝜇𝑄

𝑊 ⋅ 𝑘 (𝜃
𝑟
)
[(𝑟
0
+ 𝑟
2
)
2
−

𝑟2
2
− 𝑟2
0

ln 𝑟
2
− ln 𝑟
0

]

⋅ (𝜃 − 𝜃
𝑟
)
2
,

(39)

where 𝑝
𝑖
is the pressure at the edge of the vane chamber (𝑧 =

0, 𝜃 = 𝜃
𝑟
).

A gap is produced due to the volume enlargement at the
front vane in the vane chamber, and the final side of the
chamber can be filled with melt. The pressure at the front
of the vane in the vane chamber is therefore roughly equal
to atmospheric pressure; that is, 𝑝(𝜃

𝑓
,𝑊) = 𝑝

0
. Substituting

into (36) gives

𝑝
𝑖
= 𝑝
0
−

2𝜇𝑄𝑊

𝑘 (𝜃
𝑟
)

−
𝜇𝑄𝜋2

4𝑊 ⋅ 𝑘 (𝜃
𝑟
)
[(𝑟
0
+ 𝑟
2
)
2
−

𝑟2
2
− 𝑟2
0

ln 𝑟
2
− ln 𝑟
0

] ,

(40)

where 𝑝
𝑖
is the pressure at the final side of the vane chamber;

𝑝
0
is the atmospheric pressure; 𝜇 is viscosity coefficient

dependent deformation rate; 𝑄 is the rate of volume flow;
𝑊 is the axial width of VCPU; 𝑘(𝜃

𝑟
) is the function for

simplification; 𝑟
0
is the outer radius of the rotor; 𝑟

2
is the radial

coordinate value of the point of the inner arc of the stator.

4.2.3. Pressure Distribution in the Axial Direction at the
Outlet. Substituting (25) into the motion equation (6) and
simplifying give

𝜕𝑝

𝜕𝑧
= −

4𝑧𝜇𝑄

𝑊 ⋅ 𝑘 (𝜃
𝑟
)
. (41)

Substituting (41) into (32) gives

Δ𝑝
𝑧
=

2𝜇𝑄𝑧2

𝑊 ⋅ 𝑘 (𝜃
𝑟
)
. (42)

At 𝑧 = 𝑊, the axial pressure difference from the inlet to the
outlet is given by

Δ𝑝
𝑧
=

2𝜇𝑄𝑊

𝑘 (𝜃
𝑟
)
. (43)
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4.2.4. Pressure Distribution in the Circumferential Direction at
the Outlet. The circumferential pressure differential expres-
sion is identical to (37).

Combining (43) and (37), the characteristic pressure
function at the outlet of the vane chamber is given by

𝑝 = 𝑝
0
+

2𝜇𝑄 (𝑧 − 𝑊)
2

𝑊 ⋅ 𝑘 (𝜃
𝑟
)

−
𝜇𝑄

𝑊 ⋅ 𝑘 (𝜃
𝑟
)
[(𝑟
0
+ 𝑟
2
)
2
−

𝑟2
2
− 𝑟2
0

ln 𝑟
2
− ln 𝑟
0

]

⋅ (𝜃 − 𝜃
𝑓
)
2

,

(44)

where 𝑝 is the pressure; 𝑝
0
is the atmospheric pressure.

5. Conclusions

The above analysis supports a number of conclusions:

(i) The polymer melt conveying process in the vane
extruder is completely different from the process in
conventional screw extruders.

(ii) The pressure within the chamber is influenced by the
location and volume within the chamber.

(iii) The dynamics of melt conveyance in a vane chamber
depend mostly on pressure to overcome viscous
forces. Therefore, the power consumption of a vane
extruder increases with pressure and viscosity within
the chamber and is directly proportional to the speed
of the rotor.

Nomenclatures

𝑟, 𝜃, 𝑧: Cylindrical coordinate, mm, mm, mm
𝑂: The origin of the cylindrical coordinate

system, that is, the center of the rotor
𝑂
1
: The center of the stator

𝑟
0
: The outer radius of the rotor, mm

𝑟
1
: The inner radius of the stator, mm

𝑊: The axial width of VCPU, mm
𝑟
2
: The radial coordinate value of the point of

the inner arc of the stator, mm
𝑒: The eccentricity between the center of the

rotor and the center of the stator, mm
Δ𝑟V: The extend length of vane, mm
𝜃
𝑓
: The angular coordinate of front vane, rad

𝜃
𝑟
: The angular coordinate of rear vane, rad

𝜏: Stress tensor, N/cm2
𝜇: Viscosity coefficient dependent

deformation rate
̇𝛾: Rate of deformation tensor, s−1

𝑝: Pressure, N/cm2
V
𝑟
, V
𝜃
, V
𝑧
: Velocity components of 𝑟-direction,
𝜃-direction, and 𝑧-direction, cm/s

𝑓
1
, 𝑓
2
: Arbitrary functions for 𝑟 and 𝜃

𝑄: The rate of volume flow

𝑉: The volume of vane chamber
V
𝑧0
: The velocity of feeding melt at the inlet of the

vane chamber
𝑘(𝜃
𝑟
): The function for simplification

𝑁: The rotational speed of the rotor, rpm
𝛿: The dimensionless gap
Δ𝑝
𝜃
, Δ𝑝
𝑧
: The pressure difference for 𝜃-direction and
𝑧-direction

𝑝
𝑖
: The pressure at the final side of the vane

chamber
𝑝
0
: The atmospheric pressure.
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Biodegradable chitosan (CS) was introduced into another biodegradable poly(L-lactic acid) (PLLA) to prepare the PLLA/CS
composites, and the effect of CS on thermal behavior and melt index of PLLA was investigated using modern testing technologies
including optical depolarizer, thermogravimetric analysis instrument, and melt index instrument. The relevant testing results
showed that both crystallization temperature and CS concentration affected the isothermal crystallization behavior of PLLA.
Compared to neat PLLA, the t

1/2
of PLLA/5% CS decreased from 2991.54 s to the minimum value 208.76 s at 105∘C. However,

the t
1/2

of PLLA/CS composites in high crystallization temperature zone was different from that in low crystallization temperature
zone. The increase of CS concentration and heating rate made the thermal decomposition temperature of PLLA/CS composites
shift to higher temperature. The melt index results indicated that 3% CS made the fluidity of PLLA become better.

1. Introduction

Chitosan (CS) with the advantage of being nontoxic, as a
very valuable biodegradable and biocompatible material, has
numerous applications in biomedical science [1, 2], materials
science [3], waste water treatment [4], inhibitors [5], and so
forth.The work about in vitro antioxidant activity of CS scaf-
foldmaterials indicated that the concentration andmolecular
weight of CS significantly affected the free radical scavenging
ability, and the optimal concentration was 0.2mg/mL and the
carboxymethyl chitosan possessed higher scavenging ability
[6]. Pandele and his colleagues prepared the CS/graphene
oxide films using solution blending technology. And the
addition of 6% graphene oxide made Young’s modulus and
tensile strength values exceed those of nacre by about 60
and 20%, and a high cell proliferation rate for the composite
films with high graphene oxide content was confirmed by
biocompatibility assays [7]. In the aspect of adsorbent, 8-
hydroxyquinoline-2-carboxaldehydechitosan (CSHQ) Schiff
base derived from CS and 8-hydroxyquinoline carboxalde-
hyde were synthesized to remove copper from aqueous

media. The experimental results suggested that CSHQ would
be a promising adsorbent for water treatment, and the
adsorption of Cu(II) onto CSHQ Schiff base depended on
the PH value. Meantime, those results also showed that the
Cu(II) adsorption process onto CSHQ obeyed the Langmuir
isothermmodel well [8]. To improve interfacial adhesion, the
CS was used to be as a coupling agent, and the effects of
CS with different addition amounts and particle sizes on the
thermal properties of polyvinyl chloride/wood flour compos-
ites were investigated. The addition of 30 phr CS with the
particle size of 180–220mesh could elevate thermal prop-
erties of polyvinyl chloride/wood flour composites [9]. In
addition, Wei and his colleagues constructed poly(ethylene
oxide)/CS environmentally friendly composites, and these
composites processed excellent mechanical properties, ther-
mal stabilities, and shape-memory behavior, with the increase
of poly(ethylene oxide) content; Young’s modulus and maxi-
mum tensile strength exhibited a decrease, but the elongation
at break presented an increase [10].

Poly(L-lactic acid) (PLLA) is also typical biodegradable
thermoplastic polymer materials as CS. Furthermore, with
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the development of science technology, PLLA has been
applied in many fields such as food packaging, automobile,
and electronic industry [11–13]. However, there exist some
disadvantages including low crystallization degree and slow
crystallization rate to restrict the application in more fields.
Thus, many related literatures were reported to improve
these drawbacks. To improve the crystallization ability of
PLLA, Yang et al. [14] investigated the synergistic effect of
poly(ethylene glycol) and graphene oxides on the crystalliza-
tion behavior of PLLA. The results illustrated that poly(eth-
ylene glycol) could improve the chain mobility of PLLA,
and graphene oxides acted as the effective nucleation agent
to accelerate the crystallization rate of PLLA, respectively.
Furthermore, simultaneous addition of both poly(ethylene
glycol) and graphene oxides could cause a synergistic effect to
improve the crystallization ability of PLLA. Similarly, Chen et
al. [15] also confirmed that graphene oxides exhibited nucle-
ation effect for PLLA crystallization. However, the report
showed that the presence of the graphene oxides accelerated
the thermal degradation of PLLA and resulted in the decrease
of PLLA molecular weight.

In this paper, biodegradable CS was introduced into
another biodegradable PLLA to prepare the PLLA/CS com-
posites, and the effect of CS on thermal decomposition, iso-
thermal crystallization, and the fluidity of PLLA was inves-
tigated. The relevant results may make PLLA/CS exhibit a
promising application in biodegradable materials.

2. Experiment

2.1. Materials. Poly(L-lactic acid) (2002D) was purchased
from Nature Works LLC (USA). Chitosan was obtained
from Mianyang Rongsheng Chemical Reagents Company in
Sichuan province in China.

2.2. Preparation of PLLA/CS Composites. PLLA and CS were
dried for 24 h before blending, and the blending process of
PLLA and CS was similar to that of our previous paper [16].

2.3. Test

2.3.1. Isothermal Crystallization Measurement. Isothermal
crystallization of PLLA/CS composites was carried out by
GJY-III optical depolarizer (Donghua University, China) in
the region from 100∘C to 120∘C.

2.3.2. Thermal Decomposition. TheQ500 thermogravimetric
analysis (TGA) (TA Instruments-Waters LLC, USA) was
used to investigate the thermal decomposition behavior with
different heating rate under air flow (50mL/min).

2.3.3. Melt Index. The fluidity of PLLA and PLLA/CS com-
posites was measured by melt index instrument (Beijing
Guance Testing Instrument Co., Ltd., China), the measure-
ment temperature was 180∘C, and load is 10 Kg.
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Figure 1: The 𝑡
1/2

of PLLA and PLLA/CS at different crystallization
temperature.

3. Results and Discussion

3.1. Thermal Behavior of PLLA/CS Composites. Isothermal
crystallization behavior of PLLA/CS composites was inves-
tigated. It is observed from Figure 1 that the addition of CS
makes the half time of overall crystallization 𝑡

1/2
of PLLA

significantly decrease, which indicates thatCS can serve as the
nucleating agent for PLLA. What is more, it is also clear that
both crystallization temperature and CS concentration affect
the isothermal crystallization behavior of PLLA. Particularly,
the 𝑡
1/2

of PLLA is significantly affected by CS concentration
in low-temperature section. Upon the addition of 5% CS,
compared to the neat PLLA, the 𝑡

1/2
of PLLA decreases from

2991.54 s to theminimum value 208.76 s at 105∘C. In contrast,
this phenomenon is different in high-temperature section
(above 115∘C); what is worse, the addition of CS makes the
𝑡
1/2

of PLLA increase, and the 𝑡
1/2

of the most PLLA with
CS is longer than that of the neat PLLA; the reason is that
the increasing of movement ability of PLLA molecular chain
in high-temperature section makes PLLA not obtain regular
structure. At the same time, this phenomenon also indicates
that the crystallization temperature is one of the most crucial
factors for crystallization process of PLLA.

In addition, Figure 1 also indicates that different CS con-
centration can exhibit different crystallization behavior; the
trend of influence of CS concentration on the crystallization
behavior of PLLA is the addition of CS can make the 𝑡

1/2

of PLLA decrease, and upon the addition of 5% CS, the 𝑡
1/2

appears as the minimum value.
The isothermal crystallization kinetics of PLLA/CS com-

posites were described using Avrami equation. It is very clear
that the relationship of log[− ln(𝐼

∞
−𝐼
𝑡
)/(𝐼
∞
−𝐼
0
)] versus logt

is linear (see Figure 2), which indicated that Avrami equation
is viable for describing the crystallization process of PLLA
and PLLA/CS composites.
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Figure 2: The Avrami plots for PLLA/CS composites at different temperature.

The thermal decomposition of PLLA with different
CS concentration was shown in Figure 3. As shown in
Figure 3, the onset thermal decomposition temperature (𝑇

𝑜
)

of PLLA/CS composites increases from 345.2∘C to 347∘Cwith
increasing of CS content from 1% to 5%, and the thermal
decomposition temperature is also affected by heating rate
at the same CS content. Figure 4 shows the effect of the
heating rate on the thermal decomposition temperature of
PLLA/10% CS composites.The thermal decomposition trend
of PLLA/10% CS composites at different heating rate is
similar, and the𝑇

𝑜
of PLLA/10%CS composites increaseswith

an increase of heating rate, resulting from the thermal inertia,

and the 𝑇
𝑜
at heating rate of 3, 5, 10, 15, and 20∘C/min are

326.9∘C, 335∘C, 350.7∘C, 354∘C, and 355.8∘C, respectively.

3.2. Melt Index of PLLA/CS Composites. It is well-known that
the addition of additive can affect the fluidity of polymer.
Here, themelt index of PLLA/CS composites was investigated
to reveal the influence of CS on the fluidity of PLLA. The
dates from Figure 5 show that the melt mass flow rate (MFR)
increases with increasing of CS content, and MFR appears
as the maximum value upon the addition of 3% CS, which
indicates that 3% CS can make the fluidity of PLLA become
better. However, the change trend of MFR of PLLA/CS
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Figure 3: The thermal decomposition of PLLA with different CS at
a heating rate of 10∘C/min.
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Figure 4: The thermal decomposition of PLLA/10% CS at different
heating rate.

composites is irregular; this phenomenon suggested that
influence of CS on the fluidity of PLLA is very complicated;
on the other hand, this phenomenon may result from the
accuracy of measure instrument.

4. Conclusion

The isothermal crystallization behavior, thermal decomposi-
tion, and the fluidity of PLLA with different CS content were
investigated, and isothermal crystallization behavior showed
that CS could serve as the nucleating agent for PLLA, and
5% CS made the 𝑡

1/2
of PLLA exhibit the minimum value

at 105∘C. The dates from thermal decomposition experiment
suggested that the onset thermal decomposition temperature
𝑇
𝑜
of PLLA/CS composites increased with increasing of CS
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Figure 5: The effect of CS content on MFR of PLLA.

content. In addition, the heating rate also affected the 𝑇
𝑜
.

The melt index of PLLA/CS composites indicated that 3% CS
made the fluidity of PLLA become better, but the influence
trend of CS on the fluidity of PLLA was very complicated.
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