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ABSTRACT

Applying surface modification routes to natural fibers is a practical option for solving the incompatibility problem in poly-
meric composites. This study aimed to improve the properties of biodegradable and environmentally friendly polybutylene suc-
cinate (PBS) composites involving flax fiber (FF) with unmodified, alkalization, and silanization surface modification applied
at 20wt%. The surface modifications were successfully characterized by FTIR and SEM. The composites were prepared using
a twin-screw extruder followed by injection molding. The mechanical, thermal, thermo-mechanical, wear, water absorption,
biodegradation, and morphological properties were evaluated. The incorporation of FF improved the mechanical and thermal
performance of PBS, while the surface modifications further increased the fiber-matrix adhesion. In particular, the silanized FF
provided water resistance due to the hydrophobic nature of siloxane and exhibited the lowest biodegradation rate under fungal
exposure. In the case of silanized FF, a 5.4% improvement in tensile strength and nearly 3% of water absorption capacity were
reached. Based on these outcomes, the silanized FF-filled PBS composite was suitable for packaging applications where biode-

gradable, water-resistant, and mechanically strong materials are required.

1 | Introduction

In recent years, environmentally friendly polymer materials
produced from renewable sources have attracted attention. The
main reasons for this interest are their long decomposition pe-
riods and the serious environmental problems caused by single-
use plastic waste. These issues pose significant challenges and
storage problems for governments and manufacturers. Such
disadvantages have spurred researchers and manufacturers into
action. The incorporation of biodegradable polymers, which can

undergo biodegradation, with other materials (synthetic or natu-
ral) to obtain sustainable, natural, and environmentally friendly
materials has proven to be a cost-effective and efficient solution
[1, 2].

The reasons for using such natural fillers include their economic
viability, lightweight nature, minimal damage to processing
equipment, abundance as a resource, biodegradability, excel-
lent surface quality of molded parts, and favorable mechanical
properties. Various types of natural fibers are currently being
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Summary

Polybutylene-succinate was compounded by neat and
surface-treated flax fiber.

PBS-based biodegradable composites were produced
via the melt-blending process.

Silane modification of FF improved mechanical and
thermal characteristics.

Composite involving silane-treated FF yielded a de-
cline in biodegradation rate.

researched for use in composites. Natural fibers have been in-
creasingly used in the past decade due to their ability to biode-
grade, recyclability, and especially their nonharmful nature to
the human body (3, 4].

Flax fiber, one of the main lignocellulosic fibers, contains cel-
lulose, hemicellulose, pectin, lignin, oil and wax, protein, and
small amounts of inorganic substances. Pectin and lignin are
two crucial components that affect the whole microstructure.
The use of natural fibers in studies to strengthen composite ma-
terials has increased in recent years. Polymer composites rein-
forced with environmentally friendly, biodegradable flax fiber
are useful in many industrial areas. Flax fiber-reinforced eco-
composites have gained a place in the automotive, textile, and
packaging sectors [5-8].

Numerous studies have shown that the mechanical perfor-
mance of flax fiber-reinforced composites depends on various
factors, including fiber surface treatment, type of matrix, and
composite processing methods. Surface treatments like alkali
and silane treatment enhance mechanical properties by improv-
ing the interfacial adhesion between flax fibers and polymer
matrices [9-13]. Beside this, the polymer matrix plays a crucial
role in determining the overall performance of the composite.
Especially, biodegradable polymers like polylactic acid (PLA)
and polybutylene succinate (PBS), as well as polyhydroxybutyr-
ate (PHB), demonstrate promising results regarding mechanical
strength and biodegradability [9, 14, 15]. The biodegradation of
flax fiber composites is another critical area studied in the liter-
ature. Including flax fibers in the polymer matrices significantly
increases the composites’ biodegradability and makes them
suitable for environmentally sensitive applications [16, 17]. Flax
fibers provide a higher degradation rate than synthetic alterna-
tives, and the decomposition rate of the composites varies de-
pending on the amount of fiber, matrix type, and environmental
conditions [16]. Due to this, flax fiber-reinforced composites can
be used in various industries, including the construction, auto-
motive, and packaging fields [18, 19].

The hydrophobic nature of the flax fiber limited the perfor-
mance of the PBS-based composites due to the poor compati-
bility between flax fiber and PBS [20, 21]. Surface modification
is the most common method to improve flax fiber's interaction
with PBS and raise the mechanical and barrier qualities of
the resultant composites. The main purpose of surface modi-
fications applied to flax fiber is to increase the interfacial ad-
hesion of the fiber-PBS matrix and the roughness of the fiber
surface. When studies using flax fiber as a filler are examined,

it is seen that a wide variety of surface modifications are used
[22-26]. It has been observed that alkalization and silanization
surface modifications improve the mechanical properties of the
composites [22-26]. Alkali treatment, plasma modification, or
gamma irradiation of flax fibers increases the surface roughness
and chemical reactivity, improving adhesion inside the polymer
matrix [27-30]. Another good choice to serve better surface com-
patibility is silanization of flax fiber surface [12]. Higher perfor-
mance of food packaging products is due to composites with
both increased mechanical strength and reduced water vapor
permeability, which can only be achieved with better interfacial
bonding [20, 31]. For this reason, alkalization and silanization
surface modifications were applied to flax fiber in our study.

Using renewable agricultural resources like flax fibers in PBS
matrices helps reinforce the composite mechanically and ad-
heres to sustainability principles [20, 32]. Additionally, the bio-
degradability of both ingredients provides a short breakdown
of composites organically in nature and reduces the environ-
mental impact of conventional plastics derived from petroleum
[21, 33, 34].

Aliphatic polyesters are polymers that are considered biodegrad-
able and environmentally friendly. Polybutylene succinate (PBS)
is one of the most chemically promising aliphatic polyesters. In
recent years, there has been an increase in the use of PBS and
other bio-based polymers. PBS is a commercially available, low-
cost polymer with many interesting properties, including bio-
degradability, high elasticity, chemical and thermal resistance,
and melt processability [35-38].

When the studies conducted in the literature to date are exam-
ined, natural fibers such as alpha fiber, cotton fiber, and rice
straw fiber were added to the PBS matrix as filler by alkaliz-
ing and silanization surface modifications, and a strong surface
bonding was observed [20]. As a result of adding pure kenaf
fiber to PBS, it was observed that there was a phase separation
between PBS and kenaf fiber [20]. In another study, it was ob-
served that there was an increase in Young's modulus when flax
fiber was added to the PBS matrix at a rate of 25.5% by weight
[39]. It was observed that the Young's modulus and tensile
strength of the composites increased with the addition of 20%
of pure flax fiber to the polymer matrix consisting of 80% PLA
and 20% PBS by weight [40]. It was observed that the mechan-
ical properties of the composites increased with the addition of
20% flax fiber with alkalizing surface modification to the poly-
mer matrix consisting of 80% PLA and 20% PBS by lamination
method [41]. It is known that surface modifications solve sur-
face adhesion problems and accordingly improve the mechan-
ical properties of the composites. In previous studies, flax fiber
without modification was added to PBS/PLA polymer blends or
pure PBS as filler [20, 39, 40]. Flax fiber with surface modifica-
tion by alkalization was added to PBS/PLA polymer blend by
lamination method [41].

The objective of the study was to examine the impact of surface-
modified flax fiber on the characteristics of PBS composites
meant for packaging applications. Two different surface modi-
fications were applied to flax fiber: alkylation and silanization.
The prepared composites were examined with scanning electron
microscopy (SEM), tensile test, biodegradation test, and thermal
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gravimetric analysis to evaluate the effects of surface treatment
on mechanical strength, thermal stability, water absorption, bio-
degradation rates, and the general morphology of the compos-
ite materials. Integrating FF into the PBS matrix effectively led
to an increase in biomass content of the resulting composites,
which is suited for fabricating flexible bio-based film products
for packaging applications.

2 | Experimental
2.1 | Materials

Polybutylenesuccinate (polybutylenesuccinate)(d,, =1.26 g/cm?;
MFR (190°C, 2.16kg) =22 g/10 min; tensile strength =30-40MPa)
was purchased from PTT Global Chemical Public Company
Limited (GC)with the trade name of FZ79AC. NM 4.8/1—NM
6/1 semi-wet spun natural FF yarns were supplied from Filofibra
Pazarlama A.S. Sodium hydroxide (NaOH) purchased from
Sigma Aldrich, was used for alkalinization. Ethyl alcohol, used
in silanization surface modification, was obtained from Merck.
[3-(2,3-epoxypropoxy)-propyl]-trimethoxysilane was purchased
from Alfa Aesar.

2.2 | Surface Treatment of FF

The flax fibers were cut into 3-4 mm lengths with the help of a
pair of scissors. During alkalization surface modification, flax
fibers were stirred in a 2% (w/v) NaOH/water solution for 2h at
room temperature. After stirring, the mixture was washed sev-
eral times with distilled water. A few drops of acetic acid were
used to remove the residual NaOH in the medium. After this
process, the sample was dried in an oven at 100°C for 240min
and labeled Na-FF. In silanation surface modification, flax fiber
was stirred in a 4% (v/v) (3-(2,3-epoxypropoxy)-propyl)-trimet
hoxysilane/ethanol solution for 120min at room temperature.
The sample was washed several times with ethanol, dried in an
oven at 80°C for 240 min, and coded Si-FF. The sample without
surface treatment was labeled as FF.

2.3 | Production of Composites

The most commonly used method to ensure a homogeneous
mixture in the production of thermoplastic polymer compos-
ites is mixing in a twin screw extruder [42]. The twin-screw
extrusion method is also a high-shear method used to ensure
optimum fiber distribution [22]. PBS without additives and PBS/
flax fiber samples were mixed in a twin-screw micro-extruder
(MC15 HT, Xplore Instruments) at 200°C and 100 rpm for 5 min.
The added amount of FF was kept constant at 20wt% in the
prepared composites. The maximum weight capacity of the
extruder used in the study is 15g. For mixing each composite
sample, 3 g was weighed for each set and 12 g of PBS was added.
After mixing three sets separately for each composite material,
the inside of the twin screw extruder was cleaned with pure
PBS. Injection molding is the most suitable production shaping
method for thermoplastic materials [43]. For tensile, water ab-
sorption, and abrasion tests, the specimens were shaped using
an injection molding machine (Micro-injector, Daca) with a

barrel temperature of 210°C, a mold temperature of 30°C and a
pressure of 8bar.

2.4 | Characterization Techniques

FTIR analysis of FF fibers with and without surface modifica-
tion was performed using an IR-spectrometer device (Bruker
Alpha FT-IR Spectrometer and Microscope) between 4500 and
500cm™! wave numbers. FESEM images for surface character-
ization of FF fibers with and without surface modification and
morphological properties of fracture surfaces of composites
were obtained by coating fibers and fracture surfaces with gold,
using a Carl Zeiss Ultra Plus Gemini brand field effect scan-
ning electron microscope (FESEM) device at X1000 and x5000
magnifications. Tensile tests of composite materials before and
after the water absorption test were performed using a univer-
sal tensile testing machine (Lloyd LR 30K) with a 5kN load cell
at a tensile speed of 5cmmin~! in accordance with the ASTM
D-638 standard. The standard deviation calculation in tensile
test values was made by taking the average of the four tested
samples. TGA analysis of PBS and composite structures was
performed on Hitachi STA 7300 Thermogravimetric Analyzer
between 25°C and 600°C at a heating rate of 10°C/min. In order
to determine the water absorption properties of the composites,
they were conditioned in accordance with the ASTM D570 pro-
cedure. After the standard tensile test samples were immersed
in a room temperature water bath for a certain time, they were
removed from the water, wiped to remove surface water, and
weighed again, then placed back in water. The water absorption
capacities of the samples (W) whose dry weight was previously
weighed were calculated according to the formula shown in
Equation (1).

Wi =W 100 @

WO

Water absorption (%) =

W, shown in the formula shows the weight of the samples after
immersion in water.

The samples were subjected to wear tests according to ASTM
G133 standard. In this application, UTS Tribometer T10 wear
tester was used. The test application was carried out reciprocat-
ing a 5N weight, 10mm stroke, and 20 m total sliding distance.
The thermo-mechanical properties of the composites were de-
termined by a dynamic mechanical thermal analyzer (DMA
8000, Perkin Elmer) between —100°C and 100°C in double can-
tilever tilt mode, at a fixed frequency of 1 Hz and a heating rate
of 10°C/min.

3 | Results and Discussion
3.1 | Surface Properties of FF

The spectra of unmodified and modified flax fibers are pre-
sented in Figure 1. The spectrum of unmodified fibers presents
a typical spectrum of annual fiber crops containing cellulose,
hemicelluloses, and lignin with two main regions (3700 and
2700cm™! region and 1800-500cm™" region). The first region
presents a large band with two maxima at 3331 and 3289cm™!,
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assigned to different intra- and intermolecular hydrogen bonds
from cellulose structure, and two sharp bands at 2917 and
2840cm~! assigned to symmetric and antisymmetric stretching
vibrations of methyl and methylene groups [44, 45].

In the second region, main bands are observed at: 1733cm™!
assigned to C=0O from acetyl and carboxyl groups mainly
from hemicelluloses, 1641 cm™' assigned to absorbed water
molecules, as well as to C=0 stretching vibration from car-
boxyl groups, 1550cm™' assigned to stretching vibration of
conjugated C—O groups, 1459, 1425, and 1366 cm™' assigned
to C—H deformation vibration in lignin and carbohydrates,
1335cm™' C—H assigned to stretching vibration in cellu-
lose and C,—O stretching vibration in syringyl derivatives,
1314cm™ assigned to CH, rocking vibration in cellulose,
1278 cm™! assigned to C—H bending mode in cellulose and
C—O stretch in lignin, 1249 cm™! assigned to C—O stretching
vibration in lignin and hemicelluloses and C—O—C stretch-
ing mode of the pyranose ring, 1204cm~' C=O stretching
vibration in lignin and xylan, 1157 cm™! assigned to C—0—C
stretching vibration in carbohydrates, 1102, 1051, 1025, 1003,
and 983 cm™! assigned to C—O stretching vibration in carbo-
hydrates, and at 897 cm™! assigned to C—H deformation in cel-
lulose [44, 45].

The spectrum of the Na-FF presents few differences com-
pared to untreated fibers, such as: the band from 1731 cm™! is
reduced in intensity, the band from 1560 cm~! shows stronger

Intensity, a.u.

3500 3000 1500 1200 900 600
Wavenumber, cm™”

FIGURE1 | Infrared spectra of the untreated and treated flax fibers
in the 3700-500cm™! region.

intensity, while 1507 cm™! is better defined. Further, the band
from 1412 cm~! is shifted from 1452 cm~!; the bands from 1317,
1003, and 987 cm~! have reduced intensity, indicating the mod-
ification of the fibers. The main difference in the Si-FF spec-
trum shows the band from 725cm™ assigned to Si—O bond
stretching vibrations [46, 47]. Reduced intensities indicate a
reduced amount of groups that vibrate at a certain wavenum-
ber, while increased intensities indicate an increased amount
of groups that vibrate at a certain wavenumber. Moreover, it is
known that the main water sorption sites are OH groups but
also the C=0 groups. The modifications indicate a reduced
amount of C=0 and C—O groups in carbohydrates and an
increased amount of conjugated C—O groups. These indicate
a reduction in the water sorption sites. Moreover, the Si-FF
spectrum clearly indicates the formation of Si-O bonds at the
surface of the fibers, also indicating the hidrophobisation of
the fibers.

When the FESEM images of the FF with and without sur-
face modification are examined in Figure 2, it is seen that the
structure of the FF without surface modification is flatter and
smoother, while more amorphous structures with more in-
dentations and protrusions are formed on the flat fiber sur-
face with alkalinization. As a result of the silanization surface
modification, it is seen that non-cellulosic substances such as
lignin, hemicellulose, and pectin are removed from the struc-
ture, the FF is coated with silanes, and the structure becomes
rougher.

—PBS
PBS/FF

—— PBS/Na-FF

PBS/Si-FF

Water Absorption (%)
w
1

T
0 5 10 15 20 25 30
Time (Days)

FIGURE3 | Waterabsorption curves of PBS and PBS/FF composites.

FIGURE2 | FESEM images of FF samples without and with surface modification.
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TABLE1 | Tensile properties of PBS and PBS/FF composites before and after water absorption test.

Samples Tensile strength (MPa) Percent strain at break (%) Young's modulus (MPa)
PBS 29.8 +1.7/26.0 £1.4% 20.9+1.2/13.6+1.4% 201.9+0.8/370.4+1.22
PBS/FF 29.7+1.3/28.2+0.9% 12.4+1.5/11.5+1.6* 332.9+1.4/378.8+1.7%
PBS/Na-FF 27.5+1.1/18.8+1.5% 11.8+1.3/8.8+1.72 388.9+1.3/522.9+1.6%
PBS/Si-FF 31.3+1.3/28.3+1.6% 11.8+1.2/12.2+1.12 361.1+£1.7/552.8 +0.82

2After the water absorption test.

35

——PBS
PBS/FF
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PBS/Si-FF
25
©
o
= 20
[
0
[
5 15 4
10 4
5
0 T T T T T 1
0 5 10 15 20 25
Strain (%)
30 ~
——PBS (WA) A
——PBSIFF (WA)
254 | ——PBS/Na-FF (WA) >
—— PBS/Si-FF (WA)
_. 20
(S
o
3
o 15
17
2
»
10
54
0 T T T T T 1

0 5 10 15
Strain (%)

FIGURE4 | Tensile test graphs of PBS and composites.

3.2 | Water Resistance of Composites

The graph of water absorption capacities of PBS and composites
is given in Figure 3. In the 32-day water absorption test, pure
PBS's water absorption value reached a certain level within a
5days and then stabilized at 0.7% throughout the test. The com-
posites containing Na-FF showed the highest water absorption
capacity with an average of 5.7% at the end of the test due to
the formation of microvoids between the fiber surface and the
polymer matrix. ES-FF and PBS-FF containing composites
showed a water absorption capacity of 3%. Due to its hydropho-
bic character, silane-coated FF exhibited a noticeable decrease
in the water absorption capacity of the composite [48-51]. PBS
is formed by the polycondensation reaction of 1,4-butanediol
and succinic acid [52]. It is thought that the —OH groups in the

—— PBS

—— PBSI/FF

10 —— PBS/Na-FF
PBS/Si-FF

Depth (um)

T T T T T T 1
0,0 0.2 04 0,6 08 1,0 1,2

Width (mm)
FIGURE 5 | Two-dimensional surface area plots of the worn surfac-
es of PBS/FF composites.

alcohol and succinic acid in the chemical structure of PBS are
formed by the addition of silanization surface modified FF to
form Si—OH bonds. Accordingly, it is observed that the water
absorption of the composite decreases. Similarly, it is thought
that the —OH groups in PBS combine with —H in the alkaliza-
tion surface modification with NaOH and reduce the water ab-
sorption capacity as a result of removing water molecules from
the environment.

3.3 | Tensile Behaviors of Composites

The tensile test results of PBS and composites before and after
the water absorption test are listed in Table 1. The character-
istic tensile strength curves of the composite specimens be-
fore (a) and after (b) the water absorption test are presented
in Figure 4. With the addition of unmodified FF to the PBS
matrix, there was no significant difference in tensile strength
and an average decrease in percentage elongation close to 1.68
times compared to pure PBS. As another observation, an aver-
age increase of 1.65 times in Young's modulus was observed.
When the composites with FF content with surface modifica-
tion were compared with the composite filled with unmodified
FF, it was deduced that the tensile strength of the composites
with surface modification was higher. PBS/Si-FF compos-
ite showed the best improvement in tensile strength (5.39%)
among all composites. The results can be attributed to the
silanisation process, which enhances the interfacial interac-
tions between FF and PBS [53, 54]. After the water absorption
test, no significant change was found in the mechanical prop-
erties of pure PBS. At the same time, the examination of the
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TABLE 2 | Wear test parameters of PBS and PBS/FF composites.

Samples Stroke (mm) Surface area of wear (A) (cm?) Specific wear rate (W) (mm?3/Nm)
PBS 10.0x0.2 5.0£0.3 0.01
PBS/FF 10.2+0.2 50.3+0.6 0.1
PBS/Na-FF 10.1+£0.2 20.7+0.4 0.04
PBS/ES-FF 10.0+0.2 8.6£0.5 0.016
(@)= (@,,_
——PBS
—— PBSIFF
B0 | 8
- — PBS/Na-FF
c —— PBSISi-FF
£ 3
> [}
] =
= 40 % 4
o
]
]
20 -
24
o T T T 4 T ¥ T u T T T 1
100 200 300 400 500 800 700 0-= T . : T .
. -50 0 50 100
(b) Temperature (°C) Temperature (° C)
100 (b)
R 0,10
——PBS
a0 —— PBS/FF —_PBS
—— PBS/Na-FF — PBSIFF
—— PBS/Si-FF 0,08 —— PBS/Na-FF
= o0 — PBSIES-FF
- 8
= =
=) Q
= o
2 . < 0,06
l—
20 4 0,04 4

. ——
100 200 300 400 500 600 700
Temperature (°C)

FIGURE6 | TGA curves of FF (a) and composites (b).

composites showed that significant changes occurred in their
mechanical properties. An increase in the Young's modulus of
PBS-based composites was observed after the water absorp-
tion test. Young's modulus is a measure of stiffness [55]. It was
observed that the Young's modulus of composites containing
unmodified and modified FF was higher than that of pure PBS
before the water absorption test. When the tensile data before
the water absorption test were examined, it was observed that
the percent strain at break (%) values were lower than that
of pure PBS with the increase in the Young's modulus. This
suggests that the hardness values of the composites increased
with the increase in the Young's modulus. The decrease in the
percent elongation at break of the samples or their being al-
most similar with the increase in both pure PBS and various
FF-containing composites after the water absorption test also
shows that the results are consistent with each other.

0,02 1 T + — . T - )
-50 0 50 100
Temperature (° C)

FIGURE 7 | Storage modulus: (a) tan 8, (b) curves of PBS and PBS/
FF composites.

3.4 | Wear Measurements

Figure 5 shows the two-dimensional surface area diagram of the
worn surfaces of PBS/FF composites. Table 2 shows the wear
properties ratios of PBS and PBS/FF composite structures. The
higher the specific wear value, the lower the wear resistance
[56, 57].

The fibrous structure of FF increased the wear depth on the sur-
face by facilitating particle breakage, which caused a decrease
in wear resistance. With the addition of FF with or without a
modification process to pure PBS, it was observed that the spe-
cific wear values increased and the wear resistance decreased
due to this situation. The PBS/Na-FF composite showed that the
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specific wear values decreased with the NaOH surface modifica-
tion process compared to PBS/FF and, therefore, the wear resis-
tance increased. As the composites were compared, the specific
wear value of the composite modified with silanization showed
the best improvement (60%).

20 T T T T T

PBS
PBS/FF
PBS/Na-FF
PBS/Si-FF

o
1
<rom

Mass loss, %
°
1

0 2 4 6 8 10

Biodegradation period, weeks

FIGURE 8 | Mass loss recorded during the 9weeks of the biodegra-
dation period.

3.5 | Thermal Stability of Composites

Figure 6a displays that the untreated FF contains around 15%
moisture, and alkali and silane modifications were found to re-
duce the moisture content in the fiber content below 10% since
the decrease in the TGA curves between room temperature and
100°C indicates the moisture content of the samples. Alkali
modification caused a significant reduction in the thermal deg-
radation temperature, as it removed the cellulosic compounds in
the FF structure [58-60]. However, the degradation rate of Na-
FF was found to be slower compared to other samples. ES-FF
and FF samples showed almost the same thermal degradation
behavior.

According to the TGA curves of PBS and composites shown in
Figure 6b, PBS exhibits a single-step thermal degradation curve
around 350°C, starting with the separation of the succinate group
in its structure [32, 61-63]. When the TGA curves of the compos-
ites containing FF are examined, it is noticeable that the PBS/Na-
FF sample starts thermal degradation significantly earlier with
respect to PBS and other composites. Silane-treated FF slightly
increased the thermal strength of the composite. Compared to
PBS without additives, the composites exhibited lower thermal
strength at the beginning of the thermal degradation. The most
prominent of these was determined as the composite sample con-
taining alkali-modified FF. At the end temperature of thermal de-
composition, almost 97.5% mass loss was observed in pure PBS. At
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FIGUREY9 | Infrared spectra in the 1830-500cm™ of the polymer and its composites.
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the end of the thermal decomposition step (approximately 490°C),
mass percent amounts of unmodified FF, silane modified FF,
and alkali modified FF were found to be 7.5%, 8.9%, and 10.2%,
respectively. It was observed that unmodified and modified FF
increased the thermal resistance of pure PBS. It is thought that
alkalization surface modification causes rapid mass loss at the be-
ginning of thermal degradation in both powder and composites
because it increases the thermal degradation of cellulose in the
structure of flax fiber. After the rapid degradation of cellulose in
the structure of FF, the structure becomes more stable and mass
losses decrease. For this reason, while the thermal resistance of
composites containing Na-FF is lower at the beginning of thermal
degradation, it has been observed that thermal resistance is better
due to the decrease in mass loss in the thermal degradation step. It
was observed that the composite containing FF with alkali modi-
fication improved the thermal resistance of pure PBS the best.

3.6 | Thermo-Mechanical Properties
of Composites

The storage modulus curves of PBS and PBS/FF composites
are shown in Figure 7a, and tan 6 curves of PBS and PBS/
FF composites are shown in Figure 7b. The storage modulus
values of PBS composites containing FF were significantly

higher than the storage modulus of PBS both before and after
the glass transition temperature (Tg). This increase is approx-
imately twice as high as the storage modulus of PBS in the
composites. This increase in the storage modulus is thought
to be due to the restriction of the movement of the polymer
chains by fiber loading [64-67]. In order to have stronger
interfacial adhesion between the matrix and the filler, the
height of the tan & peaks should be low [68, 69]. According
to the tan § curves of PBS/FF composites, no widening of the
tan 6 band was observed, similar to PBS without additives. It
is observed that the height of the tan § peak at its maximum
point decreases with the addition of unmodified and modi-
fied FF. Composites containing FF showed lower Tan & values
compared to PBS and additionally showed a decrease in peak
tan § temperature. The reason for the strong interface adhe-
sion between PBS and ES-FF in SEM micrographs is that the
PBS/ES-FF sample gave the lowest peak tan & value among
the composites with a slight difference. It was observed that
the SEM images and tan & results supported each other.

3.7 | Biodegradability of Composites

Due to the high resistance to degradation (environmental con-
ditions or biological agents) of the thermoplastic polymers, the

FIGURE 10 | SEM micro-images of composites.
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studied samples were exposed under controlled conditions to a
biodegradation test with Chaetomium globosum for the period
of 9weeks.

After the degradation period, the composite samples (PBS/Na-
FF, PBS/FF, and PBS/Si-FF) were very soft, breaking very eas-
ily (with bare hands), while the mass loss reached a percent of
up to about 18% from the initial mass, a value recorded for the
PBS/Na-FF sample (Figure 8). As expected, the lower degrada-
tion rate was recorded for the pure PBS sample of about 4% mass
loss from the initial mass. Figure 9 represents the infrared spec-
tra in the fingerprint region (1830-500cm™') of the composite
materials.

The spectra of the polymer composites are very similar to the PBS
spectrum, as the bands from the fibers overlap with the bands
from the polymer. After biodegradation, the differences appear-
ing in the biodegraded samples compared to non-biodegraded
ones are mainly due to defects in the surface morphology as well
as remaining fungal hyphae. The spectra of biodegraded samples,
compared to non-biodegraded ones, show main differences for the
bands from 1616, 1335, 1313, and 1156cm™" (assigned to which
stretching vibrations of the water molecules, and to CH and C—O
stretching vibrations) increase in intensity, while the bands from
1269, 1245, and 1207cm™! (assigned to C=0 and C—O stretching
vibrations) present a slight decrease in intensity with the increase
of the exposure period to degradation factors. The increased inten-
sity of the bands assigned to CH and C—O stretching vibrations
is most probably due to the presence of the organic matter from
the remaining fungal hyphae at the surface of the composites, but
also to the formation of free C—O radicals due to the break of the
internal bonds. These soften the composites and also make them
more hydrophilic.

3.8 | Morphological Evidence of Composites

When the FESEM images of the composite structures shown
in Figure 10 are analyzed, it is clearly seen that the unmodi-
fied FF-containing composite has gaps between the fiber and
the matrix, indicating weak adhesion. The FESEM images of
the composites containing Na-FF and ES-FF showed that the
adhesion between the matrix and the surface-modified FF was
relatively stronger and covered the surface. This observation
indicates that alkalization and silanization treatments signifi-
cantly improve the interfacial adhesion between flax fiber and
polymer matrix [70-72]. The best interfacial interaction was ob-
served in the sample with surface modification by silanization.

4 | Conclusion

Composite materials were obtained by adding flax fiber with
alkalination and silanation surface modifications to pure PBS,
which is environmentally friendly, biodegradable, and unmod-
ified, at the determined ratios. As the peaks in the FTIR graphs
of the FF fibers are examined, it is seen that the silanation and
alkalination surface modification processes are successfully
performed. FESEM images of FF samples visually revealed that
the surface roughness increased after the surface modification
processes and the FF fiber walls were coated with silane groups.

Based on the morphological studies of PBS/FF composites by
SEM images, it was found that alkalization and silanization
processes between PBS and FF greatly improved the interfacial
adhesion. The best interfacial interaction was observed in the
sample with surface modification by silanisation. As a result of
the water absorption test applied to the composite and PBS sam-
ples, the silanization-modified FF-containing composite struc-
tures showed the highest water absorption capacity. According
to the tensile test data, there was no significant difference in
tensile strength with the addition of FF to pure PBS, while a de-
crease in elongation at break and an increase in Young's mod-
ulus were observed compared to pure PBS. The specific wear
resistance of the composite modified by silanisation showed
the best performance. The storage modulus plots obtained by
DMA test revealed that the storage modulus values of PBS com-
posites containing FF were higher than the storage modulus of
pure PBS. Tan § curves claimed that FF-containing composites
showed lower tan § values than PBS and decreased peak tan §
temperature. When the TGA diagrams of FF fibers were exam-
ined, the degradation rate after the silanization surface modifi-
cation process was found to be low compared to other samples.
According to the TGA graphs of PBS/FF composites, silane-
treated FF loading slightly increased the thermal strength of the
composite. Compared to PBS without additives, the composites
exhibited lower thermal strength. Since the outdoor applications
of polymeric films contain limitations related to physical proper-
ties, enhancement in interface adhesion of FF to PBS expanded
its use in related fields by increasing mechanical and physical
durability. Different surface modification routes can be applied
to enhance PBS-FF compatibility in future works.
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