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Electrical Resistance, Stability and Mechanical Properties of PVC
Composites Containing Graphite and Semiconductor for Sensor
Technologies

Bircan DINDAR *'°", Anil EKER?

Abstract

This study aimed to obtain a new flexible poly vinyl chloride (PVC) based composite with
conductive or semiconductor properties. Additives were graphite and semiconductor zinc oxide
(ZnO). A non-ionic surfactant was also firstly used to obtain a homogeneous composite. For the
characterization of these new composites; humidification, electrostatic discharge (ESD),
electrical resistance, thermal shock measurements, tensile test and morphological and
microscopic (SEM) measurements were performed. For the light test, a “Solar simulator” with
a 1000 W xenon lamp was used. The electrical resistance and tensile strength of the materials
were measured at each test step. According to the data obtained, it was determined that the
electrical resistance of the materials with high graphite content, without ZnO, is still stable,
while the electrical resistance of the ZnO-doped materials decreases and their conductivity
increases considerably in special stimuli such as light. P3G2Z (32% PVC, 60% Graphite, 8%
Zn0) was greater than 3 MQ, with a large change in conductivity after electrostatic discharge,
reaching 1078.33 kQ, with the largest difference observed. It was determined that the resistance
of P2G3Z and P1G1Z composite materials under solar radiation decreased approximately 81
and 23 times, respectively. This event proves that the composites become light sensitive
semiconductor. As a result, the electrical and mechanical data of flexible, sensitive, conductive
and semiconductor new polymers by doping PVC with graphite and ZnO nanoparticles at
different rates will make a great contribution to the sensor, actuator, management system control
mechanisms, and the robots used in the automotive and defense industries.

Keywords: PVC composite, graphite, zinc oxide, conductivity, tensile strength

1. INTRODUCTION building materials, plastic bottles and flexible

film production, PVC occupies an important

Poly vinyl chlorid (PVC) is one of the most place in the plastic market. Although, it is not
used plastic materials to ease our daily life. very up-to- date, Ron Babinsky's article in
Used in many fields such as electrical cables, 2007 states that there was over 30 billion kg
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of PVC production in 2004 [1]. Therefore, its
characteristics have an important subject in
industry to produce better PVC products.
Glass transition temperature of PVC was
determined as 87 °C and melting temperature
as 212 °C. The degradation process starts from
250 °C [1, 2]. In this respect, PVC is easier to
recycle than other common plastics. In our
study on PVC with graphite and ZnO
additives, it is aimed to be used for various
purposes (like sensor etc.). In other words, by
preparing some composites of PVC, new
products that can be used in different sectors
can be proposed.

Another consideration point is the stability of
PVC without degradation. As it is shown in
many previous studies, PVC degradation is
triggered and accelerated by UV and high
temperature [3-9].

In these studies, PVC was dopped with
various materials like CNT, FeCls, CoCl; [3],
hydrotalcite [4], cardanol acetate etc. to
improve thermal stability which means
decelerated degradation over time. The main
purpose of the degradation when exposed to
UV or heat is HCI emission of PVC which
causes more degradation and polyene
structures inside PVC [5,6]. In some cases,
additive may also be toxic to environment
which also causes damage to nature during
degradation [7-8 9].

Carbon is one of the building blocks of
organic materials. It is an element that has
been known and used for a long time by
humanity. Although coal and diamond forms
are the most known, other forms of carbon
also have unique properties. Carbon forms,
which tend to change the mechanical strength
and conductivity of the material to which it is
added, opened the way for alternative
composite materials that are lighter and
cheaper than metals but with similar
functions.

The strength and conductivity level of the
composite materials (like PVC + graphite) to
be produced by controlling the carbon

Sakarya University Journal of Science 27(6), 1159-1173, 2023

addition rate can be adjusted according to the
specific values desired [10-12]. Thanks to
these controllable features, very small sizes of
electronic circuit elements (transistors,
resistors, diodes etc.) could be produced so
electronic and computer technologies have
been improved. It is possible to produce
solutions for sound isolation [13], increased
level of flame retardancy and decomposition
retardancy [14,15]. Tripathi et al. stated that
by adding graphite to a polymer, a new path
or chain can be formed in the characteristics
of the insulating polymer matrix [16].

In the future, in the manufacture of high
storage and safe batteries, graphene and
similar carbon structures that are targeted to
use can contribute very much. It is important
that efficient use and the storage of renewable
energy in a period where it is aimed to
diminish carbon dioxide emissions.

Within the scope of this study, it is primarily
aimed to prepare PVC polymer composites
that can serve the automotive and sensor
industries. In this context, natural graphite and
semiconductor ZnO were preferred as
additive materials. Initially, new materials
with high graphite ratios between 32-60% and
doped with ZnO in some samples were
prepared. It is aimed to measure the changes
in electrical resistance and mechanical
properties by applying environmental
standard tests in all P\VC polymer composite
variations prepared.

During the production of the materials, the
polymer material dissolved in the organic
solvent medium was formed into a film in
petri dishes by doping with graphene in micro
sizes and ZnO in nano sizes in the ultrasonic
hot-bath system. The layers were obtained by
drying them homogeneously under low
vacuum at room temperature in a vacuum
oven. This work is original with its method
and additives. The electrical resistances of all
the composite layers obtained were measured
after they were subjected to physical and
mechanical standard tests. [6-9]
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With the inclusion of semiconductor zinc
oxide in the composite, it has been observed
that the material changes from insulator to
conductor with time and environmental
effects. [12,16] According to the data
obtained, it is possible that various variations
of these composites will find application in
different electronics or sensor sectors.
However, in order to say that some materials
are stable in terms of maintaining their
electrical resistance, it may be necessary to
check their repeatability over a very long
period of time, and it can also open up new
application areas.

2. MATERIAL AND METHODS
2.1. Materials

Within the scope of this study, S23/59 coded
polyvinyl chloride (PVC), a fine-grained
polymer material of Petkim Petrokimya
Holding A.S. THF solvent of 99.9% purity
and zinc oxide (ZnO) were obtained from
Sigma-Aldrich (commercial product).
Materials used in the working environment
such as ethanol, chloroform, acetone,
surfactant,  Triton  X-100  (CsHi7CeHa
(OCH2CH2)nOH) were purchased from
Merck. Natural graphite was obtained from
Kiitahya Karabacak Mine Works. Structural
properties of graphite like this 90% of them
have grain size less than 300 mesh, density
(d): 2.09 g/cm?, surface area: 15.56 m?/g. The
chemicals were used as received without
further purification. The distilled water was
used during the studies was obtained from the
ultrapure water system (Millipore-Q).

2.2. Methods

2.2.1. Preparation of PVC composite
samples

First of all, tetrahydrofuran (THF) organic
solvent is added to the fine-grained polyvinyl
chloride (PVC) polymer material and mixed
in an ultrasonic vibrating bath at 50-55°C. A
homogeneous solution is obtained by
completing the dissolution in a mixing time of

Sakarya University Journal of Science 27(6), 1159-1173, 2023

45 minutes. Then, graphite and/or ZnO are
added and mixing continues for a while in
order to obtain composites with different
properties with doping at different
percentages. In the next step, the mixture was
spread in a thin layer in the glass petri dish and
kept in a vacuum oven at room temperature at
0.5 bar pressure for 120 minutes to dry
moderately. Figure 1 shows the flowchart of
this procedure.

In the first experiments of the drying process,
when working at 80°C and 55°C and 1 atm
pressure (room condition), two important
problems were encountered; First, due to the
density of the graphite, it precipitated more in
the lower part of the layer, so a homogeneous
film layer could not be obtained. Secondly, it
was observed that there was a visible
roughness on the surface as a result of drying
at room conditions. It was observed that the
deformation occurred more on the rough
surface due to the formation of bubbles during
rapid evaporation. It was seen that the drying
temperature is an important factor in the
homogeneous formation of the composite
product.

Various versions were studied until a
homogeneous layer that would meet the
optimum expectation was obtained. When the
drying temperature was reduced to 25-30°C,
the deterioration of the surface was noticeably
reduced. Since the decrease in temperature
prolongs the drying time, it was found
appropriate to reduce the ambient pressure to
0.5 bar by vacuuming. Under these
conditions, the drying time took a minimum
of two hours.

In this context, the study was focused on
solving the problem-forming parameters. In
order to slow down the naturally occurring
precipitation due to the density difference and
to obtain a film layer with a smooth surface, it
was deemed appropriate to add Triton X-100
as a surfactant to the mixture during the
composite preparation.
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PVC + THF

At ultrasonic mixer 55°C for 45
min

b ool
Addition of Graphite Addition of graphite +
Zn0O
At ultrasonic mixer 55°C for At ultrasonic mixer 55°C
further 45 min ' for further 45 min
Drying Period Drying Period

. 0,5 bar at 25 °C for 120 min ‘0,5 bar at 25 °C for 120 min

Cutting into pieces 30 mm x 10 mm. (Negligable thickness
between 1 mm to 2 mm)

Figure 1 The production process of composite
materials

Tritone X-100 provided a more homogeneous
structure during and after the drying of the
composite material. The graphite particles
also remained at the same density above and
below the film layer, so a very homogeneous
layer was obtained.

Table 1 Components and code names of
composite PVC samples

Material Mixture Ratios Mixture
Code Amounts
P3G2 60% PVC, 40% 0.75gPVC +
Graphite 0.50 g Graphite
P3G2z 60% PVC, 32% 0.75gPVC +
Graphite, 8% ZnO  0.40 g Graphite
+0.109 ZnO
P1G1 50% PVC, 50% 0.62gPVC +
Graphite 0.62 g Graphite
P1G1Z 50% PVC, 42% 0.62gPVC +
Graphite, 8% ZnO  0.52 g Graphite
+0.109 ZnO
P2G3 40% PVC, 60% 0.50g PVC +
Graphite 0.75 g Graphite
P2G3z 32% PVC, 60% 0.50g PVC +
Graphite, 8% ZnO  0.65 g Graphite
+0.10 g ZnO
P5 100% PVC PVC 1.25¢g

All composite types created within the scope
of this study are listed below. The following
abbreviation codes are used in the text to
identify the materials produced in Table 1.

While the amounts of PVC and graphite
varied in the variations created, the amounts
of ZnO and Tritone X-100 (in the determined

Sakarya University Journal of Science 27(6), 1159-1173, 2023

ratios, ZnO: 0.1 g and Tritone X-100: 0.148
mL) were kept constant. The deformation of
the surface as a result of drying under normal
atmospheric conditions with its temperature
application is shown in Figure 2a. On the other
hand, the composite layer obtained after the
use of Tritone X-100 and slow evaporation in
a vacuum oven is shown in Figure 2b.

In  addition,

heating,  humidification,

electrostatic discharge, exposure to sunlight
and thermal shock were applied to each
sample, respectively, within the scope of
ambient climatization tests. After all these
tests, electrical resistance measurements were
times and data were

repeated several
collected.

Figure 2(a) Deformation over surface due to
bubbles of fast evaporation, (b) Evaporation in
vacuum and ambient temperatures with Triton X-
100
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2.2.2. Electrical resistance measurements

Hioki RM3548 device was used for electrical
resistance measurements. In order to measure
the electrical resistance of the newly produced
composite materials, six strips of 30 mm x 10
mm were cut from each material, except P5.
Three strips were prepared from P5 sample.

When measuring the resistance, the probes
were placed 5 mm left and right from the
middle of the sample. Therefore, the distance
between the probes was fixed at 10 mm. The
resistance was compared by averaging the
resistance of six strips of each composite
material.

2.2.3. Temperature test — heating

The glass transition temperature (Tg) of PVC,
which has thermoplastic properties, is around
80°C, and it is a recyclable plastic. Generally,
the usage temperature is between -50°C and
+90°C. [9]

In this study, samples were kept on a hot plate

at 100°C for one hour. This process causes the
expansion of graphite as seen in some studies.

@)

Figure 3 (a) Rectangular samples before
heating, (b) Curling samples after heating

Sakarya University Journal of Science 27(6), 1159-1173, 2023

Gorshenev and his colleagues found that
graphite expands during the thermal process.
[17] In addition, the glass transition
temperature for PVC is exceeded. For this
reason, the samples underwent some physical
deterioration after this process, but no visible
breakage and cracking occurred. Only plastic
deformation was observed. Figure 3a, b shows
the partial deformation after the heating test.

2.2.4. Humidification test

The samples were kept in the Nuve-TK252
humidification device at 40 °C for 96 hours at
85% relative humidity. Materials that absorb
moisture may experience a decrease in
resistance. The effect of this moistening
process on the samples was recorded by
electrical resistance measurement. This
conditioning is based on damping
conditioning in the automotive standard 1SO
16750-4 Clause 5.7. [18] The humidification
time interval is specified as 21 days in the
standard.

However, in order to shorten the test interval
and to see the effects instantly, it was decided
to set the humidification time as 96 hours.
Because measurements in previous studies
have shown that the moisture absorption
capacity of polymer materials in four days is
close to the maximum level.

Studies were conducted with 96 hours of
humidification as there was no appreciable
difference in subsequent exposure time. 96
hours of humidification time is also among the
technically used options. It was used in this
study as well. The humidification time may
vary according to the chemical structure,
nature and expected moisture absorption of
different materials.

2.2.5. Electrostatic discharge (ESD)

For testing the samples, Schloeder
SESD30000 Electrostatic Discharge (ESD)
device was used. This test involves
transferring a static electricity charge of + 15
KV to the samples via air discharge. 20 times
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static discharge, 10 times positive and 10
times negative, was applied to each sample.
This test was carried out according to the
conditions of the ISO 10605 standard [19]
(Figure 4), 330 pF capacitor and 3300hm
resistor were selected. The graph below shows
the present-time curve of the ESD signal. Y:
Current (A), X: Time (ns). In the standard, the
graph is given for 5 kV (Figure 5).

coupling plate

330pF capacitor and 330ohm resistor were
selected. The graph below shows the present-
time curve of the ESD signal. Y: Current (A),
X: Time (ns). In the standard, the graph is
given for 5 kV (Figure 5).
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Figure 5 Current vs Time graph of electrostatic
discharge of 5 kV potential applied with specific
capacitance and resistance values to simulate
natural ESD signals

2.2.6. Solar radiation test

For the light sensitivity test, a “Solar
Simulator” with a 1000 W xenon lamp, which

Sakarya University Journal of Science 27(6), 1159-1173, 2023

can be a precedent for natural sunlight, was
used in the Photochemistry Laboratory of the
Solar Energy Institute. Generally, most lamps
have a narrow spectrum, while xenon lamp
emits light with a broad spectrum in the
ultraviolet-visible and near-infrared regions
that are very simulated to sunlight. In some
studies, the effect of light on the polymer was
studied only under a UV light source. [20]
However, a system that does not include
visible region radiation is not an adequate
example of sunlight emission.

For this test, called solar radiation, a high-
power xenon lamp is used, which is placed in
a rectangular cabinet with a mirror reflective,
glossy interior surface to create a test setup
similar to the spectrum and light intensity
specified in the IEC 60068-2-5 standard. The
maximum emission of the lamp is also in the
wavelength range of 500-600 nm where the
sun is at its maximum. In the laboratory
environment, the samples were kept in an ice
water bath in a 100 mL transparent container
to protect them from the heat emission of the
lamp and to observe the light effect only.

The samples were exposed to a light intensity
of 1000 W/m? at a distance of about 10 cm
from the lamp. In this way, the effect of high
temperature is eliminated and only the effects
of light on the samples are tried to be
determined. [21] Test time with xenon lamp is
limited to 2 hours (See Figure 6).

P,

Figure 6 Solar radiation study with xenon lamp in
the solar simulator in the laboratory



Bircan DINDAR, Anil EKER

Electrical Resistance, Stability and Mechanical Properties of PVC Composites Containing Graphite and ...

2.2.7. Thermal shock

Nuve FN120 and FR590 Thermal Shock
devices were used to characterize the
composites after the thermal shock test. In this
test, samples are subjected to rapid
temperature changes between -40 °C and +80
°C. Wetting time is 10 minutes in cold and hot
regions, and the maximum determined
transition time between regions is 30 seconds.
One cold and one hot application means a total
cycle of 20.5 minutes. In total this cycle is
done five times. The operating conditions of
this test are as defined in the 5.3.2 Rapid
temperature change section of the ISO 16750-
4 standard [22].

2.2.8. Tensile strength

Shimadzu EHF-LV020K2-020 device was
used for the tensile test. Tensile strength
measurements were made by comparison
method.

In this study, samples that were not exposed
to any environmental effects and stored in
closed boxes at room conditions were
identified with the prefix U-, and samples
exposed to all environmental effects were
identified with the prefix T-. For example;

PVC (U-P5): Only PVC sample that has not
been exposed to any environmental effects
and stored in a closed box under room
conditions.

PVC (T-P5) : It is only for the PVC sample
exposed to all environmental effects.

Icons of other samples;

U-P3G2Z, T-P3G2Z, U-P3G2, T-P3G2.
P2G3, the best material for stable
conductivity, was not tested for tensile testing.

2.2.9. SEM analysis
Scanning electron microscopy (SEM) is a

characterization method. The Scientific Apreo
S scanning electron microscope -SEM device
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was used to obtain SEM images of PV C-based
composite samples and for the data of
elemental analysis of Energy Distribution
Spectroscopy (EDS). In this study, the surface
morphologies of the PVC layers with graphite
and/or ZnO doping at certain percentages, as
well as the chemical components in their
content were revealed.

3. RESULTS AND DISCUSSION

In this study, various organic solvents have
been firstly tested in order to create the most
cost-effective,  easy  procedure, and
homogeneous dissolution of PVC under mild
conditions while preparing composites by
doping processes. After the solution
conditions were determined, graphite and/or
zinc oxide (ZnO) were added to the dissolved
PVC solution, and new composites with
different components and different properties
were obtained. Graphite nano powder,
insoluble in water or organic solvents, was
suspended in solution in an ultrasonic
homogenizer medium.

This process also contributes to the separation
of graphite into thinner layers up to graphene.
In this context, the added material can be
separated into thin layers and penetrate further
into the polymer matrix.

In this procedure, Triton-X 100 surfactant was
chosen first time to achieve a homogeneous
suspension and delay the precipitation of
graphite particles after ultrasonic mixing was
stopped. This contribution also makes the
related work original.

By filling the parts in the polymer matrix that
graphite cannot reach with ZnO atoms (nano
particles, NPs) with semiconductor properties,
the conductivity was changed and it was
observed that the flexible composite also
served the semiconductor property under the
light test. In this study, the fact that a material
with such semiconductor properties was
obtained once again brings originality with a
new product.
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In some previous studies, there are some data
on the electrical conductivity and mechanical
strength of the thermoplastic-graphite
composite, the differentiation of properties
under [23] thermal and UV light. [24]

In this work, the electrical conductivity and
mechanical strength of PVC-graphite and
PVC-graphite-semiconductor ZnO
composites firstly prepared at different
percentages were compared with the pure
PVC polymer material prepared under the
same conditions. After this comparison, a
material aging test program was created and
as a result of this program, the changes in the
conductivity and strength values of the aged
samples were examined and revealed.

In the creation of the aging program, IEC
(International Electrotechnical Commission)
standards, which define environmental tests,
and ISO (International Standards
Organization) standards, which define
environmental tests and industrial standards
used by automotive manufacturers, were
taken into account. [18,19, 22]

The reason for choosing these standards is to
evaluate the natural conditions that materials
will be exposed to in fields such as
automotive, defense industry, aerospace, and
optoelectronics. In addition, other studies in
the literature were evaluated as a guide to
predict which changes in the environment
may affect material properties when choosing
environmental test standards.

In conclusion, it is known that the electrical
resistance and mechanical properties of these
materials will change depending on humidity
[18], UV radiation [20], thermal variations
[17, 22], and voltage application [22, 25,26].
Also, the addition ratio is an important factor.
When addition ratio of graphite is below %10,
the composite’s tensile strength features can
be increased. [23, 24] However, in this study
graphite ratio is much higher than %10, thus
more brittle structures were expected.
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As a result of environmental examines,
significant changes occur in the electrical
resistance of materials. As the graphite ratio
increases, the electrical resistance decreases.
Mixtures of graphite and zinc oxide behave
differently under different environmental
conditions. That is, the initial resistance of
P3G2 (60% PVC, 40% Graphite) was 503.61
kQ, while P1G1 (50% PVC, 50% Graphite)
measured 433.40 kQ and P2G3 (40% PVC,
60% Graphite) measured 25.51 kQ. It is seen
that the material is becoming increasingly
conductive. However, increasing the graphite
addition rate causes losses in mechanical
properties and at the same time, it becomes
brittle by decreasing its flexibility. After heat
treatment at 100 °C for one hour, the
resistances of the same samples also differ; In
the presence of increasing graphite ratios such
as P3G2, P1G1 and P2G3, resistors were
obtained as 1166.37, 179.78, and 19.40 kQ, in
the order mentioned. In these measurements,
the resistance increased after the temperature
treatment in the matrix where the polymer was
high [17], but in the matrix where the graphite
ratio was high, the resistance decreased
further after the temperature effect, causing
the conductivity to increase. Sometimes,
excessive and irregular placement of graphite
particles will also cause defects, resulting in a
decrease in electrical conductivity. [20]

After the same materials were exposed to light
radiation, the resistance of the P3G2 sample
became very high (>3 MQ), while the lowest
resistance (20.00 kQ) was obtained in the
P1Gl (50% PVC, 50% Graphite) sample,
such that the best conductivity was obtained.
It can be said that with the rearrangement and
crystallization of graphite nanoparticles in the
polymer matrix exposed to temperature and
light for a certain time, the electrical
conductivity gradually increased with the
increase in the graphite concentration. [22,23]
Since electrical conductivity occurs by
electron transfer, graphite particles must also
be within the jump distance of an electron.
[22]
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In semiconductor ZnO doped polymer
composites, after exposure to light and
thermal shock application, it is seen that the
electrical resistance of the material decreases
with the increase of graphene ratio in the
matrix, that is, their conductivity increases.
The P2G3Z (32% PVC, 60% Graphite, 8%
Zn0O) composite showed the best conductivity
among the samples after exposure to light.
Although the sample with the highest polymer
component, such as P3G2Z (60% PVC, 32%
Graphite, 8% Zn0), had small amounts of
graphene and ZnO, the electrical resistivity
was 3 MQ even after being initially treated at
100 °C for one hour and tested for humidity.
have been greater than among the samples, the
composite material that showed the least
electrical resistance after the humidity test
was P3G2 (60% PVC, 40% Graphite).
Considering these properties of the produced
composites, the suitability of the materials for
use in places open to external factors can be
evaluated in which sectors they will be used.

Consequence  of  environmental  tests,
significant changes occur in the electrical
resistance of the materials. As the ratio of

graphite increases, electrical resistance
decreases. Graphite and zinc oxide mixtures
behave differently under different

environmental conditions. The increase in the
graphite addition rate causes losses in
mechanical properties. Considering these
features of the produced materials, their
suitability for use in places open to external
factors can be evaluated.

3.1. Electrical Resistance

Instant measurements of electrical resistances
after environmental condition applications
(Table 2).

Consequently, it has been determined that the
P3G2Z variation has high insulation (>3.00 M
ohm). The most conductive one is P2G3.
However, in this case, conductivity comes
with brittleness. The most brittle material is
also P2G3, and this is obviously seen with
visual examination even before tensile
strength.

Sakarya University Journal of Science 27(6), 1159-1173, 2023

Table 2 Instant average resistance values of
samples for one hour at 100 °C and humidity test

Material Initial After one  After

Resistance  Hour at Humidity

(kQ) 100°C  test

(kQ) (kQ)

P3G2 503.61 1166.37 63.25
P3G2z >3.00MQ >3.00MQ >3.00 MQ
P1G1 433.40 179.78 238.00
P1G1Z 585.55 680.00 301.00
P2G3 25.51 19.40 84.30
P2G3Z 981.10 285.50 218.00

After the tests, the highest difference in
conductivity is also observed in P3G2Z, it
even can be considered conductive after tests.
The critical condition that changes
conductivity of P3G2Z is ESD (From 3M ohm
to 1M ohm). (Table 3) While solar radiation
increased conductivity in this variation,
thermal shock has not significantly affected
conductivity.

All resistance measurements after solar
condition were made in ambient room
condition. The change in electrical resistance
in the P3G2 sample showed different
tendencies  towards  conductivity  and
insulating according to environmental
conditions.

As the graphite ratio in other samples
increased, more conductive samples were
obtained from the first resistance. It has been
determined that ESD and solar radiation
increase conductivity in variations containing
zinc oxide.

Table 3 Instant average resistance values of
samples for solar radiation and thermal shock test

Material ~ After After Solar After
ESD Radiation Thermal
(kQ) (kQ) Shock
(kQ)
P3G2 952.00 >3.00MQ  372.00
P3G2Z  1078.33 912.00 968.00
P1G1 403.80 20.00 55.60
P1G1Z 106.50 24.30 109.30
P2G3 142.00 39.25 20.30
P2G3Z 106.00 12.40 73.30
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Although the resistance change in mixtures
without zinc oxide shows trends in different
directions such as P3G2, more conductivity
was observed than this. When the first
resistance and final resistance measurements
were compared, it was seen that the least
difference was in P2G3. However, this
material has more brittle construction due to
high graphite ratio.

The variations of same ratio of PVC and
graphite had been affected in each test.

In addition to the effect of solar radiation on
electrical resistance, it has been determined
that it causes whitening in P3G2 and P3G2Z
samples

where PVC ratio is high. As the PVC rate
decreases, it is seen that the sample retains its
blackness better.

3.2. Tensile Strength

The tensile strength test was studied with the
help of the Shimadzu EHF-LV020K2-020
device, using the comparison method.

In this study, samples that are not exposed to
any environmental impact are indicated with
the prefix U-, and samples that are exposed to
environmental impacts are indicated with the
prefix T-. For example, the polymer material
indicated by U-P5 has not been exposed to any
environmental influences. PVC, shown as T-
P5, has also been exposed to all environmental
effects.

The symbols of other samples are shown as U-
P3G2zZ, T-P3G2Z, U-P3G2, T-P3G2. The
tensile test could not be performed as the
P2G3 composite became quite rigid with 60%
graphene content. However, this material was
quite good in terms of conductivity. Initially
25.51kQ, the most change of resistance was
142.00 kQ after ESD application.

The electrical measurements taken in the other
test results were very close to the initial value.
It has been observed that this material has a
high graphite content and a brittle structure.
For this reason, materials close to pure PVC
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in terms of strength were selected for
mechanical comparison. The stability in
conductivity caused losses in terms of
mechanical strength. A strip (30 mm x 10 mm)
of the six different variations above was
tested. The results are shown in Table 4.

Table 4 Tensile strength measurements of chosen

samples
Material Max. Max. Elastic Energy
Stress Elongation Modulus (J)
(N/mm?) (%) (N/mm?)
U-P5 67.48 3.50 2702.20 0.09
T-P5 38.17 7.69 1654.03 0.09
U- 28.93 2.06 1949.11 -0.01
P3G2
T-P3G2 18.76 5.93 1025.13  0.04
U- 20.05 2.74 1084.67 0.01
P3G2Z
T- 31.85 3.27 0.01
P3G2zZ

Keeping the graphite mix ratios high seems to
reduce the maximum tensile stress of the
material. It was determined that zinc oxide
additive provided improvement in tensile
strength after all environmental tests. In other
variations, environmental testing reduces
strength, while in the zinc oxide variation the
opposite is true. As we have seen in other
studies in the literature, it is necessary to
determine the optimum graphite additive ratio
in order to strengthen the material. In this
study, since conductivity was prioritized,
graphite additive ratios as mass percentage
were kept high, and therefore, a decrease in
strength occurred. Pure PVC is a softer
material and can carry more energy until it
breaks.

3.3. SEM Analysis

Thermo Scientific Apreo S scanning electron
microscope (SEM) device was used for
obtaining SEM images and elemental analysis
of Energy Dispersive Spectroscopy (EDS).

In this study, the films formed by dispersing
certain percentages of graphite and/or ZnO in
PVC solution by an ultrasonic process were
examined using scanning electron microscopy
(SEM). The surface morphology and
elemental components of the P3G2 (60%

1168



Bircan DINDAR, Anil EKER

Electrical Resistance, Stability and Mechanical Properties of PVC Composites Containing Graphite and ...

PVC, 40% Graphite) composite material are
shown in Figure 7(a and b).

9.30K
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Figure 7 (a) SEM image of P3G2 material, (b)
Elemental analysis of the region of P3G2
material

Since 60% of the main component of the
material is PVC, the SEM images of the
surface show that it is rather smooth and more
homogeneous, which is compatible with the
literature. [20, 26, 27] Here, it is seen that the
carbon atoms are in large heaps due to the high
polymer material ratio.

Figures 8 and 9 below show the
morphological images and elemental analysis
of the P3G2Z material in SEM and the
graphite and semiconductor ZnO regions.
However, micro-voids (large porous regions)
are observed in the material under the
influence of environmental tests. The fact that
the crystal-like structures in the middle
contain high concentrations of carbon without
other elements indicates that these regions are
graphite.
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™

Figure 8 SEM image of P3G2Z material
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Figure 9 Elemental analysis graph of P3G2Z

material in the EDS measurement (components:
C, Cl, Zn, and O)
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When the atoms in the image are mapped as a
result of the EDS analysis, it is distinguished
that PVC consisting of a combination of CI-C
(Chlorine-Carbon) atoms, [20] graphite
consisting of only carbon atoms and ZnO
consisting of zinc and oxygen atoms are
separately distinguished.

As predicted at the beginning of the study,
Zn0O nanoparticles smaller than graphite with
micron particles fill the gaps that graphite
cannot fill. The production of composites with
the help of the ultrasonic mixing system also
played an important role in the
homogenization of the materials.

In SEM morphology, the smaller crystals in
between confirm the presence of green-colored
zinc oxide (Figure 10). It is seen that the amount
of zinc also less than red-colored graphite.
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Figure 10 A colored image of EDS analysis of
P3G2Z material. The red zone in the middle
belongs to graphite. The green parts belong to
Zn0O

As seen in previous studies, graphite is
clustered in the form of large cubes and rods,
[14, 22] zinc oxide nanoparticles appear as
smaller hexagonal bar crystals (wurtzite). [23]

4. CONCLUSION

Within the scope of this study, it was aimed to
measure the electrical resistance in polymer
composite variations with high graphite ratios
between 32-60%. It has been found that the
electrical resistance changes less and a more
stable material is obtained when it is in high
ratios. However, these materials have
experienced some mechanical  losses.
Although the presence of semiconductor zinc
oxide changes the material from insulator to
conductor over time and with environmental
effects, it can be suggested that some of its
composites can be used as light sensors in
applications. However, it may be necessary to
check the repeatability over a very long period
of time to say that the material is stable in
terms of maintaining its electrical resistance.

When the peripheral tests are examined in
detail, the following results are obtained: With
holding in an air oven at 100°C, composites
with increased graphite content, for example,
P1G1 (50% PVC, 50% graphite), P2G3 (40%
PVC, 60% graphite) and P2G3Z (32% PVC,
60% graphite), 8% ZnO) conductivity was
also observed to increase.
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As a result of the humidification tests, the
proportionality of graphite such as P3G2
(60% PVC, 40% graphite), P1G1Z (50%
PVC, 42% graphite, 8% ZnO) and P2G3Z
(32% PVC, 60% graphite, 8% ZnO) It was
found that the conductivity increased in the
samples  with increasing temperature.
Moreover, the conductivity of composites
containing all ZnO additives was increased
after ESD and solar radiation. The P3G2Z
material, which was subjected to ESD
application, showed a great change and turned
from an insulator to a conductor.

Solar radiation was also observed to increase
conductivity at relatively high graphite ratios
such as P1G1 (50% PVC, 50% graphite) and
P2G3 (40% PVC, 60% graphite). It was found
that the resistance of the P2G3Z composite,
which contains the maximum graphite and
ZnO additives from the products, decreased
approximately 81 times, while the P1G1Z
material decreased 23 times under solar
radiation. This data proves that the related
materials acquire photosensitive
semiconductor properties.

P2G3 (40% PVC, 60% graphite) composite
showed very good conductivity even when
first prepared and became more conductive
after thermal shock. It was observed that
thermal shock only increased the conductivity
of P2G3 (40% PVC, 60% graphite) and P3G2
(60% PVC, 40% graphite) materials.

Among the composites without any
environmental  treatment, the highest
insulation belonged to P3G2Z and the highest
conductivity belonged to P2G3.

In this study, conductivity measurements were
instantaneously measured after environmental
tests. Aging methods such as the "Arrhenius
method" can also provide more information in
terms of long-term stability. Thus, the
obtained data are promising for the sensor and
actuator sectors that move and/or control a
mechanism and system. According to the
needs of the application areas, it will be
possible to produce materials or sensors in
different capacities.
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In conclusion, it can be suggested that the
conductivity of composites in which the ZnO
additive is a component increases
considerably under solar radiation and that
such composite materials have semiconductor
properties, so they can be wused in
photosensitive control systems. The data
obtained in this study are promising for the
sensor and actuator sectors that move or
control a mechanism and system.

In the future, in addition to sensor
technologies, the wuse of graphene and
semiconductor structures in the production of
other new technologies such as high security
and accumulators may contribute to both the
literature and the development of new
technological fields.
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Identification and Characterization of the CPP Gene Family in the Genome
of Aedes aegypti L. (Yellow Fever Mosquito) (Diptera: Culicidae)

Murat TURAN ™1

Abstract

Aedes aegypti is an important vector organism responsible for carrying numerous arboviral
pathogens and serious diseases, including yellow fever, Zika, Chikungunya, and Dengue fever.
The CPP gene family, one of the crucial molecular defense systems, plays a significant role in
the regulation of growth and development by controlling the production of proteins. In this
study, a comprehensive genome analysis of the CPP gene family in Ae. aegypti was conducted.
Each gene was thoroughly characterized, gene structures were examined, and conserved motifs
were investigated. Additionally, the properties of these proteins were comprehensively
analyzed. Expression analyses were performed to reveal the effects of CPP genes on
development by calculating Reads Per Kilobase Million (RPKM) values. The findings
emphasize the importance of CPP genes in controlling arboviral pathogens and understanding
general stress responses in insects. The information derived from this research could contribute
to the development of more effective intervention strategies for Ae. aegypti and other vector
carriers to cope with stress. In conclusion, the systematic analysis of the CPP gene family in
the Ae. aegypti genome is a crucial step in the management and development of effective
disease prevention strategies for this species. Moreover, this study provides a significant
foundation for future functional genomics research in understanding the structure and function
of CPP genes.

Keywords: Aedes aegypti, CPP gene family, Yellow fever mosquito, characterization

1. INTRODUCTION Tesmin/TSO1-like CXC (TCX) and
represents a small but valuable group of TFs

Cell cycle progression, metabolic balance, critical in the regulation of gene expression

physiological regulations, and environmental
responses are fundamental biological
functions that are regulated in organisms
through transcription factors (TFs), which
control gene expression at the mMRNA
transcript level [1-4]. The CPP gene family,
Cysteine-rich polycomb-like protein (CPP)
transcription factors, is referred to as

[1-3, 5]. These CPP genes are plant-derived
and can be defined as
CXCX4CXI3YCXCX6CX3CXCX2C,

containing one or two Cys-rich regions within
this structure. These regions are called CXC
domains [1-3, 6]. Both the CXC domains and
the sequences that bind to them are
universally found in organisms carrying the
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entire CPP gene [1, 2]. These conserved
regions confer the ability to bind to DNA [3,
6]. The preservation of CXC domains,
particularly in plants and animals, has led to
more extensive research in these species [6].

Studies on various plant species have shown
that CPP genes can have diverse functions
and contribute to the regulation of gene
expression. These genes can perform different
cellular tasks in plants, ranging from cell
division to developmental processes [1, 4].
Several studies have reported the involvement
of CPP genes in stress responses [7]. Studies
have indicated that CPP genes potentially
have a vital role in plant responses to abiotic
stress factors like drought, heat, cold, and
salinity. When plants are exposed to such
stress conditions, the expression levels of
CPP genes undergo significant changes,
suggesting that the CPP gene family might
play a crucial role in stress tolerance and
adaptation mechanisms in plants [5, 6, 8].

As an example, specific genes in soybeans
have been discovered to upregulate their
expression in response to high-temperature
stress. Similarly, in maize, CPP gene
expression was significantly enhanced when
the plants were exposed to heat, cold, and
drought stresses. These findings indicate the
potential involvement of CPP genes in
facilitating plant responses to diverse abiotic
stressors and highlight their importance in
stress adaptation mechanisms [5]. Despite
receiving less attention compared to other
transcription factor  families, CPP
transcription factors are present in many
species [9].

They are absent in prokaryotes, fungi, and
fungi-like organisms, but widespread in
plants and animals. The observed responses
of CPP genes to various abiotic stress
conditions in different plant species suggest
that the CPP gene family has likely played a
significant role in the evolutionary processes
of plants. The ability of these genes to
modulate their expression in the face of
environmental challenges indicates their

Sakarya University Journal of Science 27(6), 1174-1184, 2023

potential importance in enabling plants to
adapt and survive in diverse and changing
environments throughout their evolutionary
history [1-3, 5, 6].

Arbovirus outbreaks, such as Dengue,
Chikungunya, and Zika, are transmitted by
Aedes mosquitoes and are widely spread
through human mobility and trade [10-12].
Aedes aegypti L. (Diptera: Culicidae) is also a
vector for zoonotic diseases like Rift Valley
fever (RVF), which is considered a serious
emerging zoonotic disease [12]. These
diseases infect a total of 50-100 million
people annually, while more than 2.5 billion
people live in areas where these diseases can
be transmitted [11, 12]. Ae. aegypti is a
mosquito species commonly found in tropical
and subtropical regions across the globe,
spanning South America, Southeast Asia, and
Africa. Its presence in these areas presents a
persistent and substantial public health
challenge for numerous countries. [11].
Dengue fever is a significant viral disease
transmitted to humans by Ae. aegypti and
Aedes albopictus Skuse (Diptera: Culicidae)
mosquitoes [13-15].

Ae. aegypti mosquitoes can carry all four
dengue virus serotypes and play a crucial role
in the transmission of the disease. Dengue
outbreaks lead to significant health problems
and economic burdens in affected regions
[16]. Dengue outbreaks currently affect more
than 100 countries, spanning across Africa,
the Americas, the Indian subcontinent,
Southeast Asia, the Eastern Mediterranean,
and the Western Pacific regions [13].

According to the estimates of the World
Health Organization (WHO), there are around
50 million cases of dengue infections each
year, leading to approximately 500.000
hospitalizations and 22.000 dengue-related
deaths worldwide [13]. The global population
at risk of contracting this disease exceeds 2.5
billion people [13]. Aedes mosquitoes are
closely associated with human habitats and
lay their eggs in water containers around
houses. The accumulation of plastic and
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rubber provides additional breeding sites,
contributing to increased population density
in urban areas [11]. Dengue continues to pose
a significant threat to global health [12]. The
role of mosquitoes as vectors facilitates the
spread of the disease [17]. Therefore,
developing effective interventions against
dengue outbreaks and controlling the
mosquito population are crucial to prevent the
spread of the disease. Understanding the
genes of Aedes mosquitoes and their functions
could help develop more effective strategies
for disease control and prevention.

In this study, a total of 11 different CPP genes
have been identified from species including
Ae. aegypti, Anopheles arabiensis Patton
(Diptera: Culicidae), Anopheles albimanus
Wiedemann (Diptera: Culicidae), Anopheles

funestus  Giles (Diptera:  Culicidae),
Anopheles  stephensi  Liston  (Diptera:
Culicidae), Culex quinquefasciatus Say

(Diptera: Culicidae), Drosophila ananassae
Doleschall ~ (Diptera:  Culicidae), and
Drosophila melanogaster Meigen (Diptera:
Culicidae). Each CPP gene has been fully
characterized in these species, with their gene
structures and conserved motifs investigated.

Additionally, the properties and subcellular
locations of these  proteins  were
comprehensively analyzed. Furthermore, our
study involved the phylogenetic comparison
of CPP genes in Ae. aegypti with those in A.
arabiensis, A. albimanus, A. funestus, A.
stephensi,  Cx.  quinquefasciatus, D.
ananassae, and D. melanogaster, using
various bioinformatics tools. RPKM (Reads
Per Kilobase Million) values were also
calculated from the examination of the
PRJINA419241 project at the National Center
for Biotechnology Information (NCBI) to
reveal the effects of CPP genes on
development. This research presents the first
comprehensive characterization of CPP genes
in Ae. aegypti, adding unique value to the
efforts in understanding the genetic and
molecular biology of this species. The results
obtained can serve as a valuable reference for
cloning and functional analysis of CPP genes
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in this species. Furthermore, it provides
valuable insights into the control of arbovirus
pathogens and understanding general stress
responses in insects.

2. MATERIAL AND METHODS

2.1. Determination of CPP Genes

In this study, accession number was
determined using the InterPro database
(https://www.ebi.ac.uk/interpro/). Accession
number of the CPP (PF03638) gene family
were identified in the genomes of the
following species: Ae. aegypti (Aaeg) [18], A.
albimanus (Aali) [19], A. arabiensis (Aara)
[20], A. funestus (Afun) [21], A. stephensi
(Aste), Cx. quinquefasciatus (Cqui) [22], D.
ananassae (Dana) [23], and D. melanogaster
(Dmen) [24]. In the conducted study, a total
of 11 genes belonging to the relevant gene
families were identified in the InsectBase 2.0
database (http:/Iv2.insect-genome.com/).
Protein and CDS sequences of these genes
were retrieved. The SMART database
(Simple Modular Architecture Research
Tool) (http://smart.embl-heidelberg.de/), was
utilized to identify the existence of CPP
proteins and to explore potential extra regions
within their sequences [25].

2.2. Sequence Alignment and Phylogenetic
Analyses

The protein sequences of the members of the
CPP gene family in the genomes of Ae.
aegypti, A. arabiensis, A. albimanus, A.
funestus, A. stephensi, Cx. quinquefasciatus,
D. ananassae and D. melanogaster species
were aligned using the Multiple Sequence
Alignment by CLUSTALW tool
(https://www.genome.jp/tools-bin/clustalw)

[26]. Subsequently, the aligned protein
sequences were used to construct a
phylogenetic tree using the ITOL (Interactive
Tree of Life) tool (https://itol.embl.de/) [27]
Also, for the sequence analysis of conserved
regions in these species, the BioEdit 7.7.1
[28] program was used for visualization
purposes. In addition, the TBTools v1.123
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[29] program was employed specifically for
sequence logo analysis.

2.3. Characteristics and  Subcellular
Localizations of CPP Proteins

The amino acid count, molecular weight
(kDa), theoretical isoelectric point (pl), amino
acid composition, stability, aliphatic index,
and GRAVY (Grand Average of Hydropathy)
of CPP proteins in Ae. aegypti, A. arabiensis,
A. albimanus, A. funestus, A. stephensi, Cx.
quinquefasciatus, D. ananassae, and D.
melanogaster were calculated using the

"ProtParam Tool"
(https://web.expasy.org/protparam/) [30].
Additionally, DeepLoc

(https://services.healthtech.dtu.dk/services/D
eepLoc-2.0/) was wused to predict the
subcellular localization of CPP genes [31].

2.4. Structure of CPP Genes

In order to better understand the evolutionary
changes in the gene structures of CPP genes
found in the genomes of Ae. aegypti, A.
arabiensis, A. albimanus, A. funestus, A.
stephensi,  Cx.  quinquefasciatus, D.
ananassae, and D. melanogaster, and their
potential effects, the exon and intron
distributions were analyzed using the Gene
Structure Display Server (GSDS) v2.0
database  (http://gsds.gao-lab.org/)  [32].
During the analysis process using the GSDS
database, the gene sequences were retrieved
from the InsectBase database in ".gff3"
format files, and the phylogenetic tree outputs
were obtained from the CLUSTALW tool in
".nwk" (Newick) format files.

2.5. Determination of Conserved Motifs

The conserved motifs present in the protein
sequences encoded by CPP genes were
discovered using the "Multiple EM for Motif
Elicitation (MEME)" tool (https://meme-
suite.org/meme/index.html) [33]. The
analysis considered a width range for
identified motifs from 2 to 50 amino acids,
with a maximum limit of 10 motifs being
determined. The motif regions, which varied

Sakarya University Journal of Science 27(6), 1174-1184, 2023

in length from 6 to 300 amino acids, were
identified with a flexible distribution,
allowing for any number of repetitions.

2.6. Expression Analysis of Ae. aegypti CPP
Genes

The profiles of CPP genes in Ae. aegypti were
examined using Illumina RNA-seq data
obtained from the Sequence Read Archive
(SRA) database at NCBI
(https://www.ncbi.nlm.nih.gov/sra). The
RNA-Seq data for Ae. aegypti from 17
different developmental stages (L1 Larvae,
L2 Larvae, L3 Larvae Male, L3 Larvae
Female, L4 Larvae Male, L4 Larvae Female,
Early Pupae Male, Early Pupae Female, Mid
Pupae Male, Mid Pupae Female, Late Pupae
Male, Late Pupae Female, Male Accessory
Gland, Carcass Male, Carcass Female, Testes
and Ovaries) were obtained from the NCBI
Sequence Read Archive (SRA) database
using the BioProject PRINA419241 [18]. To
normalize gene expression values, the Reads
Per Kilobase per Million mapped reads
(RPKM) algorithm was employed, which
calculates the number of reads per kilobase
per million mapped reads for each exon
model [34]. The RPKM values were
converted to log2 scale, and a circular
heatmap was generated using the SRPLOT
(http://www.bioinformatics.com.cn/en)
algorithm.

3. RESULTS AND DISCUSSION

3.1. Determination of CPP Genes

A total of 2 genes from Ae. aegypti, 1 gene
from A. arabiensis, 1 gene from A. albimanus,
1 gene from A. funestus, 1 gene from A.
stephensi, 1 gene from Cx. quinquefasciatus,
2 genes from D. ananassae, and 2 genes from
D. melanogaster were identified.
Subsequently, abbreviations for the species
names were used to improve clarity in the
article, and the genes were numbered
according to their chromosomal sequences. In
Figure 1, the CPP protein sequences of Ae.
aegypti, A. arabiensis, A. albimanus, A.
funestus, A. stephensi, Cx. quinquefasciatus,
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D. ananassae, and D. melanogaster were
aligned, and the CXC domain region was
determined. The amino acids more frequently
present in these domain regions were

visualized using a logo representation. It was

observed that if a gene possesses two CXC
domains, both regions contain the same
domain motif, whereas if a gene has only one
CXC domain, the second region contains this
domain.

AN

Figure 1 Protein sequences belonging to Ae. aegypti, A. arabiensis, A. albimanus, A. funestus, A.
stephensi, Cx. quinguefasciatus, D. ananassae, and D. melanogaster were aligned using ClustalW, and
visualized using the Bioedit program. The CXC domains were highlighted in black

3.2. Phylogenetic Analysis of CPP Proteins

Prior to constructing the phylogenetic tree of
the CPP family, sequence alignment was
performed using CLUSTALW, and
visualization was achieved using the ITOL
tool. As a result of the analysis, CPP genes
have been divided into 3 main groups: Group
1, Group 2, and Group 3. While Group 1
contains only 1 CXC domain, both Group 2
and Group 3 have 2 CXC domains (Figure 2).

Couicpp.gy

AfunCPP-01

Crp.g,
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°
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&
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Figure 2 Phylogenetic tree illustrating the
relationship of CPP family in Ae. aegypti, A.
arabiensis, A. albimanus, A. funestus, A.
stephensi, Cx. quinquefasciatus, D. ananassae
and D. melanogaster
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3.3. Characteristics and Subcellular

Localizations of CPP Proteins

CPP proteins with a single CXC domain
(DanaCPP-01 and DmenCPP-01) have amino
acid lengths in the range of 243-330 and
molecular weights between 26 and 35 kDa.
CPP proteins with two CXC domains have
amino acid lengths in the range of 759-950
and molecular weights between 81 and 100

kDa. All proteins exhibit hydrophilic
properties. AaliCPP-01 exhibits acidic
properties, AaraCPP-01 shows neutral

characteristics, while the others possess basic
properties.

DanaCPP-02 was found to be stable, while the
other proteins were unstable. When the
aliphatic index and GRAVY values were
considered together, it can be said that the
proteins have hydrophobic characteristics in
their interior structures and hydrophilic
characteristics in their exterior structures
(Table 1). The potential subcellular
localizations of CPP genes were analyzed
with DeepLoc, and it was determined that all
CPP genes are located in the nucleus and
contain a nuclear localization signal (Table
2).
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Table 1 The properties of CPP proteins

similarity can be employed as an indicator to

Gene Number of Molecular assess the proximity or evolutionary distance
amino weight (kDa) between the two species [6]. It has been
acids observed that all genes contain multiple exon

AaegCPP-01 785 83.53 regions, and the number of exon regions
AaegCPP-02 785 83.48 varies depending on the number of CXC
AaliCPP-01 810 88.61 domains. Genes with 1 CXC domain have 2
AaraCPP-01 751 80.70 exon regions, while those with 2 CXC
AfunCPP-01 750 80.79 domains have 4 exon regions (Figure 3). The
AsteCPP-01 759 3061 protein structures align appropriately with the
CquiCPP-01 801 8457 phylogeﬂetic t_ree, . indic;ting similarity
DanaCPP-0L 330 3524 among the proteins (Figure 2).
DanaCPP-02 921 96.73 Table 2 The subcellular Localizations of CPP
DmenCPP-01 243 26.18 proteins
DmenCPP-02 950 100.02 Gene Probability IOF;;??;{::?:”S
Gene Theo;tlatlcal Stability AaegCPP-OL 0.8697 Nucleus
AaegCPP-01 8.89 Unstable AaegCPP-02 0.8718 Nucleus
AaegCPP-02 8.85 Unstable AaraCPP-01 0.9247 Nucleus
AaliCPP-01 6.23 Unstable AaliCPP-01 0.8757 Nucleus
AaraCPP-01 7.43 Unstable AfunCPP-01 0.9235 Nucleus
AfunCPP-01 8.2 Unstable AsteCPP-01 0.919 Nucleus
AsteCPP-01 8.39 Unstable CquiCPP-01 0.92 Nucleus
CquiCPP-01 8.75 Unstable DanaCPP-01 0.8512 Nucleus
DanaCPP-01 9.67 Unstable DanaCPP-02 0.9009 Nucleus
DanaCPP-02 9.71 Stable DmenCPP-01 0.8688 Nucleus
DmenCPP-01 9.38 Unstable DmenCPP-02 0.902 Nucleus
DmenCPP-02 9.53 Unstable Gene Predicted signals

Gene Aliphatic GRAVY AaegCPP-01 Nuclear localization signal

index AaegCPP-02 Nuclear localization signal
AaegCPP-01 75.38 -0.348 AaegCPP-02  Nuclear localization signal
AaegCPP-02 75.38 -0.346 AaraCPP-01  Nuclear localization signal
AaliCPP-01 74.64 -0.532 AaliCPP-01  Nuclear localization signal,
AaraCPP-01 70.6 -0.49 Nuclear export signal
AfunCPP-01 70.08 -0.476 AfunCPP-01 Nuclear localization signal
AsteCPP-01 71.23 -0.398 AsteCPP-01 Nuclear localization signal
CquiCPP-01 73.82 -0.343 CquiCPP-01 Nuclear localization signal
DanaCPP-01 67.21 -0.452 DanaCPP-01 Nuclear localization signal
DanaCPP-02 71.61 -0.469 DanaCPP-02 Nuclear localization signal
DmenCPP-01 80.41 -0.229 DmenCPP-01 Nuclear localization signal
DmenCPP-02 73.03 -0.423 DmenCPP-02 Nuclear localization signal

3.4. Structure of CPP Genes 3.5. Conserved Motifs of CPP Genes

The conserved motifs of the CPP gene family
were acquired through the utilization of
MEME-Suite. During the analysis process, a

When the intron/exon structures of
homologous and paralogous genes exhibit
similarity across different species, this

Sakarya University Journal of Science 27(6), 1174-1184, 2023 1179
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total of ten conserved motif patterns were
successfully identified for further
investigation and examination of the CPP
gene family. The number of obtained motifs
ranged from 3 to 8, with DanaCPP-01 and
DmenCPP-01 having the fewest conserved
motifs (3 motifs), and AaegCPP-01,
AaegCPP-02, AaraCPP-01, AsteCPP-01, and

DansCFP-02

Dienenl PP-0O7 =
AaliCPPF0l -
AnrsCPP-01  -——
AluaCFP-0] =

AxleCFP-01 -

AfunCPP-01 having the most conserved
motifs (8 motifs). No motifs were found to be
common among all genes. AIll motifs
exhibited similarity in accordance with the
phylogenetic tree, indicating that they are
conserved and share similarities among the
proteins of the CPP gene family (Figure 4).
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Figure 3 The phylogenetic relationships, length, and position of exons and introns in the CPP genes in
Ae. aegypti, A. arabiensis, A. albimanus, A. funestus, A. stephensi, Cx. quinquefasciatus, D. ananassae
and D. melanogaster

Motifs
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Figure 4 The conserved motifs of CPP proteins in Ae. aegypti, A. arabiensis, A. albimanus, A. funestus,
A. stephensi, Cx. quinquefasciatus, D. ananassae, and D. melanogaster

3.6. Expression Analysis of Ae. aegypti CPP
Genes

CPP genes play diverse roles in regulating
cell division and the development of various
tissues. They are involved in crucial
biological processes that influence the
growth, differentiation, and maintenance of
tissues and organisms [1]. The expression of
CPP genes is notably high in flowers, and
their accumulation reaches peak levels during
the development of ovules and microspores
[3]. Additionally, a separate study has
demonstrated that the TSO1 protein is widely

Sakarya University Journal of Science 27(6), 1174-1184, 2023

distributed in flowers, with a particularly
significant  presence  in  developing
microspores and eggs [6]. Moreover, a study
focusing on Arabidopsis has revealed the
elevated expression of CPP genes during the
development of flower eggs and microspores,
indicating their potential role in the
development of reproductive organs [1].
Additionally, when investigating the
expression of CPP genes in Ae. aegypti at
various stages, the highest expression was
observed in the testes. There was also an
increased expression near the ovaries, while
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larval stages exhibited a comparatively lower
level of expression (Figure 5).

Figure 5 Heat map of differentially expressed
CPP genes in Ae. aegypti from various
developmental stages

4. CONCLUSION

The CPP gene family is a highly important
gene family in plants, and although
extensively studied in plant research, there
has been limited research, particularly on
vector organisms. This study represents the
first investigation of the CPP gene family in
Ae. aegypti, a mosquito species responsible
for causing widespread human diseases and
deaths. The research aims to analyze and
characterize the CPP gene family
systematically in Ae. aegypti, focusing on
protein properties, structures, phylogenetic
relationships, and expression levels. The
findings highlight the significance of CPP
genes and shed light on their association with
insect adaptive strategies. By understanding
the functions of CPP genes in Ae. aegypti's
development, stress response, and disease
transmission in more depth, this research can
significantly contribute to the management of
this species and the development of effective
disease prevention strategies. Additionally,
the study provides valuable insights into Ae.
aegypti and other vector carriers' abilities to
cope with climate change, which could aid in
developing more efficient intervention
strategies to control these diseases.
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Abstract

Valproic acid (VPA) is among the most commonly used antiepileptic drugs in childhood and
adult epilepsy. Although VPA is well tolerated, it can cause life-threatening side effects. VPA
has toxic and genotoxic effects. Antioxidants can reverse drugs' toxic and genotoxic effects.
Therefore, our study aimed to evaluate the antigenotoxic protective effect of quercetin (QUE)
against VPA genotoxicity by in vitro comet assay analysis method. Comet assay analysis was
performed in five different groups. Group I; negative control (Sterile H20), Group II; positive
control (H202), Group I11; VPA was applied in four different dose ranges, Group IV; QUE was
applied in four different dose ranges, Group V; For the simultaneous combined administration
of VPA and QUE, three different doses of VPA + four different doses of QUE were
administered. Low-dose administration of QUE was more effective in ameliorating the damage
caused by low-dose VPA (62.5 pug/ml) administration. It is seen that the genotoxic damage
caused by the application of 125 pg/ml VPA can be eliminated by QUE at all doses. It was
determined that different doses of QUE exhibited a significant antigenotoxic effect against
damage caused by 125 ug/mL VPA (P<0.05). In our study, the curative effect of QUE on DNA
damage was determined by in vitro comet analysis. Our analysis results showed that QUE
ameliorates VPA-induced genetic damage.

Keywords: Valproic acid, comet assay, in vitro, quercetin

1. INTRODUCTION

Epileptic seizures have been known since the
early ages of humanity. Epilepsy is defined in
the 2005 International League Against
Epilepsy (ILAE) classification as “two or

more unprovoked epileptic seizures more
than 24 hours apart” [1]. Epilepsy treatment
includes drug therapy, surgical applications,
or a ketogenic diet. The purpose of drug
therapy is to control neuronal increased
stimulation. It is vital that the treatment to be
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chosen is with the drug that causes the most
minor damage to the body and best prevents
the development of seizures. It is preferred
that an ideal antiepileptic drug can affect
many types of seizures, its absorption and
distribution are rapid, drug interaction is low,
tolerance development is low, and its half-life
is long. Antiepileptic drugs are classified as
sodium channel inhibitors, calcium channel
inhibitors, gamma-aminobutyric acid
(GABA) potentiators, carbonic anhydrase
inhibitors, and agents acting through other
mechanisms according to their mechanism of
action at the cellular level.

Valproic acid (VPA) is among the most
commonly used antiepileptic drugs in
childhood and adult epilepsy [2]. When its
mechanism of action is evaluated, it is among
the mechanisms explained that it increases
GABA synthesis, strengthens GABA
conductivity, slows down the GABA cycle,
and inhibits GABA destruction [3]. In
addition, VPA decreases the amount of
aspartate, an excitatory amino acid, while
increasing the amount of glycine, an
inhibitory neurotransmitter. VPA is highly
bound to plasma protein. The therapeutic dose
of total VPA (free and plasma protein bound)
in the blood is 50-120 pg/mL [4-6].

Although VPA is well tolerated, it can cause
life-threatening side effects [7]. The effects of
antiepileptic drugs on the antioxidant system
are known. Previous studies have shown that
long-term use of antiepileptics increases the
formation of free radicals and causes
oxidative damage in neurons. Increasing free
radicals cause disruption of vital structures
such as DNA, protein, and lipids and cause
cell damage. DNA is one of the main targets
of free radicals, and mutant components are
formed on DNA by oxidation of nucleotides
[8]. In particular, the use of VPA causes a
decrease in carnitine levels. It can also trigger
oxygen-dependent tissue damage and
increase free radicals in the body [9]. Free
radical attacks also cause the activation of the
polysynthetase = enzyme  (ADP-ribose),

Sakarya University Journal of Science 27(6), 1185-1196, 2023

leading to programmed cell death and DNA
fragmentation [10].

Antioxidants can reverse drugs' toxic and
genotoxic effects by restoring the antioxidant
balance. Antioxidants protect cells directly
and indirectly against the undesirable effects
of xenobiotics and free radicals [2]. In recent
years, there has been a great interest in plant-
derived foods and their active components,
which have antioxidant activity on oxidative
stress.  Polyphenols are the primary
antioxidants in the plant-derived foods. They
are classified according to their aromatic rings
and other components [11].

Flavonoids are the largest polyphenols group,
subdivided into flavonols, isoflavones,
anthocyanins, flavanols, flavones, and
flavanones. These compounds have two
benzene rings in their structure and a three-
carbon chain connecting them. Quercetin
(QUE) is one of the flavonoids found in high
amounts in plants, especially vegetables and
fruits. There are three important functional
groups in the structure of QUE. It has been
reported that hydroxyl, catechol, and oxo
groups in the structure of Que are effective in
antioxidant activity. Que exerts its antioxidant
effect by scavenging reactive oxygen species
(ROS) and chelating metal cations. This
feature stops the lipid peroxidation
mechanism [12, 13].

The fact that QUE has many different
biological activities, including antioxidant,
anti-inflammatory, antiproliferative,
proapoptotic, and antiangiogenic, supports its
evaluation as a natural anti-cancer agent and
suggests that it may have antigenotoxic
effects [11- 13]. Itis necessary to elucidate the
restorative effects of antioxidants on the
toxicity of drugs used in chronic diseases that
can trigger each other and to conduct further
research. It has been established that the
protective effects of antioxidant substances
against VPA-induced genotoxicity have not
been sufficiently explored in the existing
literature. Hence, our study seeks to assess the
antigenotoxic protective potential of QUE
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against VPA genotoxicity through the in vitro
comet assay analysis method.

2. MATERIALS AND METHODS

2.1. Chemicals

Valproic acid (VPA) was purchased from
Toronto Research Chemicals (North York,
Canada). Quercetin dihydrate and all other
chemicals in this study were purchased from
Sigma-Aldrich (USA).

2.2. Collection Of Blood Samples

Peripheral venous blood was drawn from four
healthy donors, two male and two female,
aged 20 — 25 years, for all genotoxicity tests.
These donors had no history of chromosome
fragility, recent viral infection, or exposure to
known mutagenic agents or drug therapy
within the previous two years, nor had they
received ionizing radiation within six months.

2.3. Study Groups

Comet assay analysis was performed in five
different groups. i) Group I; Sterile H.O was
used for negative control. ii) Group Il; H202
(3.4 ng/mL) was used for positive control. iii)
Group IlI; For VPA administration, VPA was
applied in four different dose ranges (31.2,
62.5, 125, 250 pg/mL), including
subtherapeutic, therapeutic, and toxic doses.
iv) Group 1V; For QUE administration, four
different doses of QUE (1.6, 3.2, 6.5, 13
pg/mL) were applied, including lower dose
intervals than in the literature [14]. v) Group
V; For the simultaneous combined
administration of VPA and QUE, three
different doses of VPA (62.5, 125, 250
ug/mL), including therapeutic and toxic doses
+ four different doses of QUE (1.6, 3.2, 6.5,
13 pg/mL), were administered

2.4. Comet Assay In Isolated Human
Lymphocytes

From the work of Singh et al., 2015, the
Comet assay (SCGE=Single Cell Gel

Sakarya University Journal of Science 27(6), 1185-1196, 2023

Electrophoresis) has been modified [15].
Before the test, a Heparinised Peripheral
Blood Sample had been taken. The Biocoll
Separating solution was used for the isolation
of lymphocytes. To detect cell viability, the
trypan blue exclusion test has been used. The
viability of the cell was more than 99%.

The obtained lymphocytes were distributed to
Eppendorf as 100 pL. One hundred
microliters each of negative control (sterile
H>0), positive control (H20.), and test
substances (Ill., IV., and V. group) were
added. It was incubated at 37°C for 1 hour.
After these treatments, lymphocytes were
centrifuged at 1060 rpm for 5 min, and the
supernatant was removed. Cells were
resuspended with PBS and mixed with the
low-melting agarose (0.65%). After that, 100
uL of suspension was dropped onto slides and
covered by lamellas (Slides were coated with
normal-melting agarose (0.65%) one day
ago). The slides were placed at 5 °C for 20-25
minutes.

After this process, lamellas were removed,
and slides were put into a lysing solution (2.5
M NaCl, 10 mM Tris, 100 mM EDTA) at 4°C
for 1 hour. Then, the slides were placed in the
gel electrophoresis tank with electrophoresis
buffer and waited for 20 minutes. After 20
minutes, electrophoresis (1v/cm, 300mA) was
carried out for 20 minutes. After
electrophoresis, a neutralization buffer (0.4 M
Tris, pH=7.5) was used to wash the slides.
Each slide received 50 pl of EtBr (Applichem,
cat. no. 1239-45-8) following the protocols,
and lamellas were placed on top of the slides.

The preparations evaluated three parameters.
Three characteristics of DNA's tail—its
length, moment, and intensity (%) were
assessed. A fluorescent microscope and
image analysis systems were used to analyze
100 cells at each concentration for this
evaluation.
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2.5. Statistical Evaluation

The possibility of DNA damage caused by
test substances was evaluated using the
student t-test. The regression coefficients for
the mean comet tail length, tail moment, and
tail intensity were used to determine dose-
response relationships.

3. RESULTS

Tail length, tail moment, and tail intensity
changes in the results of the comet analysis to
determine the genotoxic effect of VPA and
QUE were evaluated between the groups
(groups 111 and 1V) compared to the negative
control group. The in vitro genotoxic
evaluation of VPA application at different
doses is given in Table 1. When Table 1 was
examined, it was observed that the DNA tail
length increased at four different VPA doses
(31.2,62.5, 125, 250 pg/mL) compared to the
negative control group. This increase was
found to be statistically significant (P<0.001).

When the increase in tail length was evaluated
according to VPA doses, it was seen that the
increase was dose-dependent (r: 0.96) (Figure
1). Similarly, it was observed that the tail
moment increased at four different VPA
doses (31.2, 62.5, 125, 250 pg/mL) compared
to the negative control group. This increase
was found to be statistically significant
(P<0.005). When the increase in the tail
moment was evaluated according to VPA
doses, it was seen that the increase was dose-
dependent (r: 0.83) (Figure 1). When the tail
intensity between the groups was examined,
the tail intensity was statistically significant in
three VPA-treated groups (31.2, 125, 250
png/mL) compared to the negative control
group (P<0.05) (Table 1). When the increase
in tail intensity was evaluated according to
VPA doses, it was seen that the increase was
dose-dependent (r: 0.83) (Figure 1). As a
result of these results, it was determined that
VPA showed genotoxic properties at
application doses.

Table 1 In vitro genotoxic evaluation of valproic acid (VPA) and guercetin (QUE) in human

lymphocytes
Dose (pg/mL) Tail Length (um) Tail Moment Tail Intensity (%)
Valproic Acid (VPA)
Negative Control H,0; 0 2.085+0.13 1.142+0.03 171.501+12.59
31.2 3.995+0.23** 1.296+0.04* 537.694+116.83*
62.5 5.795+0.85** 1.371+0.08* 234.560+ 39.29
125 19.23543.35%* 4.289+0.85%* 369.951+ 38.45*
250 Toxic Toxic Toxic
Positive Control 33.480+4.43 6.913 £0.85 308,570+ 69.73
HzOz; 34
Quercetin (Que)
Negative Control 2.085+0.13 1.146 £ 0.03 277.001+47.16
H20; 0
1.6 1.540 £ 0.10 0.946 +0.03 327.625+ 159.52
3.2 2.590 £0.37 1.087 +£0.05 491.952+ 50.91*
6.5 2.935+0.75 1.243 £0.08 373.504+ 35.82
13 3.040 £ 0.34* 1.256 £ 0.04* 234.581+16.70
Positive Control 33.48+443 5.127 £ 0.86 762.920+ 123.71

H202;3.4

* statistically significant compared to control (P<0.05), ** statistically significant compared to control (P<0.001)

In vitro comet assay genotoxic evaluation of
QUE doses is given in Table 1. When Table 1

Sakarya University Journal of Science 27(6), 1185-1196, 2023

is examined, the tail length of the lowest dose
of QUE (1.6 pg/mL) was determined to be
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lower than the negative control. It was
determined that tail length increases at
medium doses (3.2 and 6.5 ug/mL) were not
statistically  significant (P> 0.05). A
statistically significant increase in tail length
was detected by applying high-dose QUE
(P<0.05). When the increase in tail length was
evaluated according to the QUE dose, a strong
positive regression was detected (r: 0.78)
(Figure 1). When the tail moment results were
analyzed, it was found that the tail moment
decreased at two low doses of QUE (1.6 and
3.2 ug/mL) compared to the negative control
group. A significant increase in tail moment
was observed for the high two doses
compared to the negative control group (6.5
and 13 pg/mL). Only the highest dose (13

pg/mL) of these increases was statistically
significant (P<0.05). When the increase in the
tail moment was evaluated according to the
QUE dose, a significant positive regression
was detected in the increase (r: 0.67) (Figure
1). When the tail intensity between the groups
was examined, a decrease in tail intensity was
determined with 13 pg/mL QUE application
compared to the negative control group. In
other dose applications, an increase in tail
intensity was observed compared to the
negative control group (Table 1). A negative
regression was detected when the increase in
tail intensity was evaluated according to the
QUE dose (r: -0.34) (Figure 1).
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Figure 1 Dose-dependent regression graph of comet analysis results for groups 11 and IV. Valproic
acid (VPA) dose-dependent regression graph of tail length (r: 0.96) (), valproic acid (VPA) dose-
dependent regression graph of the tail moment (r: 0.83) (b), valproic acid (VPA) dose-dependent
regression graph of tail intensity (r: 0.83) (c), quercetin (Que) dose-dependent regression graph of tail
length (r: 0.78) (d), quercetin (Que) dose-dependent regression graph of the tail moment (r: 0.67) (e),
quercetin (Que) dose-dependent regression graph of tail intensity (r: -0.34) (f)

Tail length, tail moment, and tail intensity
change in group V comet analysis to
determine the antigenotoxic effect of Que
were evaluated compared to the condition

Sakarya University Journal of Science 27(6), 1185-1196, 2023

without Que dose. The results of the comet
analysis performed with the simultaneous
combination of VPA and QUE at different
administration doses in human lymphocytes
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are given in Table 2. Each VPA dose is
combined with QUE doses (1.6, 3.2, 6.5, and
13 pg/mL). These results determined that the
lowest dose (1.6 pg/mL) of QUE combined
with 62.5 pg/mL VPA administration
significantly reduced the tail length and tail
moment. (P<0.05). When the comet tail
intensity was evaluated, it was determined

that the 13 pg/ml QUE combination caused a
statistically significant decrease. When the
changes in the tail length (r: 0.71) and tail
moment (r: 0.91) depending on the QUE
administration doses were examined, a
positive increase was determined depending
on the dose (Figure 2).

Table 2 Genotoxic profile of the combination of valproic acid (VPA) and quercetin (QUE) in
human lymphocytes

VPA QUE Tail Length (um) Tail Moment Tail Intensity (%)
png/mL png/mL
62.5 0 5.795 £0.85 1.371+0.08 494.560 + 62.29
1.6 2.015+0.18%* 1.044+0.06* 989.920 =+
118.21
3.2 4.680 +0.80 1.233 +£0.05 415.390 + 55.11
6.5 4.745 £1.43 1.481+£0.23 734.643 + 83.01
13 8.490 £0.70 2.883 £0.27 79.914 £ 4.59 *
125 0 19.235+3.35 4.289 £ 0.85 369.951+ 38.45
1.6 2.290+0.18** 1.092+0.04** 357.125 +£29.77
3.2 2.465+0.20** 1.164+0.06* 440.290 + 43.69
6.5 3.595+1.08** 1.404 +0.18* 343.880 + 28.73
13 2.945+0.43%* 1.163+0.05** 217.251 £ 11.16*
250 0 Extremely toxic Extremely toxic Extremely toxic
1.6 NC NC NC
3.2 NC NC NC
6.5 NC NC NC
13 NC NC NC
Positive Control 34 39.265 +£2.47 1051.298 £ 99.28 806.160 + 93.66

(H202)

* statistically significant compared to control (P<0.05), ** statistically significant compared to control (P<0.001),

NC; not comparable

On the other hand, negative regression was
detected in tail intensity depending on the
QUE dose (r:-0.63) (Figure 2). QUE exhibited
a dose-dependent significant antigenotoxic
effect on the comet tail intensity caused by
62.5 ng/mL VPA. QUE doses (1.6,3.2,6.5 ve
13 ng/mL) combined with 125 pg/mL VPA
administration statistically reduced comet tail
length occurrences (P<0.001). The tail
moment showed a statistically significant
decrease at all combination doses of QUE
(P<0.001). When the tail intensity was
evaluated, a decrease was observed in the tail
intensity in 1.6, 6.5, and 13 pg/mL QUE
combinations, while an increase was observed
in the 3.25 pg/ml QUE combination.

Sakarya University Journal of Science 27(6), 1185-1196, 2023

The QUE combination level, which is
statistically significant in the decrease in
comet tail intensity, was determined as 13
pg/ml  (P<0.05) (Table 2). Que doses
combined with 125 pg/mL  VPA
administration decreased tail length (r: -0.50)
(Figure 2), tail moment (r: -0.51) (Figure 2),
and tail intensity (r: -0.82) (Figure 2) dose-
dependently. It was determined that different
doses of QUE exhibited a significant
antigenotoxic effect against DNA damage
caused by 125 ng/mL VPA (Figure 2). The
administration of 250 pg/mL VPA could not
be included in the analysis due to its highly
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toxic effect on human lymphocytes; therefore,
no comparison could be made (Table 2).

Figure 3 shows photomicrographs showing
the varying intensities of fluorescence in the
comet tail in our study groups. While DNA
damage was not observed in the negative
control and Que-treated groups (Figure 3),
DNA damage was observed in the groups
exposed to VPA (Figure 3).

4. DISCUSSION

This study evaluated the genotoxic effect of
the antiepileptic drug VPA on human
lymphocytes and the antigenotoxic role of
QUE. VPA is among the antiepileptic drugs
widely and long-term used by epileptic
patients in a wide age range. VPA is absorbed
rapidly and easily after oral administration.
The time to peak plasma concentration is

(@) )

approximately 2-8 hours, and the half-life is
approximately 8-18 hours. It is rapidly
distributed throughout the body and reaches
the central nervous system within minutes. It
is approximately 90% protein bound,
primarily to albumin [4, 5]. It is extensively
metabolized in the liver, and some
metabolites are active as anticonvulsants.
Effective blood levels recommended for use
as antiepileptic and antimanic are
approximately 50-120 pg/ml. If the blood
level is 100 pg/ml, the possibility of side
effects increases gradually [4-6]. When the
literature studies on the genotoxic effects of
VPA are examined, it is seen that VPA
toxicity represents an increasing concern for
toxicologists. In the study of Sardas et al.
(1994), sister chromatid exchanges (SCE)
were analyzed in epilepsy patients receiving
anticonvulsant medication.
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Figure 2 Dose-dependent regression graph of comet analysis results for group V. Quercetin

(Que) dose-dependent regression graph of tail length (r: 0.71) in 62.5 pg/mL valproic acid (VPA)
toxicity (a), quercetin (Que) dose-dependent regression graph of the tail moment (r: 0.91) in 62.5

ug/mL valproic acid (VPA) toxicity (b), quercetin (Que) dose-dependent regression graph of tail
intensity (r:-0.63) in 62.5 ug/mL valproic acid (VPA) toxicity (c), quercetin (Que) dose-dependent
regression graph of tail length (r: -0.50) in 125 pg/mL valproic acid (VPA) toxicity (d), quercetin
(Que) dose-dependent regression graph of tail moment (r: -0.51) in 125 pg/mL valproic acid (VPA)

toxicity (e), quercetin (Que) dose-dependent regression graph of tail intensity (r: -0.82) in 125 pg/mL
valproic acid (VPA) toxicity (f)
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(a)

(b)

Figure 3 Photomicrographs showing the varying intensities of fluorescence in the comet tail in
our study groups. Undamaged (a) in the negative control and Que-treated groups, slightly damaged
(b), maximally damaged (c) in the groups exposed to valproic acid (VPA)

At the end of the study, it was observed that
the frequency of SCE per metaphase
increased significantly in all patients
compared to the control group, and it was
reported that anticonvulsant drugs may have
genotoxic effects [16]. Hu et al. (1990)
reported that the frequency of SCE in
peripheral lymphocytes of epileptic children
treated with VPA monotherapy was
significantly higher compared to the control
group [17].

Another in vitro study reported a significant
increase in SCE frequency and decreased
proliferation rate index (PRI) values of
lymphocyte cultures treated with VPA
monotherapy [18]. Mahmoud et al., in their
2019 study, studied the DNA damage that
may develop due to the use of VPA in
epileptic children. The study concluded that

Sakarya University Journal of Science 27(6), 1185-1196, 2023

patients treated with VPA were at risk of
developing significant DNA damage effects
compared to those who did not receive
treatment [19]. In a 2011 study by Khan et al.,
germ cell damage and genotoxic effects of
VPA use were investigated in male mice. At
the end of the study, it was observed that VPA
treatment significantly decreased sperm
count, increased sperm head abnormality,
sperm DNA damage, and oxidative stress in
the testes of mice [20].

Denli et al. (2000) found that the frequency of
comet scores in epileptic patients treated with
VPA was significantly higher than in the
control group [21]. In the animal study of Sakr
et al. 2014, cytogenetic and testicular damage
caused by VPA was investigated in rats. In the
study, it was reported that VPA causes
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chromosomal aberrations and DNA damage
[22].

In our study, when the genotoxic effect of
VPA on human lymphocytes was examined,
including the therapeutic plasma
concentration range, it was observed that the
tail length and tail moment increased
depending on the VPA dose (Table 1). When
the tail intensity was evaluated, the tail
intensity formed at 31.2, 125, and 250 ug/mL
VPA exposure was higher than the tail
intensity formed with the H2O, exposure used
as a positive control. The highest dose of the
working range, 250 pug/mL of VPA, caused
highly toxic effects (Table 1). As a result of
these results, it was determined that VPA
showed genotoxic properties at application
concentrations (Figure 1). Considering the
literature data and the in vitro comet assay
analysis data in our study (Figure 3), it is
thought that long-term use of VPA at the
upper limits of the therapeutic range or alarm
level may cause adverse effects on human
lymphocytes.

Natural-origin ~ products  with ~ known
medicinal effects are often used alongside
drug treatments to eliminate the side effects
that may occur or increase the drug's expected
effect. QUE is found in many pharmaceutical
and dietary supplements taken by patients
suffering from epilepsy and being treated with
antiepileptic drugs. No significant adverse
effects of QUE were reported in the 50 to 500
mg/kg/day dose range [23]. The effect of
QUE on the central nervous system has been
demonstrated in both experimental and
clinical studies [24]. In the study of
Chaudhary et al. (2014), it was determined
that QUE supplementation with VPA
significantly restored the levels of antioxidant
enzymes and non-enzymatic antioxidants in
rats [25].

In addition to its potent antioxidant
properties, QUE's antigenotoxic effects are
also being investigated. The ability of QUE to
protect against ionizing radiation (IR)-
induced genotoxicity in human lymphocytes
was investigated by Patil et al. [14]. The study

Sakarya University Journal of Science 27(6), 1185-1196, 2023

observed that QUE (10-25 pg/ml) gradually
reduced comet formation in irradiated human
lymphocytes [14]. When the genotoxic effect
of QUE (1.6, 3.2, 6.5, 13 ug/ml) used at low
dose ranges on human lymphocyte cells is
examined in our study, it is observed that the
tail length and tail moment are close to the
negative control group. It is observed that
these values increase depending on the dose
(Table 1).

The tail length and tail moment at the lowest
dose of QUE (1.6 pg/ml) were also lower than
the negative control group. The tail intensity
between groups varied independently of dose.
The tail intensity at the highest dose of QUE
(13 pg/ml) was lower than that of the
negative control group. Tail length, moment,
and intensity values in human lymphocytes
exposed to QUE at all levels significantly
differed from positive control (H202). Since
the effects of all levels of QUE used in the
study were close to the negative control
group, these levels were found to be reliable
in terms of genotoxicity (Table 1).

Genotoxicity-safe doses of QUE used in the
study were applied to human lymphocytes in
combination with the therapeutic and toxic
doses of VPA (62.5, 125, 250 pg/ml) in
plasma (Table 2). Our study's data shows that
QUE can correct DNA damage depending on
the dose of VPA. QUE exhibited a dose-
dependent significant antigenotoxic effect on
the comet tail intensity caused by 62.5 ng/mL
VPA (r: -0.63) (Figure 2). Low-dose
administration of QUE was more effective in
ameliorating the damage caused by low-dose
VPA (62.5 pg/ml) administration (Table 2). It
is seen that the genotoxic damage caused by
the application of 125 pg/ml VPA can be
eliminated by QUE at all doses. (Table 2). It
was determined that different doses of QUE
exhibited a significant antigenotoxic effect
against damage caused by 125 pg/mL VPA
(Figure 2). Since the genotoxic effect of the
highest dose of VPA was found to be
extremely toxic, a comparison with QUE
doses could not be made. In a 2008 study by
Ramos et al., the chemoprotective effect of
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QUE on tert-butyl hydroperoxide (t-BHP)-
induced DNA damage was investigated by
human hepatoma cell line (HepG2) comet
assay. At the end of the research, it was
determined that quercetin has an effect on
removing DNA damage [26]. In our study, the
curative effect of QUE on DNA damage was
determined by in vitro comet analysis. Our
analysis results showed that QUE ameliorates
VPA-induced genetic changes.

5. CONCLUSION

It is known that long-term drugs used in
chronic diseases can adversely affect many
mechanisms in our body, especially oxidative
stress. Bioactive molecules with high
antioxidant activity, which are widely
accepted as safe, are used to naturally reduce
these adverse effects of drugs. Our study has
also shown that QUE, one of these molecules,
can reverse any damage that may occur in the
body thanks to its potent antioxidant activity.
Several previous literature studies have
reported the curative effect of QUE against
genotoxicity. However, since the studies on
the curative effect of QUE against
genotoxicity that may occur with the use of
VPA are limited, the data of our study
contributed to the elimination of this
deficiency in the literature. In our study data,
QUE has been shown to ameliorate the
genetic damage caused by VPA. In light of
these data, it is thought that VPA toxicity can
be reduced by incorporating QUE as a dietary
supplement or in new drug formulations.
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Abstract

With the increase in population in cities, the number of solid waste to be collected has also
increased. Because the garbage collection route must be traveled repeatedly, even minor
improvements in these routes can result in a significant increase in fuel usage. Shortening the
journey would provide a significant contribution to lowering fuel expenses in all towns,
especially given the rising cost of fossil fuels. Furthermore, lowering fuel usage is critical for
Turkey to meet its national objectives under the Paris Agreement. The Simulated Annealing
(SA) algorithm, one of the heuristic optimization techniques used to identify the best solutions
to complicated problems, is employed to solve the routing problem of solid waste collection
vehicles in this study. This method, which was inspired by the metal annealing process, stands
out for its ability to avoid regional minima while looking for the optimal solution. The applicant
region was selected as the Kosova Neighborhood of Konya's Selguklu District. The container
distances needed for the method to execute were acquired by extracting the coordinates of the
containers. Kosova Neighborhood was separated into 7 distinct regions due to the restricted
capacity of rubbish collection vans. All regions were analyzed independently, and the best
feasible routes were estimated using the SA algorithm approach, and the results were compared
to the greedy algorithm findings. The SA algorithm outperformed the greedy algorithm by
26.49%.

Keywords: Smart cities, waste collection, fuel consumpiton, simulated annealing, greedy
algorithm

1. INTRODUCTION cities and to produce effective solutions to
these problems. With the technological leap

The concept of smart city has been high on the
agenda of both academic studies and
countries since its introduction. Smart city
projects aim to explain the problems that may
be encountered for the sustainability of life in

in the field of information technologies in the
world, the smart city concept is seen as a
strategic roadmap for cities to achieve their
welfare goals [1-2].
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In order to minimize the problems arising
from the dense population in cities, studies are
carried out in many different fields such as
smart energy systems, smart transportation
systems, smart stadiums, smart hospitals,
smart airports. All of these studies are part of
the goal of establishing a smart city structure.

The aim of people to lead a more comfortable,
efficient, relaxed and safer life combined with
the use of technological structures has led to
faster, error-free and automated processes,
and these processes have formed the basis of
smart cities [3].

One of the problems observed in cities with
crowded populations is the increasing amount
of waste every day. It is important that waste
collection is carried out in an organized
manner so that waste does not harm the
environment and human health. Therefore,
waste collection systems play an important
role for the infrastructure of smart cities.
Efficient waste collection is important due to
the increase in urbanization and limited
natural resources. There are different solid
waste collection methods such as direct
collection of waste from homes, factories or
collection from waste containers in certain
areas [4].

When collecting solid waste, reasons such as
not using a specific route and not checking the
occupancy of the containers in advance cause
both time losses during the implementation
and unnecessary fuel consumption. The
increase in fuel consumption creates a
negative situation for the national energy
policy of our country [5]. In this context, a
number of studies have been carried out
worldwide to save energy.

In a study conducted in Austin, Texas in 2019,
they created 48 different scenarios such as
collection frequency, waste composition,
collection type, and truck type in a small
waste collection area and investigated the
impact of these parameters on garbage
collection. [6]. In 2017, a study was
conducted by drawing attention to the

Sakarya University Journal of Science 27(6), 1197-1208, 2023

negative effects of uncontrolled population
growth in cities, emphasizing that the use of
natural resources should be reduced and
resources should be recovered from waste for
the sustainability of development. According
to the results of their study in Vellore, one of
the smart cities in India, solid waste collection
routes and travel distance were reduced by
59.12% in areas with routine collection [7].

In a study conducted in Japan in 2018, urban
sensing technology was shown as one of the
indispensable foundations for the research,
development and implementation of smart
cities. With sensors and communication
systems placed on solid waste collection
vehicles in Fujisawa, Japan, they conducted a
study in that region by addressing the urban
sensing system, an important technology in
smart city applications. [8]. The effect of the
mechanical structure of solid waste collection
vehicles on waste collection performance was
investigated in Russia in 2015, and in this
context, the process model of a structure that
enables waste loading from the side of the
solid waste collection truck body by
redesigning the garbage vehicle's chassis was
realized. [9].

The region where the optimization algorithm
proposed in this study will be applied to the
problem is Kosova Neighborhood of Selguklu
District, Konya Province. According to the
location of the waste collection containers in
Kosova Neighborhood and their empty and
full status, the route of the garbage collection
vehicle will be optimized at the start of each
collection process and will increase the
efficiency of the waste collection system by
calculating the shortest route between the
containers that need to be collected.

2. TECHNICAL BACKGROUND
2.1. Simulated Annealing Algorithm
Algorithms used for local search and
optimization have recently started to be

inspired by nature [10-11]. One of the nature-
inspired algorithms is the SA algorithm
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proposed by Kirkpatrick, Gelatt, and Vecchi
(1983) [12]. As the name suggests, the SA
algorithm is a probabilistic  heuristic
optimization algorithm inspired by the
annealing process of metals [13-14]. SA
algorithm is a type of algorithm used to obtain
effective results in local search problems [14].

Annealing is the process of slowly cooling a
solid object after heating it to its highest
temperature. The unbalanced structure of the
atoms of the solid, which is heated to its
highest temperature [14-15], minimizes the
potential energy when the object is cooled
slowly, allowing the atoms of the object to
move freely and align perfectly. In order to
achieve this perfect structure, the cooling
process must be very slow [16]. Rapid cooling
leads to irregularities, causing the desired
crystal structure to be distorted.

One of the most important features of the SA
algorithm is that it can consider more costly
solutions than the current solution as a
possibility for the new solution and does not
get stuck at the local minimum point.
Boltzmann distribution is utilized to construct
this system. In Eqg. (1), P is compared to a
random decimal number in the interval [0,1)
so that more costly solutions can be
considered.

P(E) — e(7E/(kT) (1)
The main parameters of the SA algorithm are
as follows; T represents the temperature
value, alpha (o) represents the cooling rate,
(¢) represents the freezing value [17]. The SA
algorithm usually starts with the generation of
a random solution set. After this solution set
is generated, a new solution is generated in the
problem space that is close to the random
solution generated and the change in the cost
of these two solutions is compared. c,i in Eq.

(2) refers to the newly obtained solution at the
i th iteration, while c,_, refers to the solution at
the i-1th iteration, i.e. the best solution
before the new solution is obtained [18].
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AC=C -C, , (2)
If the new solution is more cost-effective than
the previous solution, the best available
solution is replaced by the new solution. The
new solution is now the best solution. If the
new solution is not cost-effective, the old
solution is kept as the best solution according
to Eq. (3). The cost difference between the
new solution and the current best solution is
denoted by AC.

exp(-AC/T)>R 3)

i Initial solution ;
v

Evaluate solution

Is a solution
acceptable?
Yes

Updating the solution

Temperature
variation
Yes

Reduce temperature

End the search?
Yes

Figure 1 SA algorithm flow diagram

Create a new solution

R, a random number between 0 and 1, is
generated to be uniformly distributed. If the
temperature, T, is initially high, the new
solutions found have a higher chance of being
suitable. As the process progresses, the
temperature T is lowered. As the temperature
is lowered, solutions with lower costs are
obtained, i.e. the selectivity of the solutions
gradually increases. If no further changes are
observed in the near solutions, the Annealing
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process is completed. A flowchart showing
the steps of the SA algorithm is given in Fig.
1. How the cooling process will work, i.e.
how much the temperature will be reduced in
each iteration, is determined in advance. The
number of iterations and the criteria for
stopping  the  algorithm are  also
predetermined.

2.2. Greedy Algorithm

The greedy algorithm is one of the most
widely used algorithms among the classical
heuristic algorithms. They are analyzed
separately from classical heuristic algorithms
because they perform more limited, localized
searches than metaheuristic algorithms [19-
20]. The working principle of the greedy
algorithm is to cover the maximum points that
it can cover while trying to reach the selected
node and to complete this job with minimum
cost. This procedure is continued until all
nodes are included in the system [21-22]. The
main goal of this algorithm is to always
optimize the utility. The greedy algorithm is
very widely used. It is widely used because it
is easy to use, easy to adapt to most problems
and has a low computational cost. In addition,
the greedy algorithm is preferred because it
can be used in hybrid form with many other
algorithms. Fig. 2 shows the flow diagram of
a general greedy algorithm [23].

Calculate and rank the
utility value (i=1,2,...)
-

A 4
3
Choose the i variable that does|
not excead the capacity and
gives the greatest utility

Y

Select the maxmum
number of vanables i
R —

Y
]

Is the capacity full? Check next i variable

Yes
y

Calculate Z value

-/

Figure 2 Greedy algorithm flow diagram
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3. MATERIAL AND METHOD

The problem considered in this paper is the
garbage truck routing problem. Although it is
very similar to the traveling salesman
problem [24], it differs in some aspects such
as the fact that there is no need to return to the
starting point [25]. The solid waste collection
containers in Konya Province are buried in
the ground, Fig. 3 shows a photograph of one
of the solid waste collection containers. The
capacity of each waste container is
approximately 500 kg [26-27].

Flgre 3 Kosova neighborhood round buried
garbage container

There is no occupancy measurement device
on these containers. In this study, the system
was designed considering the necessity of
using sensors or sensors in order to determine
the occupancy of the containers. In this way,
containers  below the  predetermined
occupancy level will be removed from the
route to be calculated, thus increasing the
efficiency of the system. During collection,
the containers are removed with the help of a
crane on the garbage vehicle and emptied into
the waste collection hopper of the vehicle.
This process is shown in Fig. 4 [27]. Waste
collection vehicles can have different
capacities such as 6-8-11-13m3. The vehicle
in this study was evaluated as 13m?® capacity.

In the waste collection system, the solid waste
collection vehicle will start collecting garbage
according to the recalculated route before
each collection, starting from the first region,
and when its capacity is full, it will discharge
the solid waste to the Aslim dumping area.
After the emptying is completed, it will start
collecting again according to the recalculated
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route. Whether the vehicle will continue from
where it left off will be determined according
to the system of the recalculated route. Since
the sensors in the waste containers will
exclude the emptied containers from the
calculation, no matter where the collection
process is interrupted, when it starts again, the
most suitable route at that moment will be
redetermined.

containers into the
garbage truck

Figure 4 Emptying wast

"Google Maps" application was used to find
the location coordinates of the waste
containers. Within the scope of this study, 137
potential points were identified and there are
approximately 250 solid waste containers at
these points. While the distance between two
containers on two-way roads is considered the
same, the distance between containers on one-
way roads is different when the collection
order is changed.

3.1. Simulated Annealing Algorithm and
Application of Greedy to The Problem

The greedy algorithm is used to generate the
initial solution, which is the first step of the
SA algorithm. The SA algorithm starts from a
random point, i.e. a random waste container,
to generate the best solution. The first selected
point is deleted from the idle and navigable
points and the nearest neighbors are searched.
According to the effect of the temperature
value, the closest point found is advanced to
and the advanced point is removed from the
idle points. This step is repeated over and over
again until there are no idle points left. In case
there are no empty points, a new candidate

Sakarya University Journal of Science 27(6), 1197-1208, 2023

solution is generated. This candidate solution
Is compared with the previous best solution.

If a better solution is found than the previous
solution, it is set as the new best solution, if
no better solution is found, the old best
solution is kept. If the temperature has not
dropped to the point where the algorithm
stops running or the number of iterations has
not been reached to stop the algorithm,
cooling takes place and the search for a new
candidate  solution continues. If the
predefined iteration limit or predefined
minimum temperature is reached, the loop is
terminated and the last best solution found is
printed on the screen as the global best
solution.

3.2. Applications Used and Software
Development Environment

Python (version 3.6) programming language
was used to transfer the SA algorithm into
code to turn it into a working application.
Pycharm (version 2020.1.5), one of the free
integrated development environments (IDE),
was used to prepare and run the software in
Python programming language quickly and
smoothly. Technical specifications of the
computer on which the algorithm was run:

e Operating system: 64 Bit Windows
10 Home

e Processor: Intel(R) Core(TM) i7-
7700HQ CPU @2.80GHz 2.81 GHz

e Ram: 16GB 2666Mhz

Google Maps application was used to
determine the location coordinates of solid
waste containers. The neighborhood map
used to show the locations of the containers
and the generated routes was taken from the
neighborhood boundaries system of Selguklu
Municipality [27]. The map data required for
measuring and calculating the distance
between the garbage containers and creating
the appropriate route for the vehicle were
obtained by sending the starting point and
destination point information to a free-to-use
server that generates distance data.
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3.3. Obtaining and Using Map Data

In this study, the distance data to be optimized
by the algorithm was obtained by using an
application  that calculates  distances.
Measuring only the distances as the crow flies
is not suitable for one-way roads as the
distance from any point A to any point B may
be different from the distance from point B to
point A. Since it is not known which of all
garbage containers will be collected at each
routing requirement, the distance between
each container must be calculated before
routing. Each query for the distance between
two containers requires an internet connection
and also adds a new cost to the querying
application. Since the locations of the solid
waste containers are fixed and known in
advance, all queries for all container distances
are made and saved as a database. In this way,
the algorithm does not require the internet
every time it is run.

In addition, since the number of iterations will
require as many queries as the number of
iterations, an additional cost is avoided in
repeated queries for the same distance. The
area between Yeni Istanbul Street, Veysel

Karani Street and Cosandere Street was
defined as Region 1. There are 21 solid waste
containers in  Region 1. Container
nomenclature is random and given in this way
in order to observe which steps will be
followed in the application. Tab.1 shows the
container nomenclature and coordinate
information in the region selected as Region
1. There are 21 solid waste containers in
District 1. The container nomenclature in
Table 1 is random and is given in this way in
order to observe which steps will be followed
in the implementation.

In order to find the distance between
containers using coordinate data about
garbage locations in Python code, an
application (API) that provides distance
matrix data is used. The route calculation is
always done assuming that the route goes
from the first given parameter to the second
given parameter. When the distance function
is run, in addition to the distance to be
traveled between the two points, an estimated
time is also generated according to the traffic
density, but in this application, the time data
is not included in the route calculation
process.

Table 1 Region 1 container coordinates respectively

Containers No

Container Coordinates

1 38.00134817340276 32.52119983957413
2 38.001339026537586 32.52225846648771
3 38.00070727346458 32.52315201148032
4 37.99996183285936 32.52123673096998
5 37.99760946535191 32.520595717032194
6 37.99953772006359 32.52258701716178
7 37.99981397163974 32.52321551258152
8 38.00014573277816 32.5252519534322161
9 38.0002971252376 32.52630472968777
10 37.999542466349716 32.52529725916028
11 37.999372569329175 32.52391724497001
12 37.99800452560539 32.5263029559933964
13 37.9979824673397 32.52521602263854
14 37.99734471488008 32.524177918945206
15 37.99628429964277 32.524444399657035
16 37.9959151860695 32.525716969212816
17 37.9959151860695 32.52638703670926
18 37.99544694503087 32.5217627841824
19 37.995679519759925 32.5236461739465
20 37.9951047161878 32.5224971039237
21 37.99444383421898 32.52225410076425

Sakarya University Journal of Science 27(6), 1197-1208, 2023
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In the application, a text document with the
extension ".txt" was created in order to enter
the container coordinates into the distance
finding function. This text document contains
the garbage container coordinates taken from
the Google Maps application. In the Python
application, the "open” function was used to
read the data in the ".txt" document. After the
container coordinates were sent to the
application that generates distance data, the
resulting data was taken into a new matrix
variable and saved in a different text
document. Table 2 shows the document
containing the distances between containers in
Region 1. The first row and the first column
contain the names of the containers. In other
parts, the distances between the containers are
given in meters for precision.

Divided into 7 different regions, coordinate
lists and distance matrices were created
separately for each region of Kosovo
Neighborhood. When the SA algorithm is run,
the distance matrices are processed and
solutions are generated according to this

information. For Region 1, the solid waste
containers selected are shown on the map in
Fig. 5.
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Figure 5 Map showing the Iocétion of contaihers
in Kosova Neighborhood 1st region

Table 2 Region 1 distances between containers (m)

C,\?g' 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
1 0 1164
2 93 0 1072
3 216 - O 948
4 3% - 0 911
5 618 - 0 489
6 377 . 0 874
7 422 . 0 901
8 416 - 0 861
9 515 . 0 964
10 483 . 0 721
11 482 0 815
12 715 0 644
13 617 0 545
14 816 0 486
15 832 0 332
16 1540 0 446
17 1686 0 593
18 1467 0 374
19 1391 0 233
20 1234 0 78
21 1158 0

Sakarya University Journal of Science 27(6), 1197-1208, 2023
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4. RESULT AND DISCUSSION

After investigating the effects of the initial
parameters of the SA algorithm on the
result, T= 4.69, 0=0.995, number of
iterations=2000 were used as the final
choice. The program output obtained for
Region 1 is given in Table 3.

The greedy algorithm solution generated as
an initial solution started at container 2 and
completed the route at container 4. The total
distance to be moved was calculated as
4838 meters. Then the SA algorithm started
to calculate possible solutions. After the
algorithm produced 10 results, the best
solution was found, starting from waste

container 1 and ending at waste container
18. The distance to be followed in the route
found by the SA algorithm was calculated
as 3210 meters. For Region 1, the SA
algorithm suggested a 33.65% shorter
distance than the greedy algorithm. In other
words, the route to be followed was
shortened by approximately 1.6 km.
Furthermore, Fig. 6 shows the progress
steps of the greedy algorithm and Fig. 7
shows the progress steps of the SA
algorithm. As can be seen in the maps, in
the greedy algorithm, the situation of re-
passing the same points was observed more
than once, but in the SA algorithm, this
situation was observed only once.

Table 3 Output when the SA algorithm is run

Containers No

Container Coordinates

S)Letidy algorithm [2,1,3,6,7,11,8,10,9,12,13,14,15,19,20,21,16,18,17,5,4]
Greedy algorithm

solution 4838

Best fitness (meter) 3210

Algorithm recovery 33.65%

rate '

Best route [1,2,3,8,9,10,11,7,6,4,5,20,21,19,15,14,13,12,17,16,18]

Operation time

42.1810999999997 ms

Total working time 424.8852 ms

§

Figure 6 The route taken by thewgr:éédy
algorithm
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-Figure 7 The route taken by‘\th'é SA algorithm
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In all regions, the SA algorithm produced a
more efficient route than the greedy
algorithm results, which are given in Table
4. Approximately 8 km can be saved in the
total route. In this way, the amount of fuel
to be used by the waste collection vehicle
will decrease, the CO2 emission to the

environment will decrease, and the total
route time will be shortened. As can be seen
from the results, the routes of solid waste
collection vehicles should not be left to the
driver's initiative [27] and should not be
random.

Table 4 Result obtained by regions

Distance Traveled . Distance
Regions with Greedy Sé‘ Algorithm Shortened for Improvegn ent Rate
Algorithm (m) esults (m) Route (m) (%)

Region 1 4838 3210 1628 33,65
Region 2 3411 3202 209 6,13
Region 3 3685 2643 1042 28,28
Region 4 5547 4202 1345 24,25
Region 5 5165 3483 1682 32,57
Region 6 2763 2292 471 17,05
Region 7 4561 2998 1563 34,27

Total 29970 22030 7940 26,49

Various brands of vehicles can be used for
solid waste collection. One of them is the Ford
1833 model truck shown in Fig. 4. Since this
type of vehicle can carry 13-15m? of garbage
and can reach up to 18 tons of capacity, there
is no official fuel consumption value on the
company page, as there can be significant fuel
consumption differences between empty and
full vehicles. Vehicle operators using similar
brands and models were asked about the fuel
consumption of their vehicles and different
answers were obtained. Depending on
whether the vehicle is empty or full, fuel
consumption can vary between 25 liters and
40 liters per 100 kilometers. This value will
vary depending on the brand of the vehicle, its
use and weather conditions. There will also be
changes from the first container to the last
container. For this reason, in this study, the
fuel consumption of the wvehicle will be
accepted as 30 liters /100km on average.

In the scenario where all containers are
considered full, it is expected to save
approximately 2.4 liters of fuel for the route
given in Table 4, which will be shortened by
approximately 8 km in 1 round trip in Kosovo
Neighborhood. On 08.09.2023, 1 liter of

Sakarya University Journal of Science 27(6), 1197-1208, 2023

diesel fuel costs approximately 37.91 Turkish
Liras in Konya. For Kosovo Neighborhood
only, the solid waste collection vehicle will
provide approximately 181 Turkish Liras of
benefit in a single tour.

5. CONCLUSIONS

In this study, a solution method is presented
using SA algorithm and greedy algorithm for
optimal route calculation in the solid waste
management system of Konya Province.
Kosova Neighborhood of Selguklu District is
selected as the application region. It is
assumed that there is only one solid waste
collection vehicle in the neighborhood. For
this reason, when all the containers in Kosova
Neighborhood are full, the capacity of one
vehicle is not enough to collect the waste in
all containers, hence the need to group the
containers. Kosova Neighborhood was
divided into 7 different regions according to
the locations of the containers that could be
identified. While dividing the neighborhood
into regions, street crossings that make the
distance between two containers too long
were taken into consideration.
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Python language was used to code the SA
algorithm and Pycharm application was
preferred as an integrated development
environment. First of all, the factors affecting
the solid waste system are presented, and
then, when the SA algorithm is used in this
system, how the results are affected by which
parameters are analyzed separately. The
results obtained using the SA algorithm are
compared with the results of the greedy
algorithm.

Considering the results in all regions, it is
clear that the paths to be followed should not
be random. The route that any solid waste
collection vehicle should follow should not be
determined randomly, but the shortest route
should be calculated and made available to the
operator of the vehicle. In this way, even if the
amount of fuel saved for each region is small,
when these regions are added together, a
significant fuel saving will be achieved for the
whole city.

For Kosovo Neighborhood only, the total
route calculated with the SA algorithm is
approximately 8 km more advantageous than
the greedy algorithm results. In this way,
approximately 2.4 liters of fuel savings will
be achieved during the completion of one
round of the total route only for Kosova
Neighborhood. The number of neighborhoods
in the central districts of Konya is 221. It is
estimated that if the result obtained in Kosova
Neighborhood is achieved in other
neighborhoods, a gain of around 500 liters can
be achieved in a single tour. The shortening of
the solid waste collection route is thought to
make significant contributions to the
reduction of fuel cost, reduction of CO:
emissions, and reduction of operator costs due
to the shortening of the time to be spent.
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Transforming Sketches into Realistic Images: Leveraging Machine Learning and
Image Processing for Enhanced Architectural Visualization

flker KARADAG ™!

Absftract

This article presents a novel approach for transforming architectural sketches into realistic
images through the utilization of machine learning and image processing techniques. The
proposed method leverages the Stable Diffusion model, a deep learning framework specifically
designed for text-to-image generation. By integrating image processing algorithms into the
workflow, the model gains a better understanding of the input sketches, resulting in visually
coherent and meaningful output images. The study explores the application of the Stable
Diffusion model in the context of architectural design, showcasing its potential to enhance the
visualization process and support designers in generating accurate and compelling
representations. The efficacy of the method is evaluated through qualitative assessment,
demonstrating its effectiveness in bridging the gap between initial sketches and photorealistic
renderings. This research contributes to the growing body of knowledge on the integration of
machine learning and image processing in architecture, providing insights and practical
implications for architects, design professionals and researchers in the field.

Keywords: Architectural visualization, sketch-to-image transformation, machine learning,
image processing, stable diffusion model.

1. INTRODUCTION

The field of architecture is characterized by
constant evolution and transformation, driven
by the inherent complexity and originality of
the design process [1]. Recent advancements
in technology, particularly in artificial
intelligence (Al) and machine learning (ML),
have opened up new possibilities in
architecture, revolutionizing design processes
and equipping designers with intelligent and

contemporary architectural design and
inspiring alternative solutions by
encompassing transformative principles and
philosophies [4].

This article aims to introduce a machine
learning-based  method called  Stable
Diffusion, which was introduced in 2022 as a
deep learning framework for text-to-image
generation. While its primary application is
generating detailed images based on textual
descriptions, it also holds potential for other

efficient tools to achieve innovative and
impactful outcomes [2, 3]. Recent digital
approaches play a pivotal role in shaping

tasks such as modifying or expanding the
content of an image [5]. Notably, our
approach incorporates image processing

* Corresponding author: ilker.karadag@cbu.edu.tr (. KARADAG)
! Manisa Celal Bayar University, Tiirkiye
ORCID: https://orcid.org/0000-0001-7534-2839

#u™ Content of this journal is licensed under a Creative Commons Attribution-Non Commercial No Derivatives 4.0 International License.


mailto:ilker.karadag@cbu.edu.tr
https://orcid.org/0000-0001-7534-2839

ilker KARADAG

Transforming Sketches into Realistic Images: Leveraging Machine Learning and Image Processing for Enh...

algorithms to scan sketches before the
transformation process, enhancing the model's
ability to comprehend the input sketches and
produce visually coherent and meaningful
outputs.

The Stable Diffusion model leverages the
power of machine learning to capture visual
details associated with textual descriptions,
facilitating the generation of realistic images.
This article provides a basic explanation of the
Stable Diffusion model, delving into its
underlying principles and the methodology
employed to transform sketches into realistic
images.  Additionally,  the  potential
applications of this model in architectural
practice are discussed and the success rate
achieved by the proposed approach is
evaluated.

By shedding light on the integration of Al and
ML technologies in architecture, this article
serves as a valuable resource for academics,
researchers, and architects interested in
exploring the implications and opportunities
arising from these advancements in the design
process.

2. ABRIEF REVIEW OF Al
GENERATED ARCHITECTURE

The realm of generating synthetic
architectural images involves the utilization of
generative models, which tackle image
synthesis tasks by learning implicit statistical
distribution. This can be achieved through
techniques such as Generative Adversarial
Networks (GANSs) [6] or diffusion models [7,
8]. Diffusion models have gained prominence
over adversarial networks due to their ability
to address training convergence issues and
produce satisfactory outcomes under proper
guidance.

One notable open-source diffusion generative
model is Stable Diffusion, which specifically
focuses on text-to-image conversion.
Developed with the collaboration of industry
players like CompVis, Stability Al, and
Runway ML, Stable Diffusion operates on

Sakarya University Journal of Science 27(6), 1209-1216, 2023

LAION datasets. It offers fine-tuning
capabilities and can be implemented through
an advanced GUI (AUTOMATIC1111) with
minimal computational requirements.
Moreover, it supports local mode as well as
cloud-based execution through collaborative
tools like Google Colab.

From a user interface (Ul) perspective, the
generation of synthetic content typically
involves two key elements: a text input
(prompt) and the configuration of relevant
parameters to  facilitate  probabilistic
prediction and image generation.

The Stable Diffusion model possesses the
capability to generate novel images starting
from scratch by leveraging the mentioned text
prompt that specifies the desired elements to
be included or excluded from the resulting
image [9]. This process is commonly referred
to as "guided image synthesis" and involves
the model's diffusion-denoising mechanism,
which enables the incorporation of new
elements into existing images based on the
provided text prompt [10]. Furthermore, the
model offers the functionality to partially
modify existing images through techniques
such as in-painting and out-painting, provided
that the user interface supports these features.
Numerous open-source implementations are
available to facilitate the utilization of these
functionalities [11].

In addition, Stable Diffusion incorporates a
complementary  sampling script  called
"img2img." This script takes as input a text
prompt, the path to an existing image, and a
strength value ranging from 0.0 to 1.0. The
output of the script is a new image derived
from the original image, which incorporates
elements specified in the text prompt. The
strength value determines the level of noise
introduced into the resulting image. A higher
strength value introduces greater variation
within the image; however, it should be noted
that this may lead to a decrease in semantic
consistency between the generated image and
the provided prompt [9].
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ControlNet, as introduced by [12], is a neural
network architecture specifically designed to
augment diffusion models through the
integration of additional conditions. This
innovative approach involves duplicating the
weights of neural network blocks, creating
both a "locked" copy and a "trainable” copy.
While the "trainable” copy learns the desired
condition, the "locked" copy preserves the
integrity of the original model. By employing
this strategy, the training process with limited
datasets of image pairs does not compromise
the performance of production-ready
diffusion models.

An essential component of ControlNet is the
"zero convolution,"” which entails a 1x1
convolution with initialized weights and
biases set to zero. Prior to training, all zero
convolutions  produce  zero  outputs,
effectively preventing any distortion resulting
from the application of ControlNet. Notably,
no layer undergoes training from scratch;
instead, the process involves fine-tuning to
maintain the security and reliability of the
original model. Furthermore, this method
offers the advantage of enabling training on
small-scale or even personal devices, ensuring
its practical applicability across various
computational environments.

3. MATERIAL AND METHOD

In this section, the process of transforming
sketches into realistic images using a
combination of machine learning and image
processing techniques is presented. The
proposed methodology involves a unique and
tailored approach specifically designed for
this purpose (Figure 1). The steps of the
methodology depicted in the flow chart are
also given correspondingly in the following
part.

Preparation of the Datasets:

The first step in our methodology involves the
compilation of a dataset of architectural
sketches. It is important to acknowledge that
the sketches were sourced from online

Sakarya University Journal of Science 27(6), 1209-1216, 2023

platforms; however, these sources provided a
diverse collection of architectural design
concepts, encompassing a wide range of
architectural elements and styles. Moreover,
the methodology is not dependent on the
chosen sketches.

(prompt for image to image generation] l
(positive and negative)

[line detection over ControlNet]
(Canny, MLSD and our method)

Figure 1 Flowchart of the methodology
Prompt for Image-to-Image Generation:

After the dataset is ready, prompts are
included to help the image generating process.
Two different prompt types are used in our
methodology: positive prompts and negative
prompts. Positive prompts provide precise
directions for the desired outcome by
describing design needs such as facade design
and landscape elements. In contrast,
undesirable characteristics including
blurriness, poor quality, and the presence of
watermarks are captured by negative prompts.
The refinement of the image synthesis process
made possible by these prompts allows for the
creation of personalized and controlled
outputs. After including prompts, the dataset
processing begins. At this step, the power of
deep learning and probabilistic inference are
used to convert the sketches into
photorealistic images that results in visually
compelling outputs.

Line Detection over ControlNet:

A unique line recognition model that makes
use of the ControlNet is used to maintain the
key elements of the input sketches. This
method confirms that the final images retain
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the original outlines and contours of the input
sketches, improving the transformation's
integrity. The performance of the model is
thoroughly assessed in the results chapter by
comparing it with well-known ControlNet
models like Canny and MLSD. This
comparative  analysis  offers  insightful
information about the performance and
efficacy of our suggested approach in relation
to architectural visualization.

i
line o
detection =ia

Generated Image:

The proposed methodology makes it easier to
convert sketches into realistic and visually
convincing images that meet the specified
design criteria by combining machine
learning techniques, image processing
algorithms, and the use of prompts. The end
generated  visuals not solely  assist
architectural visualization but also aid in the
realm of architecture's knowledge and
communication.

4. RESULTS AND DISCUSSION //Tﬂj

i1 T WH‘;

Figure 2 Output image generated by Canny
Model

In this section, the results and discussion of
the study is presented to focus on the
comparison between our model and the
ControlNet models, namely Canny and
MLSD. The outputs are provided in visual
format, and the comparative findings for each
input image are given.

The Canny model was used to process the first detection
input image (Figure 2). While the Canny
model can recognize fine details of lines, there
are occasions where it misses the broad
outlines and contours, losing the key
elements.

i S— = = v..‘
i . — [ o

The MLSD model, on the other hand, only

does a superficial scan, which results in the Figure 3 Output image generated by MLSD
loss of finer information. On the other hand, Model

MLSD effectively catches the broad strokes as

seen in the Figure 3. Our model was created to find a balance

between capturing small details and
maintaining the key elements. It was inspired
by the finest aspects of both models. High
levels of coherence between the outputs
produced by our model and the input image

Sakarya University Journal of Science 27(6), 1209-1216, 2023 1212
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reflect enhanced alignment between the
planned design requirements and the final
visual representation (Figure 4).

I
S i
line i
detection Ky

output

Figure 4 Output image generated by proposed
model

For the second input image, the Canny model
again displays its characteristic strength in
detailed line recognition (Figure 5). However,
it continues to struggle with accurately
capturing the main outlines.

line
detection

¥
-

Figure 5 Output image generated by Canny
Model

Sakarya University Journal of Science 27(6), 1209-1216, 2023

On the other hand, the MLSD model

overlooks finer details, but manages to
capture the main features. However, for this
specific input, MLSD performed better than
Canny Model (Figure 6).

line
detection

i s S e _“mﬂﬁ,—:!:;
Figure 6 Output image generated by MLSD
Model

In contrast, our model combines the strengths
of both models, resulting in outputs that
exhibit an enhanced balance between detailed
line recognition and accurate preservation of
the main outlines (Figure 7). The outputs
demonstrate a visually pleasing and
semantically consistent representation that
aligns well with the input image.

These comparative results highlight the
benefits of the approach we suggest in
producing a more well-rounded and satisfying
result. Our model effectively captures both
intricate details and the key aspects of the
input sketches by combining the advantages
of the Canny and MLSD models while
addressing their drawbacks. With this method,
the created images become more realistic,
which improves architectural visualization
and communication.
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line
detection

- W : =

Figure 7 Outpﬁt image generated by proplbsﬂed
model

The findings of our study highlight the
importance of our unique model in converting
sketches into lifelike visuals, so to sum up.
Our methodology shows its effectiveness in
producing visually appealing outputs that
closely adhere to the specified design criteria
by utilizing a combination of machine
learning techniques, image processing
algorithms, and the insertion of prompts. The
results demonstrate our model's potential for
increasing architectural visualization and
encouraging enhanced comprehension and
communication  in  the  architectural
community.

5. CONCLUSION

In this study, an alternative approach for
rendering architectural visualization sketches
into realistic visuals is presented. A
methodology that combines the Stable
Diffusion model with a novel line recognition
model is built on ControlNet by utilizing the
capabilities of machine learning and image
processing techniques. The proposed method
provides improved architectural visualization
capabilities, enabling the creation of

Sakarya University Journal of Science 27(6), 1209-1216, 2023

photorealistic images while maintaining the
key elements of the original sketches.

The method to create new images from text
prompts using the Stable Diffusion model is
depicted, allowing for the insertion of certain
design features and modifications while
maintaining semantic consistency.

To further improve the integrity of the
conversion, ControlNet was incorporated into
the line identification process to guarantee
that the final images accurately reproduced
the original outlines and contours of the input
sketches.

Prompts, both positive and negative, gave the
image production process more control and
personalization. Positive prompts might be
used to explicitly specify design needs while
negative prompts could be used to reject
undesirable aspects. This made it possible to
create customized, aesthetically pleasing
outputs that adhered to predetermined design
standards.

The comparison with popular ControlNet
models like Canny and MLSD demonstrated
the accuracy and efficiency of our suggested
model. The results showed that our method
performed ahead of the current models at
producing realistic and visually appealing
images from sketches. However, the scope of
the study is limited to the field of architecture,
therefore needs further validation to assess its
success in other fields.

Overall, this study advances architectural
visualization by offering a reliable and
effective technique for converting sketches
into realistic representations. Architects and
designers can utilize this tool for visualizing
design concepts and investigating alternate
solutions thanks to the integration of machine
learning, image processing methods, and

prompts.

Further advancements can be made by
enhancing the line recognition model,
investigating  other image  processing

techniques, and expanding the initial data set
in future studies. It could also be interesting to
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look into how our strategy might be applied to
different fields of visual arts and design.

As a result, our work shows how machine
learning and image processing can be used to
improve architectural visualization, giving
architects the capability to turn rough sketches
into noticeable realistic representations.
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Analysis and Control of Chaos in Permanent Magnet Synchronous Motor
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Abstract

This paper explores the chaotic dynamics exhibited by a Permanent Magnet Synchronous
Motors (PMSM) through an analysis of Lyapunov exponents and equilibrium points.
Subsequently, the study focuses on controlling the motor's chaotic behavior under specific
parameter conditions using a straightforward controller. The approach employed in this paper
involves utilizing a single-state feedback controller as the resolution method. The derived
control law enables the stabilization of the motor's state around a reference state, even in the
presence of parameter uncertainties, thereby preventing chaotic behavior. To illustrate the
proposed method, numerical simulations were conducted in MATLAB, showcasing the
practical application of this approach. The simulation results demonstrate the success of the
controller used.

Keywords: Chaos, chaotic system, chaos control, PMSM
1. INTRODUCTION Chaos is a prevalent phenomenon observed in
various systems, including circuits [16],

Permanent Magnet Synchronous Motors power grid [17], fluid dynamics [18, 19],

(PMSM) are extensively used in various
industries due to their many advantages, such
as robustness, high power density,
compactness and low maintenance cost [1, 2].
Over the years, several control techniques
have been applied to PMSM. These include
feedback control methods [3-5], adaptive
fuzzy control [6-8], simple sliding mode
adaptive control [7], [9], adaptive neural
sliding mode control [10], optimal Lyapunov
exponents’ placement [11], passive control
[12], impulsive control [13, 14] and finite-
time stability theory [15].

thermodynamics [20, 21]. The chaos theory,
also known as chaotic dynamics or nonlinear
dynamics, is a scientific concept that studies
complex systems and their behavior. It
suggests that seemingly random and
unpredictable patterns can emerge from
deterministic systems due to their extreme
sensitivity to initial conditions. This theory
explores the notion that small changes in the
initial conditions of a system can lead to
significantly different outcomes over time,
making long-term prediction and control
difficult. Chaos theory can be observed in
various fields, such as physics, mathematics,
biology, economics, and even PMSM.
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This paper is centered around addressing the
speed control challenge of a PMSM operating
in a chaotic regime while taking into account
parametric uncertainties. Chaos in dynamic
systems refers to a complex and highly
unpredictable behavior that, despite being
deterministic, can be significantly influenced
by minute changes in initial conditions,
making it difficult to predict or control.

The application of controllers in chaotic
systems aims to regulate and manage their
behavior. In the context of Permanent Magnet
Synchronous  Motors  with  controlled
feedback, chaos control offers several
advantages concerning performance and
system reliability. These motors may exhibit
chaotic behavior under specific operating
conditions, leading to undesirable vibration
and noise. By implementing chaos control,
these chaotic oscillations can be limited,
resulting in enhanced comfort and motor
durability. Additionally, controlling chaos
helps minimize energy losses, leading to
improved motor efficiency and energy
savings.

The presence of chaos can complicate the
prediction and control of motor behavior.
Implementing chaos control ensures better
system stability, facilitating controller design
and ensuring a more reliable motor operation.
This approach helps prevent unpredictable
and non-linear motor behavior, thereby
enabling the development of accurate and
efficient control strategies that enhance
overall system performance. Moreover, chaos
control reduces vibration, noise, and stress,
thereby prolonging the motor's lifespan and
reducing maintenance costs. In critical
systems such as aeronautic, space, industrial,
and medical applications, where stability and
reliability are paramount, chaos control
becomes particularly relevant for ensuring
proper engine operation.

The study adopts an approach involving two
single-state feedback controllers. The single-
state feedback control method is known for its
simplicity, conciseness, and ease of

Sakarya University Journal of Science 27(6), 1217-1225, 2023

implementation. The paper is structured into
three main parts. Firstly, it presents the
problem formulation, where the modeling of
the PMSM and its behavioral characterization
are discussed. In the second part, the adopted
approach is introduced, along with an
explanation of how it is applied to synthesize
a control law for the PMSM. Finally, the paper
concludes by presenting simulation results
that validate the proposed method.

2. MATERIAL AND METHOD

2.1. Equations of PMSM

The equation system of PMSM is defined by
the following set of equations [22]:

=a(iy — o) + T, + eigi,
g = —lg—igw+ bw + 7,
1 _id + iq(l) + ﬁd

1)

d

where :

_ pbLEKA(Lg — L)
JR?

ig and iq represent the components of the
stator current along the d-q axes, and ® the
angular velocity of the motor. The
components of the stator voltage with respect
to the dq frame are denoted by td and Giq and
the external torque TL. a and b are the
characteristic parameters of the system, p is
the air density, Rs is the stator resistance, J is
the rotor moment of inertia. We suppose that
after a certain operating time all external
voltages reset each other (Gig = Uiqg = TL = 0)
and the system goes into autonomous mode ;
in this situation we will have :

W= a(tq - a)) + Elgl,
g = —lg —igw + bw
_ld = _id + iq(l)

(2)

Let w =%, iqg =y and id = z. Then the equation
becomes :
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x=a(y —x) +ezy
y=-—y—2zx + bx 3)
Z=—Z+xy

2.2.  Chaotic Characteristic Analysis for
the PMSM

System (3) shows chaotic behavior for certain
values of a and b parameters [23]. To observe
the chaotic behavior of PMSM, we kept the
parameter b constant as b=20 and then
changed the parameter a between 5 and 100.

20
40
10 3 =
04 10N
2 S —
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i 20 @ ) 20 ’
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Figure 1 Phase portraits of the PMSM system
attractor for a=5.45 ; b=20 ; x,=0; y,=1 ve z,=0

40

Figure 2 Phase portraits of the PMSM system
attractor for a=20 ; b=20 ; x,=0; y,=1 ve z,=0
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2.3.
Exponents

<0

Figure 3 Phase portraits of the PMSM system
attractor for a=30 ; b=20; x,=0; y,=1 ve z,=0
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Figure 4 Phase portraits of the PMSM system
attractor for a=100 ; b=20 ; x,=0; yo=1 ve z,=0
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Figure 5 Time series of x, y and z for a=5.45 ;
b=20; x7=0; yo=1 ve z,=0

Equilibrium Points and Lyapunov

To obtain the equilibrium points of system (3),
we must solve the following system :



Abdallah Moussa YAYA, Yilmaz UYAROGLU

Analysis and Control of Chaos in Permanent Magnet Synchronous Motor

0=a(ly—x) +ezy
0=-y—2zx+bx
0=—-z+xy

(4)

After equation (4) is solved, there are 3
equilibrium points of system (3). One (0,0,0)
is locally stable, the other two (b-1+vb — 1 +
Vb —1) and (b-1-vVb — 1 —+vb — 1), locally
unstable [23].

The Jacobian matrix of the system is defined
as:

-a a+z y
J = b—z -1 —X] (5)
y X -1

The Lyapunov exponent of the system (3) for
a=5.45, b=20 parameter values and initial
conditions x,=0; yo=1 ve z,=0 is shown in
Figure 6.

10 Lyapunov listellerinin dinamikleri

««««««««««««

Lyapunov Usleri

15 . . .
0 50 100 150
Zaman

Figure 6 Lyapunov exponent of the PMSM
system

200

3. CHAOS CONTROL OF PMSM
USING A SINGLE-STATE
FEEDBACK CONTROLLER

Feedback control is a powerful technique used
to control chaos in permanent magnet
synchronous machines (PMSMs). Chaos
refers to the unpredictable and erratic
behavior exhibited by the system, which can
lead to undesirable performance and
instability. By employing feedback control,

Sakarya University Journal of Science 27(6), 1217-1225, 2023

the chaotic dynamics of the PMSM can be
effectively tamed and brought under control.

In PMSMs, feedback control is typically
applied to regulate the motor's speed, torque,
or position. The control system continuously
measures the actual output of the motor and
compares it with the desired reference value.
Based on this error signal, the control
algorithm calculates the appropriate control
action to be applied to the motor. In the
context of chaos control, the control algorithm
is designed to introduce small perturbations or
corrections to the system's state variables,
such as the rotor position or current. These
perturbations disrupt the chaotic behavior and
guide the system towards a stable and desired
operating point.

Consider an equilibrium point denoted by (x*,
y*, z*) for the given system. The objective of
this investigation is to devise a control
strategy that eradicates chaotic behavior and
ensures stability of the system (3) in the
vicinity of the equilibrium point. To achieve
this, we employed specifically designed
controllers based on the mathematical
principles of Lyapunov's spherical asymptotic
stability method [24].

3.1.  The First Controller

The first control approach in this study
focuses on regulating the speed (o) of the
motor. Ensuring chaos control in the motor's
speed is crucial to achieve safe, stable, and
predictable motor operation. In this context,
chaos refers to unpredictable and undesired
variations in the engine speed, which can have
adverse effects on its overall performance. By
precisely controlling the speed, the motor can
be maintained within its optimal operating
range, leading to maximum performance.
Chaotic variations in engine speed can result
in undesirable vibrations and oscillations,
potentially causing mechanical component
damage and premature  wear. By
implementing precise speed control, these
oscillations can be minimized, thereby
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improving system stability and extending the
motor's lifespan.

Moreover, a motor operating in a chaotic
manner can consume energy inefficiently.
Optimal speed control helps minimize energy
losses and enhances the overall efficiency of
the motor. In critical applications, such as
transportation ~ systems  or industrial
machinery, maintaining the motor speed
within specific limits is essential to ensure
safe operations. Chaos control plays a crucial
role in keeping the speed within preset ranges,
thereby helping to prevent dangerous
situations or catastrophic failures.

ul = -ay - ezy controller is added to equation

@3):

Xx=a(ly—x) +ezy+u,
{y=—y—zx+bz (6)

Zz=—-z+xy

The substitution of controller expression ul in
the system (6) would be:

X =-—ax
{y=—y—zx+bz (7)
Z=—zZ+xy

The solution of the equation is x(t)=x(0)e ~%¢
and thus tlim x(t) = 0. System (7) can be

reduced as follows :

{y = —y+bz ®)

7= —Z

From this equation, we can get: z(t)=z(0)e~¢
then tlim z(t) = 0. System (8) can be reduced

as follows :

(9)

The solution to the equation is y(t)=y(0)e~¢,
which is gim y(t) =0.

y= -y

ul = -ay — ezy controller can control the
chaotic behavior found in a PMSM. To prove
this, we simulated the equation on Matlab

Sakarya University Journal of Science 27(6), 1217-1225, 2023

with x,=0; y,=1 ve z,=0 as initial values and
a= 5.45 and b= 20 ; e=1. The Fig. 7 show us
that chaos is under control.
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Figure 7 Time series of X, y and z after
activation of ul at t=50s
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3.2.  The Second Controller

The second control approach in this study
focuses on regulating the intensity (iq) of the
motor. Implementing chaos control in the
motor's intensity is crucial to ensure reliable
and efficient motor operation.

The electrical intensity that powers the motor
is directly linked to its operation and energy
consumption. If the motor operates at an
uncontrolled intensity, it poses the risk of
overloading or overheating, potentially
causing damage to the motor and surrounding
components. Current control is essential to
maintain safe operating conditions and
prevent hazardous situations.

Precise regulation of the motor's intensity
allows for the optimization of its energy
consumption. Motors running at excessive
currents can lead to energy wastage, whereas
accurate control can reduce energy loss and
enhance the overall system efficiency.

Furthermore, motors subjected to excessive
currents are prone to premature wear. By
controlling the amperage, the motor's internal
components can be protected from excessive
stress, leading to an extended useful life of the
motor. This controlled approach to intensity
helps ensure the motor operates within safe
limits, promoting reliability and efficiency.
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S0 uz = zx-bz controller is added to equation

3):

X=a(y —x) +ezy
{y=—y—zx+bz+u2
Zz=—-z+xy

(10)

The substitution of controller expression U2
in the system (10) would be :

y=-Yy 11)

{)’( =a(y —x) +ezy
Z=—zZ+xy

The solution of the equation is y(t)=y(0)e~*
and thus tlim y(t) = 0. System (11) can be

reduced as follows:
X = —ax
{z - (12)

From this equation, we can get: z(t)=z(0)e~¢
then tlim z(t) = 0.

Uz = zx-bz controller can control the chaotic
behavior found in a PMSM. To prove this, we
simulated the equation on Matlab using with
x0=0; y,=1 ve z,=0 as initial values and a=
5.45 and b= 20 e=1. The Fig. 7 show us that
chaos is under control.

20

W

W««(Wm

100

- ” W M

100 0 50 100
t

Figure 8 Time series of x, y and z after activation
of u2 at t=50s

4. SIMULATION RESULTS
Numerical simulations carried out using

MATLAB with a calculation step of 0.01
second for the system (3) played an essential

Sakarya University Journal of Science 27(6), 1217-1225, 2023

role in the validation of the proposed
approach. Using MATLAB's  o0de45
algorithm, the simulations made it possible to
simulate and study the behavior of the system
under controlled conditions.

Figures 7 and 8 present the results of the
simulations, showing the evolution of the
states of the system deviation vector. The
nominal values used for the parameters were
a=>5.45,b =20 and £ = 1. The command was
executed at t=50 seconds, which allowed
analysis of the system response after the
controller was applied.

Initial conditions for all simulations were set

to x 0=0, y 0=1, and z 0=0, ensuring
consistent ~ comparison ~ of  controller
performance. These initial  conditions

determine the state of the system when the
controller is activated.

The results of the simulations indicate that the
first controller produced a result of x = -0.07
at t=51.013 seconds. On the other hand, the
second controller provided the same result at
t=50.934 seconds. These results show that
both controllers were able to stabilize the
system successfully, reducing the deviation to
a value close to zero.

However, it is important to note that the
second controller was slightly faster than the
first. This may be due to differences in the
algorithms or tuning parameters used by the
controllers. The difference in response time
between the two controllers can be attributed
to their specific design and implementation.

It should be emphasized that controller
performance may vary depending on initial
conditions, parameter values, and the specific
context of the application. It is therefore
important to analyze the results in the overall
context of the proposed approach and to
consider other performance criteria such as
stability, accuracy and robustness of the
system.
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5. CONCLUSION

In conclusion, the utilization of feedback
control techniques for chaos control in
permanent magnet synchronous motors
(PMSMs) has been demonstrated to be a
promising approach. By employing the
MATLAB algorithm ode45 and conducting
numerical simulations, the efficiency of the
proposed controller has been effectively
showcased.

Chaos, a complex and unpredictable behavior
exhibited by nonlinear systems like PMSMs,
can have detrimental effects on their
performance and stability. However, through
the implementation of feedback control, it is
possible to mitigate the chaotic behavior and
restore system stability.

The conducted numerical simulations on
MATLAB have highlighted the effectiveness
of the proposed controller. The ode45
algorithm, a robust and widely used numerical
integration technique, has proven its ability to
accurately capture the dynamic behavior of
the PMSM system under chaotic conditions.
By applying the proposed control strategy,
chaos control has been successfully achieved,
leading to improved system performance and
stability.

The results obtained from the simulations
serve as evidence of the efficiency of the
feedback control approach. The proposed
controller not only mitigates chaos but also
enables precise regulation and tracking of the
motor's behavior. This has significant
implications for various applications, where
maintaining control over PMSMs is crucial,
such as robotics, electric vehicles, and
industrial automation.

It is worth noting that the success of the
proposed controller lies in its ability to
leverage feedback information, allowing for
real-time adjustments and corrections. This
enables the system to respond swiftly to
disturbances and deviations, ensuring a stable
and controlled operation of the PMSM.
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Abstract

Turkey is expected to be affected considerably in future adverse climatic conditions. Plant
species are one of the most vulnerable to these climatic changes. In this study, we aimed to
investigate current and future potential distribution areas of Ferulago humilis Boiss., which is
an endemic vascular plant species for Turkey, using CMIP5 projected to year 2070. For this
purpose, we obtained occurence data (presence-only) from Global Biodiversity Information
Facility (GBIF). Regarding bioclimatic data we used WorldClim dataset with 10 km? resolution.
Using both plant occurrence and bioclimatic data, we performed species distribution modelling
analysis. We used two methods namely Boosted Regression Trees (BRT) and Random Forest
(RF). Additionally, we used bootstrapping method as partitioning resampling for all analysis.
Our analysis has showed that potential distribution areas of the species has slightly changed for
the future projection. The species movement is towards slightly upwards as higher latitudes.
We believe that our study shows the importance and relevance of the endemic species in the
scope of species distribution models for plant conservation topics.

Keywords: Biology, botany, vascular plant, species distribution models.

1. INTRODUCTION

Future climatic change projections show that
considerable increase in average temperature
of the world as well as changes of
precipitation and extreme weather events [1].
Therefore, species are changing their
distribution areas to the new climatic
conditions and habitat conditions [2]. During
this process, biodiversity loss or negative
effects on species might occur by effecting
ecosystem functions [3-6]. Likely, plant
species will also be negatively affected in

various ways [6-9]. Climatic projections show
that Turkey will also be considerably affected
by future conditions [10]. Projections for
2070 and 2100 predicts considerable
temperature increase based on the various
scenarios  [10-12].  Therefore, species
distribution models (SDMs) are useful and
powerful  tools for improving our
understandings of the future potential areas
for the species [13]. These models include
various statistical methods and algorithms
(e.g. Random Forest (RF), Artificial Neural
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Networks (ANN) by using species occurrence
data.

Turkey is a well-known country in terms of
having a high number of plant biodiversity.
There are about 9996 species in Turkey and
this number is increasing day by day.
Moreover, about 30% of these species are
endemic (more than 3000 species) [14]. The
plant richness level known in Europe is about
12500 [15]. The reasons for this relatively
high level of richness are: (1) Turkey has
three Phytogeographic Regions as Europe-
Siberia, Mediterranean and lIran-Turan; (2)
the diversity ~ of  climate  types,
geomorphological features, altitude
differences ranging from 0-5000 meters; (3)
having different types of ecosystems; (4) less
affected by the glacial period than European
countries; (5) the existence of the Anatolian
Diagonal [15-17]. Moreover, 3 of the 36 hot
spots in the world are located in Turkey [18].

In this study, the genus of Ferulago W.D.J.
Koch belongs to the Apiaceae family is
represented by about 48 species in the world.
[19-22]. Ferulago is a typical Mediterranean
genus of Apiaceae, distributed from the
Iberian Peninsula to Iran and Turkmenistan,
with a concentration of maximum diversity in
the eastern Mediterranean, especially in
Turkey [23]. While the existence of 31
species was recorded in the Flora of Turkey
and East Aegean Islands [24-25], since 2000,
F. idaeca Ozhatay & Akalin [20], F. trojana
Akalin & Pimenov [26], F. glareosa
Kandemir & Hedge [27], F. akpulatii Akalin
& Giirdal [21] as new species and F. angulata
Boiss. subsp. carduchorum (Boiss. &
Hausskn.) D.F.Chamb. [28] as a new record
was described.

Therefore, the total number of species and
subspecies taxa has been 36 [29], 20 of which
are endemic to Turkey. Ferulago humilis
Boiss. is one of endemic to Turkey and IUCN
category is determined as LC (Least Concern)
threatened category [30]. F. humilis is located
in Manisa, Izmir, Canakkale, Aydin, Mugla
provinces and it prefers abandoned fields as
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well as macchie habitats [24]. Apart from our
study, F. humilis is widely studied by scientist
in the areas of chemotaxonomy,
ethnopharmacology, phytochemistry,
pharmacology, ethnobotanical fields [31-37].
In addition to this, studies have also been
conducted on bioactivities of the obtained
extracts, antifungal and antibacterial, fruit
anatomy and enzyme inhibitory activity [38-
42]. We believe that our study is a
complementarity of all these studies across
biological areas in which we aim to detect
future potential distribution areas of vascular
plant Ferulago humilis Boiss..

2. METHOD

We extracted plant occurence data from
Global Biodiversity Information Facility
(GBIF, https://www.gbif.org/). It resulted in
85 records including all possible record types.
Among them we further extracted only
geolocated occurences, which resulted in 40
observations. We performed further analysis
using this occurrence data. Regarding
bioclimatic data, we obtained 19 bioclimatic
variables from WorldClim database [43-44].
with 10 km2 spatial resolution.

These variables were: biol, Annual Mean
Temperature; bio2, Mean Diurnal Range
(Mean of monthly (max temp - min temp));
bio3, Isothermality (bio2/bio7) (x100); bio4,
Temperature Seasonality (standard deviation
%x100); bio5, Max Temperature of Warmest
Month; bio6, Min Temperature of Coldest
Month; bio7, Temperature Annual Range
(bio5-bio6); bio8, Mean Temperature of
Wettest Quarter; bio9, Mean Temperature of
Driest Quarter; biol0, Mean Temperature of
Warmest Quarter; bioll, Mean Temperature
of Coldest Quarter; biol2, Annual
Precipitation; biol3, Precipitation of Wettest
Month; biol4, Precipitation of Driest Month;
biol5, Precipitation Seasonality (Coefficient
of Variation); biol6, Precipitation of Wettest
Quarter; biol7, Precipitation of Driest
Quarter; biol8, Precipitation of Warmest
Quarter; biol9, Precipitation of Coldest
Quarter.
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Prior to the statistical modelling, we
performed  collinearity  analysis  using
bioclimatic variables using Variance Inflation
Factor [45] through correlation method.
Variables greater than 0.8 correlation are
considered collinear. After the procedure, 8
variables remained non-collinear, which used
further analysis (bio 2, bio 8, bio 9, bio 13, bio
14, bio 15, bio 18, bio 19). In order to perform
modelling, we created to pseudo-absences
using 1000 geographically random selected
pseudo-absences on the data. For the species
distribution modelling, we fit two well-known
methods namely Boosted Regression Trees
(BRT) and Random Forest (RF). The models
were assessed using two runs of bootstrapping
replications obtaining 30 percent as a testing
data for partitioning.

We fitted statistical modelling analysis for
both current and future potential areas. We
fitted potential distribution for current time
using ensemble weighted averaging, which is
based on TSS statistic. We set optimum
threshold criterion as 2 optimizations for the
thresholds. Regarding projection for future
time, we used bioclimatic (CMIP5) data for
the year of 2070 as a resolution of 10 km2.
We ensembled this data as the same method
with current data. In addition, we investigated
distributional difference between current and
future distribution based on probability of
occurrence of the model.

We obtained mean values of variable
importance for multiple models based on
training dataset. Further, we assess the results
of each fitted model using accuracy and
thresholds. Therefore, we used the mean
values of the thresholds to find out extinction
and colonization as well as persistence. We
performed species distribution modelling
using sdm package [46], and performed all
analysis in R program [47].

3. RESULTS

Both Boosted Regression Trees (BRT) and
Random Forest (RF) models has resulted in

Sakarya University Journal of Science 27(6), 1226-1234, 2023

high accuracy values (Table 1). The results
showed that both models performed well and
provided considerable model performances.
Based on the model results, ROC-AUC
curves using specificity and sensitivity values
are presented in Figure 1.

RF model resulted in slightly higher mean
AUC values than BRT for training data.
Regarding testing data both models
performed same degree. Potential distribution
areas of Ferulago humilis Boiss. for the
current time and for the future (projected as
2070) time are presented in Figure 2 and 3,
respectively. These figures shows that
distribution patterns are quite similar across
the regions. However, the difference becomes
slightly visible in the specific areas of
Mediterranean region. Relative Variable
Importances (RVI) of the variables are shown
in Figure 4. Precipitation of warmest quarter
was the best variable for both models, while
precipitation of coldest quarter was also
considerable for the RF model.

ROC (brt - bootstrap) RQC (rf - bootstrap)

08
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P
~
S
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0.4
Sensitivity (true posi
0.4

0z
02

0.0
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00 02 04 08 08 10 a0 02 04 06 08 10

1-Specificty (false positive rate)

Figure 1 ROC-AUC curves of both models of
Boosted regression trees (BRT) and Random
Forest (RF)

1-Specificity (false positive rate)

Table 1 The model performances of both fitted
models using bootstrap partitioning (Boosted
Regression Trees (BRT) and Random Forest

(RF)).
Methods AUC COR TSS Deviance
BRT 1 096 1 0.06
RF 1 096 1 0.02
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Figure 2 (a) Potential distribution areas of Ferulago humilis Boiss. for the current time across the
World, (b) Potential distribution areas of Ferulago humilis Boiss. for the current time in
Mediterranean region
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time across the World, (b) Potential distribution areas of Ferulago humilis Boiss. for the future
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Figure 4 Relative Variable Importances (RVI) of the variables of the Boosted Regression Trees (BRT,
top) and Random Forest (RF, bottom) models

4. DISCUSSION (ROC) curve, which understandings of the

model performance. In our case, models of

Generally, both models performed well based BRT and RF showed 1 value, which is quite

on the results of the model performances as  high values from 0.8, which is a critical

AUC. AUC is calculated based on the area  threshold for a model. The deviance was
under the Receiver operating characteristic
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higher in BRT model than RF model, while
other values were the same.

Current distribution potential of the Ferulago
humilis in Turkey is mostly in the southern
parts of the country including the West
Aegean, Mediterranean part as well as
southeastern parts. It is clearly seen that more
areas are possible in the southeastern parts
than other parts of the country. Regarding
other countries, the species has potential
distribution areas in southern parts of Greece
to Italy as well as Spain in the scope of
Europe. The potential areas include Morocco
and northern Africa, which is exposed to a
Mediterranean  climate type, Cyprus,
Mediterranean Sea region in Middle East as
well as from Iraq to Iran alongside the borders
of Turkey.

The variable of precipitation is clearly a
considerable for both models. Obviously,
drier regions rather than humid areas are more
preferable for the species based on our
analysis for the current time. However, we
detected only weak differences for the future
climatic projections. According to the
analysis, main distribution areas did not
change as a country level, however it still
includes minor differences. For Turkey, slight
increase in potential distribution areas occure
in southeastern parts to eastern parts.
Potential areas also slightly increased in
coastal Aegean to inner Aegean parts of the
country.

However, distirubition areas relatively
decreased in inner Anatolia, which is quite a
dry region of Turkey. This difference clearly
revealed that the species moved towards
relatively colder areas. These patterns were
also supported for Europe. In Europe,
potential areas of the species distribution
increased to higher latitudes. It increases from
Spain towards France. Slight increases were
also visible in the northern part of the Black
Sea. This pattern is already expected based on
our previous foresight, that the colder regions
are more favorable for the future. In fact, an
upward shift along higher altitudes for the

Sakarya University Journal of Science 27(6), 1226-1234, 2023

plant species is a well-kown pattern [48].
Plant species are tended to be locate in higher
altitudes since these areas would be more
preferable and favorable for the future
climatic conditions.

5. CONCLUSION

In conclusion, our study revealed that
potential distribution areas are slightly
changed for the future climatic conditions
rather than current conditions. In most parts,
the species preferred more colder regions than
warmer regions. The species distributed
mainly Mediterranean type climatic region. In
addition, as an endemic species, Ferulago
humilis, is likely taken into account for the
conservation practices for the future
projections as well. We believe that more
researches on the different endemic plant
species would be useful for the conservation
management of the plants.
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Sturm-Liouville Problems with Polynomially Eigenparameter Dependent
Boundary Conditions

Ayse KABATAS ™

Abstract

Sturm-Liouville equation on a finite interval together with boundary conditions arises from the
infinitesimal, vertical vibrations of a string with the ends subject to various constraints. The
coefficient (also called potential) function in the differential equation is in a close relationship
with the density of the string. In this sense, the computation of solutions plays a rather important
role in both mathematical and physical fields. In this study, asymptotic behaviors of the
solutions for Sturm-Liouville problems associated with polynomially eigenparameter
dependent boundary conditions are obtained when the potential function is real valued L1-
function on the interval (0, 1). Besides, the asymptotic formulae are given for the derivatives
of the solutions.

Keywords: Sturm-Liouville problem, spectral parameter, potential function, asymptotics

1. INTRODUCTION "{k
Ps (1) = Z Qe AT ey =15 = 1
Consider the regular  Sturm-Liouville i = i R R
problems denoted by L : = L(q, By, B1): >0,
u"+[A—q()]u=0x€ (0,1) (D) apo=1&k=01 (4)

Bo(u) : = Py (D)u'(0) + Pyo(D)u(0)
=0, (2)

Bi(w) : = P;y(MHu' (1) + Pro(Du(l)
= 0. 3)

Here, 1 is a real spectral parameter, q is a real-
valued L*-function on (0,1) and

are arbitrary polynomials of degree r; with
real coefficients such that Pz, (1) and Pzo(4)
have no common zeros for é = 0,1.

Sturm-Liouville problems have been studied
since the fundamental work of Sturm and
Liouville in the 19th century [1-6]. These
types of problems associated with ordinary
differential equations arise in considering
physical problems, such as determining the
temperature distribution of a heat conducting
rod vibration problems of the wire hanging on
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some internal points, wave and diffusion
problems and etc. by the method of separation
of variables, see [7]. Also, such problems with
linear or nonlinear dependence on the spectral
parameter in boundary conditions arise in
various problems of mathematics as well as in
the more contemporary applications of
quantum mechanics and acoustic scattering
theory and so on [8, 9] and there is an
extensive literature for these problems in
recent years, see [10-14]. Detailed studies on
direct spectral problems for general classes of
ordinary differential operators depending
nonlinearly on the parameter can be found in
various publications, see e.g. [15-19].

The values of the parameter A for which L has
nonzero solutions are called eigenvalues, and
the corresponding nontrivial solutions are
called eigenfunctions. The derivation of
asymptotic formulae for eigenvalues and
eigenfunctions of regular Sturm-Liouville
problems is of interest in its own right and has
a long history. Motivation for studying
eigenvalue and eigenfunction asymptotics has
come from several different types of problems
including theory of equiconvergence of
eigenfunction expansions for Sturm-Liouville
problems with Fourier Series, inverse spectral
theory and theory on reconstructing the
potential function from knowledge of spectral
data, and the general theory of periodic
potentials, see [20].

In the present paper, we determine the
asymptotic solutions and their derivatives of
the problem (1)-(3) when the potential g is a
real-valued member of L1(0,1). In addition,
we give the asymptotic approximations on the
derivatives of solutions.

2. METHOD

Let u(x,A) be a complex valued solution of

) _w(xA)
the equation (1). If w(x,A) = o
transform is applied to (1), we have the

Riccati equation

w =-1+q—-wi (5)

Sakarya University Journal of Science 27(6), 1235-1242, 2023

We set
S(x,A) :=Re{w(x, 1)},
T(x,A): = Im{w(x, 1)}

where w(x, A) is a complex-valued solution
of (5). It is given in [21] that any nontrivial
real-valued solution, z, of (1) can be
expressed as

z(x,1) = clexp(f(fS (t, A)dt)

x cos{c, + [, T (t,1)dt} (6)
with
Z'(x, 1) = ¢;S(x, A)exp(foxS (t, D)dt)

X cos{c, + fOxT (¢, A)dt}

—c; T (x, A)exp(fOxS (t, A)dt)

x sin{c, + [ T (t,A)dt}. @)

We suppose that there exist functions A(x)
and n(A) so that

fxl ezm%t q(t)dt| < A(x)n(1), x €[0,1]

where

() AG):=[lqg®ldt is
function of x,

(i)n(A) > 0asA - oo

(iii) A(x) € L1[0,1].

decreasing

The existence of these functions are
established in [21]. We define F(x,A) for
completeness as follows:

1
fxlezmth(t)dt

. 1
F(X, A) L= fxllt](t)ldt ’lffx |Q(t)| dt # 0;

o, if [lg®ldt=0

and we set n(4) : = supg<x<1F(x, 1) (0 <
F(x,A) <1). So, n(4) is well-defined and
goes to zero as A — oo [21].
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Now, we seek a solution of the Riccati
equation (5) as

w(x, A): = iA/? + z wy (x, 1)
k=1
and choose wy, so that

1
w'y + 2ilzw; =g,

1
w'y + 2ilzw, = —w?,
_ <W1§—1 + 2Wk—1>
= — L ,

1
W,k + 2l/1§Wk 2
m=1Wm
k = 3.

Solution of above equation

wy(x, ) = —e 242 [1e20% (1) ar,
e
w,(x, 1) = e‘zmxf e2 2t yw2(t Ndt,
X

and for k > 3

_92ij1/2 1 i11/2
Wk(x,ﬂ) = g2 xfx elid/et [ng—l +

2Wk—l an_zzl Wm]dt-

It is shown in [21] that the series
Yreawig (x, 1) and Yo w'i(x,A) are
uniformly absolutely convergent for all 1 >
Ao. The series iAY2 + Y2 . wy (x, 1) is a
solution of (5)

S(x,A) =Re Z wy (x, 1),
k=1

1
T(x,A) =212+ Imz wy (x, 1).
k=1

In [22], the asymptotic approximations for
S(x,A) and T(x, 1) are given as

S(x,A) = —sin (Zﬁx + Ex)

+0(n% (1)) (8)

and

Sakarya University Journal of Science 27(6), 1235-1242, 2023

T(x,A) = /2 — cos(2AY2x + &) +

o(n*() 9)

where

siné, : = fxl q (t)cos(Z/lét)dt,
cosé, 1= fxl q (t)sin(2A?t)dt.
Also, it is determined in [23] that

fOxS (t, Ddt = %/1_% {cos (Zﬁx + gx) _
cosfo} +0 (/1-1/2,’2(/1))(10)

x 101 2
f T (t,A)dt = Azx — =12
0 2

X {sin (2/1%9( + Ex) —sin, + fxq (t)dt}
0

+0 (17202 (2)). (11)
3. RESULTS
We define two solutions, u_(x,A1) and
u,(x,1), of equation (1) with initial
conditions
u_(0,1) = Py; (1), u’'_(0,1)
= —Pyo (), (12)
u+(1,/1) = Pll(}\)'u,+(1' }\)
= —P;,o(). (13)

Theorem 1. The solutions, u_(x,1) and
u, (x, A) satisfy the following equalities for
q € L1(0,1), respectively.

(i)
_ Po1 (1) x

u_(x,2) = cosTtan-1r] exp([, S (t,A)dt)

X cos[tan™1Fy(2) +

Jo T (t, Ddt] (14)
where

__ Py1(1)S(0,0)+Pyo(A)

Fo) == ron (15)
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(i)

o
Uy (x; A) - cos[tan=1F; Q)]

X exp (— fxlS (t, A)dt)
X COS [tan_lFl(A) - fxl T (¢, /’l)dt]

where

P11(A)S(1,1)+P15(2)
P11 (M)T(1,1)

F1(/1) =
Proof. (i) Using (6), (7) and (12) we find
u_(0,1) = cycosc, = Py (L),

u'_(0,1) = ¢,5(0,A)cosc, — ¢,T(0, A)sinc,

= —P oo(ﬂ)-
So,
_ Ppi(D)
€1= COSCy (16)
and

c, = tan"1F, (). (17)

The proof is completed by substituting the
values (16) and (17) into (6).

(if) From (6), (7) and (13) it can be written

u,(1,1) = ciexp (fols (¢, A)dt) cos [cz +
Jy T (6, dt] = P (D),

u',(1,1) = ciexp (folS (t, A)dt)

S(1,A)cos Icz + flT (¢, A)dtl -
% 0

1
T(1,A)sin [cz +f T(t,l)dtl
0
= —P1o(/1)-
Thus, we obtain

— Py1(4)
exp(fo1 S(t,)l)dt)cos[cz +f01 T(t,A)dt]

Sakarya University Journal of Science 27(6), 1235-1242, 2023

and
¢, = tan 'K () — [ T (¢, Ddt.

For the proof, these values of c; and c, are
used in (6).

Now, asymptotic approximations will be
given for the solutions, u_(x, 1) and u, (x, ).

Theorem 2. Let g(x) be a real-valued L!-
function on (0,1). As A — oo, we have the
following asymptotic approximations for the
solutions of (1) with the initial conditions (12)
and (13), respectively.

(i)
u_ (X, /1) = A"ocos (ﬂ%x) _ /17‘0—% [aOOO B
L7 q @at]sin (A2x) +

0 (ATO‘%n u)), (18)

(i)
u, (x,4) = A"cos [,1%(1 — x)] n
Arl_% [a100 +
%fxlq (t)dt] sin [A§(1 - x)] +

0 (fl‘%n (A)). (19)

Proof. (i) We evaluate the terms in (14) as
A — oo, Together with (4), (8), (9) and (15) we
obtain

5(0,2)

Fo(A) = ) +

Poo(4)
Po1(A)T(0,1)
o(n()

1 1
ﬁ[1+0<f5n(1)>]

—0 (A‘%(A)) [1 +0 </r§n(,1)>l +

|a0002 72 +0 (172)] [1 + 0 (A‘%(A))l

aooo/lr0+0()lr0_1)

1
A70%240(aron (1))

= Gggod 4+ 0 <A‘%n(A)>. (20)
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It is clear from (20) that

tan_lFo(A) = a,()o()l_E + O(A_En(l))

So,

cos[tan ™ Fy,()] =1 — ; (Agoo)?A~t +

02 '), (21)
sin[tan™1F,(1)] = aoooﬂ_% +
0 (/1_577 (/1)). (22)
Using (4), (11), (21) and (22) gives
Py (1) _ ATo4+0(A70-1)
cos[tan—1Fy(1)] 1—%(a000)21—1+0(l—1n(l))
= A" + Q(A"0" 1) (23)

and
cos[tan™1Fy (1) + foxT (£, )dt] =

cos (/’l%x) — /1_% [aooo —
L[Fq@at]sin (2x) + 0 (A‘in(z)). (24)
Finally; (10), (23) and (24) are replaced in

(14) and the proof is done.
The proof of (ii) is similar.

We have also some approximations for the
derivatives of the solutions, u_(x,A) and
u,(x,4) of L.

Lemmal. As A — oo, we have

()

u'_(x, 1) = _AT0*zsin (A%x) + Ao [aooo —
1/ rx 1
5 (fo q (t)dt)] cos ()lzx) +

0(A"n(1)) (25)

(i)

Sakarya University Journal of Science 27(6), 1235-1242, 2023

1 1
W, () = A" ¥isin 131 - 0] - 2

X [amo + % (fxl q (t)dt)] cos [/1%(1 - x)] +
0(An(A))

Proof. (i) The equality (7) is used for the
proof. With the initial conditions (12) we have
obtained the values of ¢; and ¢, as in (16) and
(17). If these values are replaced in (7), it is
simply derived that

u'_(x, 1) = —Fa@ ]exp(fch(t, A)dt)

cos[tan—1Fo(A)]
{S(x, Mcos[tan™1Fy (1) +
Jo T (t, Ddt] -

T (x, Dsin[tan™1Fy (1) +

Jo T (t, Ddt]}. (26)

We get the asymptotic approximation of (26)
by using the results (10), (11), (21), (22) and
(23). This gives the equality (25).

(i) The proof is similar to part (i).

4. CONCLUSIONS AND DISCUSSION
Wang and the others' work [24] has motivated
the author to determine the asymptotic
formulae for the solutions. In [24], q(t)is
assumed to be L2-function on (0,1) and the
solutions u_(x,A) and u,(x,A) are derived

asymptotically with error term of exponential
type, that is,

— 7 e™
u_(x,A) = A" <cos px + 0 ( > )),
u(x, 1) =1" (cos p(1—x)

e‘r(l—x)
ro(*=)
P

where A = p2, 7 = |Im p|.

In this paper, the given results with (18) and
(19) for the solutions of the problem L appear
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to be consistent those in [24]. Here, we only
assume that q(t) € L*[0,1] and find that

u_(x,1) = +0(lr°_%77(/1)),

1w, (x, ) = +0(X* (D))

where n(1) - 0 as 4 — oo. Besides, we use a
similar approach to Harris and obtain more
precise asymptotics.

In future studies, the eigenvalues and
corresponding eigenfunctions of the problem
can be reconsidered under different restrictive
conditions on the potential function q.
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Abstract

Acid treatment of sepiolite under different molarity of HCI at various times was studied to find
the best acid treatment conditions for obtaining anhydrous sepiolite without structural folding
and with fully open and empty channels. It was found that high molarity (e.g., 3 M) acid
treatment causes severe acid attack and heterogeneous magnesium dissolution from sepiolite
particles. In contrast, the low molarity (e.g., 0.5 M) acid treatment dissolves magnesium
homogeneously through the particles. This, in turn, affects the behavior of sepiolite upon
calcination at 450°C in that homogeneous magnesium dissolution gives better structural
stability and consequently higher amount of open channels with the least amount of magnesium
removal (25%). This is verified by rehydration behavior and specific surface area measurements
after the calcination, where over 90% of the surface area could be preserved after the calcination
of the low molarity acid-treated samples. No change in the morphology of sepiolite fibers was
observed after acid treatment.

Keywords: Sepiolite, acid treatment, structural stability, renydration, open channel

1. INTRODUCTION

Sepiolite is a fibrous hydrated magnesium
silicate with a formula of Si12Mg4O3z0(OH)4
(H20)4-8H20. Within the class of 2:1 type
clay minerals, a magnesium octahedral layer
is located between two tetrahedral silica
layers. This structural unit expands
continuously along the z direction forming a
ribbon-like  structure. The  ribbon-like
structures are linked by the inversion of the
tetrahedra through Si—O-Si bonds; thus, the
octahedral layer becomes discontinuous.
Such  structural  arrangements  cause
microporous channels along the axis with a
size of about 3.6 x10.6 A and fibrous

morphology [1]. These channels are filled by
zeolitic water, which is bonded to the oxygen
ions on the tetrahedral sheet or to other water
molecules via hydrogen bonds. The water
molecules completing the coordination of
magnesium ions at the edges of the octahedral
sheet are named coordination water [2]. When
sepiolite is heated above 100°C, the zeolitic
water is eliminated, and all the zeolitic water
and approximately half of the coordination
water are lost by 300°C. The remaining
amount of the coordination water is lost
between 300-500°C without any other
significant structural changes.
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During the last stage of dehydration, the
structural water molecules are removed at
temperatures >700°C [3]. Due to its structure,
sepiolite has a relatively high specific surface
area; values between 95 m?/g and 400 m?/g
are reported depending on deposits [4—6].
However, the specific surface area is reduced
dramatically when heated over 300°C, which
was attributed to the folding of the crystal
structure of sepiolite, eliminating the
microporous channels [3, 7-9]. Acid
treatment was effective in increasing the
specific surface area and keeping it stable up
to high temperatures [8, 10-11]. This was
attributed to the dissolution of octahedrally
coordinated magnesium ions, which creates
new surfaces and prevents structural folding.

Several studies have been carried out to
utilize sepiolite as an adsorbent [12-13],
catalyst [14], catalyst support [9, 15-16],
filtration membranes [17], and molecular
sieves [18]. In catalyst and catalyst support
applications of sepiolite, the relevant
processes may require high temperatures of
more than 300°C. In such cases, it is crucial
that the sepiolite structure and specific surface
area should be stable. Marosz et al. [14]
observed a significantly increased catalytic
efficiency of sepiolite for methanol and
ethanol dehydration after acid treatment,
compared to untreated sepiolite, and this was
explained to be due to a significant increase in
the BET-specific surface area, pore volume,
and surface concentration of acid sites for the
sepiolite after acid treatment.

It is also likely that the unfolded structure of
sepiolite also plays an essential role in the
improved efficiency due to the availability of
the open channels for the catalytic reactions.

Sepiolite has also been used as a template to
produce nanosized carbon/graphite fibers [19-
20] and organic/inorganic hybrid materials
[21]. In these cases, organic molecules were
introduced into the channels of sepiolite by
removing zeolitic water in the channels via
heat treatment at around 150°C.
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However, Kuang et al. [21] observed that
50% of the organic molecules were lost
together with the removal of the coordination
water when temperature is increased,
reducing the capacity of the sepiolite
channels. Valentin et al. [22] suggested that if
the coordination water is removed without the
structural folding, the capacity of sepiolite for
these applications could be improved. In
order to demonstrate this, they acid-treated
sepiolite with 3 M HCI at 60°C for different
times between 5 to 70 minutes to find suitable
conditions to dissolve just enough magnesium
ions in order to keep the structure stable
without folding at high temperatures,
claiming that an excessive magnesium
removal would degrade the sepiolite
structure.

They observed that 40 min. treatment time
removed all of the magnesium ions from the
sepiolite structure. While 5 min. treatment
time was not enough to prevent folding, 20
min. treatment time was found to be sufficient
to keep the structure stable, even after
calcination at 550°C. Valentin et al. [22]
attributed this anomalous thermal behavior to
the coexistence of the channel structure
coming from sepiolite crystal and silica
generated by partial destruction of the
sepiolite structure in a singular fiber, in which
silica is responsible for the thermal
stabilization of the structure.

Although Valentin et al. [22] aimed to
develop anhydrous sepiolite with open
nanometric channels with minimal changes in
its structure and chemistry, the high molarity
(3 M) acid treatment they used may not be the
ideal condition for this since molarity affects
the kinetics of dissolution significantly [4,
23]. Therefore, this study aims to find the best
acid treatment condition concerning molarity
to get anhydrous sepiolite with a maximum
amount of open channels to take full
advantage of this mineral in prospected
applications such as catalyst, catalyst support,
hybrid materials, nano clay composites, etc.
As far as the author knows, there is no such
study in the literature on this line.
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2. EXPERIMENTAL

Oncu Madencilik supplied sepiolite minerals
from the Eskisehir region in Turkey as 3-5 cm
fragments. The fragments were ground into a
powder by using a laboratory mortar grinder
(Fritsch Pulverisette 2, Idar-
Oberstein/Germany). The particle size of the
crushed powder was measured by light
scattering (Mastersizer 2000, Malvern, UK).
This powder was acid treated in a
hydrochloric acid (HCI) solution at different
molarities at 60°C under reflux conditions for
various times by using 5 g sepiolite powder
dispersed in a 30 ml solution.

The acid treatment conditions are given in
Table 1. Although HCI is used in this study, it
should be noted that types of acid does not
affect the dissolution kinetics significantly
[4]. At a constant temperature, since the acid
concentration was reported to be the most
effective parameter for the dissolution, the
treatment time was reduced with increasing
molarity in a manner to keep the MgO
dissolution at acceptable levels [23].

Table 1 Experimental parameters for acid

treatment.
HCI Concentration Time
(M) (min)
0.5 20, 30, 40, 50, 70
1 20, 30, 35, 40
2 5, 10, 15, 20, 25, 30
3 2,5,10

The acid-treated samples were designated by
considering molarity and treatment time in
that ASEP-0.5M/70 indicates acid treatment
in 0.5 M HCI solution for 70 minutes. Then,
the samples were washed several times with
deionized water until free from chlorine ions.
Parts of the samples were calcined at 450°C
for 1h in a laboratory muffle furnace under
ambient  conditions.  Chemical  and
mineralogical analysis before and after acid
treatment were carried out by X-ray
fluorescence (XRF, Rigaku ZSX Primus,
Tokyo/Japan) and by X-ray diffraction (XRD,
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Rigaku  Miniflex 600, Tokyo/Japan),
respectively. Samples for XRF analysis were
prepared by melting them using LiB4 at 10:1
LiB4:powder mass ratio, followed by casting
into glass tablets.

The XRF results were reported as oxides
present in the samples without considering
loss-on-ignition. XRD analysis was made by
using Cu Ko radiation at a scanning speed of
lo 26/min between 4°- 35° 20. BET-specific
surface areas were measured by N2 gas
adsorption (Quantachrome-NOVA touch LX,
FL, USA) after degassing the samples at
200°C for 10h before the measurement.
Thermogravimetry (TG, STA409 Netzsch,
Selb/Germany) measurements were taken
with a heating rate of 10°C/min under flowing
air.  Microstructural examinations were
carried out by scanning electron microscopy
(SEM, Zeiss Supra VP, Germany) using
secondary electron imaging mode. Before
examinations, samples were coated with a
thin layer of gold to prevent charging.

3. RESULT AND DISCUSSION

The average particle size of the ground
sepiolite powder was 10 pm with 23 pm Dgo
and 3 pm Dy values. Considering the
nanometric size of sepiolite fibers, the particle
size data represents the agglomerate size of
the sepiolite fibers. The chemical analysis of
the sepiolite powder is given in Table 2.

The powder mainly consists of SiO. and
MgO, but considerable amounts of Al>Oz and
Fe2O3 are also present with some impurities,
including CaO, K20, and Cr20s. Fig. 1 shows
the amount of MgO remaining in the sepiolite
powder with the acid treatment time at
different molarities between 0.5-3 M, as
measured by XRF. Based on a previous study,
the maximum acid concentration was kept at
3 M [22]. As seen in Fig. 1, increasing acid
concentration increases the dissolution rate of
magnesium ions significantly.

the acid treatment time was
reduced as the molarity

Therefore,
significantly
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increases to avoid excessive magnesium
dissolution. The dissolution kinetics of
sepiolite was studied by several authors [4,
23-24] who observed that the dissolution
process was controlled by product layer
diffusion with first-order reaction and
reaction temperature, acid concentration,
solid-to-liquid ratio and particle size were
rate-controlling parameters. It is not the
intention of this paper to study the dissolution
kinetics of sepiolite but, keeping the other
parameters the same, significant differences
in the dissolution rate with the acid
concentration (molarity), as seen in Fig. 1,
should also have an impact on the
homogeneity of the magnesium removal
process from the sepiolite particles and
associated structural stability as a result of the
dissolution.

Then, the question arises as to what the
optimum dissolution conditions would be to
have a minimum structural disorder and

chemical modification to sepiolite (i.e.,
minimum  magnesium  removal)  and
maximum stability upon calcination.
2 50
o 151
g
£ 10/ % S
E e
5 T T T
0] 20 40 60 80

Time (min.)
Figure 1 Dissolution behavior of MgO from
sepiolite with time under different acid
concentration

XRD spectra of untreated and the acid-treated
sepiolite at different molarities for different
times are given in Fig. 2a-g, while those after
calcination at 450°C are shown in Fig. 3a-g.
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Figure 2 XRD spectra of seiolite: (a) as-received,
(b) ASEP 0.5M/70, (c) ASEP 1M/30, (d) ASEP
2M/5, (e) ASEP 2M/10, (e) ASEP 3M/5 and (g)
ASEP 3M/10. (g=quartz; d= dolomite. Only 110,
060 and 131 peaks of sepiolite are indicated

For clarity, not all the acid-treated samples’
XRD spectra studied are shown in Fig. 2 &
Fig. 3. However, the selected ones are based
on the increased molarity-reduced treatment
time criteria to avoid excessive magnesium
dissolution from sepiolite.
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060 131
9
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Intensity

2000 A

1000 A

2 Theta
Figure 3 XRD spectra of sepiolite after
calcination at 450°C: (a) as-received, (b) ASEP
0.5M/70, (c) ASEP 1M/30, (d) ASEP 2M/5, (e)
ASEP 2M/10, (e) ASEP 3M/5 and (g) ASEP
3M/10 g=quartz, d= dolomite. Only 110, 060 and
131 peaks of sepiolite and 121 peak of anhydrous
sepiolite are indicated

As seen in Fig.2a, the main phase in the
untreated sepiolite is sepiolite with a trace
amount of quartz (26.6° 20) and dolomite
(about 31° 26). Knowing that 1% CaO present
in the chemical analysis is due to dolomite,
which equates to about 3% dolomite, we can
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estimate that the as-received sepiolite
contains at least 85% sepiolite phase based on
the amount of MgO present (Table 2).

Calcination at 450°C causes collapsing of the
sepiolite crystal structure forming anhydrous
sepiolite (Fig. 3a). Structural collapsing
(folding) of sepiolite upon calcination at
temperatures over 300°C has been addressed

by various authors, and detailed discussion
about the reasons for it could be found
elsewhere [7-8, 22]. It causes the channels in
sepiolite to be lost with a consequent
reduction in specific surface area, and this
precludes the usefulness of sepiolite in
applications that have been addressed in
Section 1 of this paper.

Table 2 Chemical analyses of as-received sepiolite on the basis of oxides. Note that loss-on-ignition is
not taken into consideration

SiOz MgO Al;O3

Fe203 CaO K20 Cr03

wt.% 63.9 26.6 4.5

3.1 1.0 0.6 0.3

XRD spectra of the acid-treated sepiolites
given in Fig. 2b-2g show that under the given
conditions of time and molarity of the acid
treatment, the samples contain sepiolite as the
main phase with a small amount of quartz as
an impurity mineral. Compared to the
untreated sample, a noticeable effect of the
acid treatment is that sepiolite peaks are
getting somewhat less sharp, which may be
attributed to structural disordering and the
reduced scattering due to removing
magnesium ions from the structure.

In addition, an increased background,
particularly between 20-30° 26, is evident for
2M and 3M acid-treated samples (Fig. 2e-g),
and this may be due to the formation of a
silica-rich amorphous phase [1, 22]. XRD
spectra of the acid-treated sepiolites after
calcination at 450°C (Fig. 3b-g) resemble
those of the uncalcined samples (Fig. 2b-g),
indicating that acid treatment stabilized
sepiolite  structure  upon calcination,
preventing folding of the structure.

However, a detailed examination of the
calcined sample's spectra indicates a
noticeable difference in the spectra of the
samples treated at 3 M. Namely, two well-
defined peaks of 060 and 131 planes of
sepiolite are not well-defined in 3 M acid-
treated samples. This appears to be due to the
presence of anhydrous sepiolite (folded
structure) because the peak of 121 plane of
anhydrous sepiolite (Fig. 3a) is located

Sakarya University Journal of Science 27(6), 1243-1254, 2023

between 060 and 131 planes of sepiolite,
making all three peaks less defined. Although
not mentioned by them, a similar overlap is
also evident in the study carried out by
Valentin et al. [22], who used a 3 M acid
treatment concentration. These observations
suggest that 3 M acid treatment keeps the
structure of a certain amount of sepiolite
stable, but some are folded.

In order to get a further insight into the
stability of the channel structure of sepiolite
upon calcination, changes in specific surface
areas of the selected acid-treated samples
before and after calcination were compared
with the untreated sepiolite (Table 3). The
selected samples were ASEP 1M/30 and
ASEP 3M/5 as they had almost the same
amount of MgO removal, 9.4 and 9.3%,
respectively. The untreated sepiolite had 478
m?/g specific surface area, close to the values
reported for sepiolites from Eskisehir region
[4, 6]. The specific surface area of the
untreated sepiolite was reduced to 286 m?/g
after the calcination, representing 40%
reduction in its specific surface area.

It is known that untreated sepiolites
experience a rather significant reduction in
their specific surface areas due to the
destruction of the channel structure as a result
of folding of the structure, and a similar rate
of reduction in the specific surface area upon
calcination at 500°C was also reported by
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Balci [3]. ASEP 1M/30 and ASEP 3M/5
samples did not show a significant change in
the specific surface area, being 455 and 480
m?/g, respectively.

Esteban-Cubillo et al. [1] reported that the
specific surface area does not change due to
acid treatment (1 M) until up to about a third
of the magnesium ions are dissolved while an
increase in the specific surface area is noted
upon further dissolution. 9.4 and 9.3% MgO
removal from sepiolite correspond to about
the dissolution of a third of the magnesium
ions, considering the presence of 26.6% MgO
in the as-received state (Table 1) and confirm
the finding of Esteban-Cubillo et al. [1].

When the specific surface areas upon
calcination at 450°C are compared, ASEP
3M/5 sample lost 25% of its specific surface
area while ASEP 1M/30 sample lost only 7%
(Table 3).

Table 3 Changes in specific surface area of
sepiolite after acid treatment and calcination at

450°C
Reduction
Samples  Uncalcin ~ 450°C in surface
- area due to
ed calcined e
calcination
(%)
Untreate
d 478 286 60
Sepiolite
ASEP
3M/5 480 360 25
ASEP
1M/30 455 426 7

Even though the amounts of magnesium
dissolution were almost the same for both of
the samples, the differences in the reduction
of the specific surface area give a clear
indication that the acid treatment under 3 M is
not as good as that under 1 M as far as the
structural stability at higher temperatures is
concerned. This observation is also supported
by the XRD spectra of 3 M samples, as
discussed above.
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Considering the similar XRD spectra of the
calcined samples acid treated between 0.5 and
2 M, they may be regarded as similar with
respect to structural stability. Nevertheless,
rehydration of the calcined samples was
carried out in order to find out whether there
were any differences between the stabilized
sepiolite  samples treated at different
molarities concerning the number of open
channels, which may not be resolvable by
XRD.

Valentin et al. (2007) suggested that
rehydration behavior would give us
information about the amount of stable open
channels of sepiolite since water molecules
would refill the channels under humid
conditions as zeolitic water. The calcined
samples were kept in a closed humid
environment for 1 week for the rehydration
experiments. They were then kept in an oven
at 70°C for 3 days to remove physical water
before TG analysis because the rehydrated
samples contained a large amount of physical
water (> 20 wt.%) due to their high specific
surface areas. TG analysis of the rehydrated
samples is given in Fig. 4.

102

—— 0.5M-70 min.
100 1\ —— 1M-30 min.
N ——- 2M-5 min.
4 \y
o8 \\\ - 2M-20 min.
0% | WSS — - 3M-5min.
NN 3M-10 min.
4 | AN — — As-received
o N
5 921 N
>
90 4
88 -
86 1
84 1
82 \ \ \ \ \
0 200 400 600 800 1000

Temperature (°C)
Figure 4 Thermogravimetric analysis of acid
treated sepiolite after calcination and
rehydration

Since the samples were dried at 70°C for 3
days before TG analysis, most of the mass
losses seen in the TG graphs up to 250°C
could mainly be correlated to zeolitic water in
the channels. However, it should also be
stressed that some amount of this water
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should be related to fine pores in the sepiolite
mineral particles [3]. Nevertheless, it is not
expected that the acid treatment at different
molarities carried out in this study and the
subsequent heat treatment condition should
not affect the structure of the fine pores since
no significant change in the specific surface
area was observed under given acid treatment
conditions, as seen in Table 3.

Therefore, the differences in mass losses
between the samples up to 250°C in the TG
graphs in Fig. 4 reflect the differences in the
mass gain due to the rehydration and could
well be compared and correlated to the
number of open channels. They are given in
Table 4 with the amounts of MgO remaining
in the sepiolite after the acid treatment and of
MgO dissolved. The amounts of MgO
dissolved are simply derived by subtracting
the amount of MgO remaining in the acid-
treated sepiolite from that in the as-received
sepiolite. As seen in Table 4, the untreated
sepiolite is the least rehydrated one, only
3.5%. This is because the sepiolite structure
collapses at 450°C, as discussed above
(compare Fig. 2a & Fig. 3a), and
consequently, the channels are lost. Assuming
that no open channels remained in the
calcined untreated sepiolite, we can mainly
assign its 3.5% mass gain due to the
rehydration to water adsorption in porosities
in the sepiolite mineral particles.

Therefore, we can gain information about the
extent of open channels remaining after
calcination by subtracting 3.5% from the
mass gain data of the acid-treated samples in
Table 4. The higher the mass gain, the higher
the number of open channels. With this
respect, ASEP 0.5M/70 samples could have
the maximum open channels, closely
followed by ASEP 2M/20 and ASEP 1M/30
samples. ASEP 3M/5 and ASEP 3M/10
samples had the least open channels.

One of the main observations drawn from
Table 4 is that there is no correlation between
the amount of MgO removed from sepiolite
and the amount of mass gain achieved, i.e., of
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open channels. For example, 0.5M-70 min.
and 2M-20 min. acid treatments remove 6.6%
and 12.6% MgO but achieve similar mass
gain as 8.1% and 7.8%, respectively. In
contrast, 1M-30 min. and 3M-5 min. acid
treatment removes a similar amount of MgO
(9.4% and 9.3%, respectively), but their mass
gains are very different, 7% and 4.3%,
respectively.

These observations indicate that although
MgO removal is necessary for the structural
stabilization of sepiolite, there is no relation
between the amount of MgO removed and the
extent of structural stability, at least under the
experimental conditions of this study.

From this perspective, it can also be stated
that where and how MgO is removed from
sepiolite is important for structural stability or
crystal folding upon calcination. The sepiolite
crystal is known to be folded by rotation of
the fibers on axes through the Si—O-Si edge
bonds that join the fiber units along the length
of their edges.

Table 4 Weight losses observed due to zeolitic
water as a result of rehydration in the acid treated
samples and corresponding amount of MgO
remained and of MgO removed after the acid

treatment
Amount  Amount
Weight of MgO  of MgO
loss up to leftin  removed
samoles 250°C after  sepiolite from
P rehydration after acid sepiolite
(wt.%) treatment  (Wt.%)
(Wt.%)
Untreated 35 26.6 0
ASEP
0.5M/70 8.1 20.0 6.6
ASEP
1M/30 7.0 17.2 9.4
ASEP
OM/5 55 19.2 7.4
ASEP
2M/20 7.8 14.0 12.6
ASEP
3M/5 4.3 17.2 9.3
ASEP
3M/10 4.0 145 12.1
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Valentin et al. (2007) stressed that acid
treatment (3M-20 min. HCI) creates silica
sheets by removing MgO from octahedral
layers totally and that a channel structure
coming from the sepiolite crystal and a sheet
structure corresponding to silica coexist in a
singular fiber. When enough silica is formed
(or MgO is removed), the ribbons conforming
to the structure become not interconnected
due to the loss of some of their octahedral
sheet forming a layer structure, which
diminishes the torque necessary to fold the
structure. However, they also stated that the
mechanism could be more complex such that
magnesium ions located close to the channels
are preferentially extracted compared to those
located in the center of the block, in which
case silica sheets do not form.

This mechanism has also been put forward by
Esteban-Cubillo [1], who claimed that acid
treatment (1 M concentration) dissolves
mainly the magnesium cations located at
edges of the octahedral layers up to the
magnesium leaching fraction of 0.33
(corresponding to 5 wt.% Mg or 8.3% MgO
dissolution).

Based on the observations in this study and on
the literature studies given above, the
unexpected result of having no relation
between the amount of MgO removed and the
extent of structural stability of sepiolite could
be explained by MgO dissolution Kinetics
from the sepiolite structure, which was
reported to be controlled by diffusion through
the reaction layer [4, 23-24]. At a constant
temperature, acid concentration was reported
to be the most influential parameter for the
dissolution [23], as also noticeable in Fig. 1.
It appears that short treatment times at a high
acid concentration may lead to heterogeneous
magnesium dissolution such that severe acid
attack dissolves more magnesium from the
external surfaces of sepiolite particles where
the acid meets first than from the inner
regions.

On the other hand, a mild acid attack at a low
acid concentration enables the acid to reach

Sakarya University Journal of Science 27(6), 1243-1254, 2023

through the sepiolite particles without
excessive magnesium dissolution at the
external surfaces and remove magnesium
homogeneously through the particles. This is
schematically illustrated in Fig. 5 for the cases
of ASEP 0.5M/70 and ASEP 3M/5 samples.
Under such circumstances, sepiolite treated at
a high acid concentration would experience
more structural collapse in the inner regions
after calcination due to less magnesium
dissolution, which is supported by the
appearance of the peak of 121 plane of
anhydrous sepiolite, located between the
peaks of 060 and 131 planes of sepiolite in 3
M acid treated samples’ XRD spectra (Fig. 3f-
g). On the other hand, outer regions would be
more structurally disordered due to more
magnesium dissolution, which is supported
by the occurrence of amorphous silica in their
XRD spectra (Fig. 2f-g). In contrast, sepiolite
treated at a low acid concentration would
remain stable thoroughly after the calcination
because of homogeneous magnesium ion
dissolution through the particles. Such
differences in the dissolution behavior and
related structural behavior upon calcination
can then explain the differences in the mass
gain attained due to zeolitic water during the

rehydration, seen in Fig. 4.
b il

ASEP 0.5M/70 ASEP 3M/5

As-received
L
= Mg =5

Figure 5 Schematic drawing of sepiolite particles
showing the effect of acid concentration on the
distribution of magnesium thorough the particle

Based on the above observations and
explanations, one can now make an
assumption as to where magnesium ions are
mainly dissolved from the structure and its
relevance to the structural stability of
sepiolite. If ASEP 0.5M/70 samples are taken
as an example, 6.6% MgO is removed from
the structure, corresponding to about 25% of
MgO in the octahedral layer. Considering the
presence of 8 magnesium atoms in the
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octahedral layer across the ribbon-like
structure, we can postulate that 6.6% MgO
removal corresponds mainly to the

dissolution of magnesium ions from edges of

the octahedral layer near the channel walls, as
also proposed by Esteban-Cubillo [1].
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Figure 6 Crystal structure view of sepiolite (a) before acid treatment, (b) after acid treatment and
(c) after acid treatment and calcination (For coloured image, please refer to web version)

This is schematically illustrated in Fig. 6
which shows the structure of untreated
sepiolite, ASEP 0.5M/70 before and after
calcination at 450°C. Likewise, 12.6% MgO
removed from ASEP 2M/20 sample
corresponds to about half of MgO present in
the as-received sepiolite and thus the
dissolution of magnesium ions from the edge
of the octahedral layer near the channel walls
as well as the next layer to the edge. Both of
these samples have similar amounts of
rehydration despite different MgO content.
This indicates that as long as magnesium ions
are removed categorically in an order from
the edges of the octahedral positions to the
inner locations of the octahedral layer across
the ribbon-like structure, then the channel
structure could be kept stable at high
temperatures, even up to the removal of half
of the magnesium ions. These observations
lead us to conclude that if the sepiolite
structure is to be kept stable without folding
upon calcination and at the same time with the
least structural modification (e.g., the least
amount of magnesium removal), a rather mild
acid treatment conditions (e.g., 0.5 M) should
be used to dissolve magnesium.

Sakarya University Journal of Science 27(6), 1243-1254, 2023

Having seen that ASEP 0.5M/70 sample
seems to be the best stabilized one according
to the phase analysis and rehydration
behavior, this sample was further examined
by comparing TG analysis after the acid
treatment and after the acid treatment
followed by the calcination and rehydration

(Fig. 7).

102

100 4 =~ After calcination and rehydration

\J — — - After acid treatment

98

96 -

94 4

%TG

92 1

90 A

88 -
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82

T T T T T
0 200 400 600 800 1000

Temperature (°C)

Figure 7 Comparison of thermogravimetric
analysis of ASEP 0.5M/70 acid treated sample
right after acid treatment and after calcination

and rehydration

As seen in Fig. 7, TG graphs are almost
identical indicating that ASEP 0.5M/70
sample remains stable with almost no change
in its structure upon calcination at 450°C and
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the channels could be refilled totally by water
molecules.

Fig. 8 shows secondary electron image SEM
microstructures of the as-received and 0.5 M
acid-treated sepiolite for 70 min. In general,
the fibrous morphology of sepiolite changes
into a coarse particle structure due to the
aggregation of silica units forming when the
majority of magnesium ions are removed
from the structure by acid treatment [1, 10-
11].

|
Figure 8 Scanning electron microscopy images
of (a) as-received sepiolite and (b) ASEP
0.5M/70

However, it is seen that there is no change in

the morphology of sepiolite fibers after the
acid treatment. This is probably due to the
lower amount of magnesium dissolution,
which does not cause the formation of silica
units.

4. CONCLUSIONS
This study investigated the best acid treatment

condition to produce sepiolite with a minimal
structural disorder that is stable at

Sakarya University Journal of Science 27(6), 1243-1254, 2023

temperatures up to 450°C. Excellent stability
upon calcination was achieved when sepiolite
was treated under mild acid treatment
conditions (e.g., 0.5 M). Removal of about
25% of magnesium ions from the sepiolite
structure, which roughly corresponds to
magnesium ions located at the octahedral
positions close to the channel surface, was
found to be sufficient for high temperature
stability as long as the mild acid treatment
conditions prevail.

It has been shown for the first time that
anhydrous  sepiolite  with  total high
temperature structural stability and open
channels could be produced. Such a sepiolite
structure may find potential applications in
high-temperature catalysis and catalyst
support applications, as well as in hybrid
materials and  nanoclay = composites
development.
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In silico Characterization of Esophageal Cancer Predominant Genes

Gizem KOPRULULU KUCUK ™

Abstract

Cancer is an important health problem nowadays. One of these problems is esophageal cancer
(EC). The 7th most common cancer is EC worldwide. Rhomboid-related biomarkers play an
important role in EC. Analysis of such biomarkers can yield important insights into the role of
rhomboid 5 Homolog 2 (RHBDF2) in cancer pathology. The characterization of genes was
made in silico tools such as STRING, SWISS-MODEL, UCSF Chimera ver 1.15, ProtParam,
and GeneCards. The protein interactions string of the rhomboid 5 homologs 2 (RHBDF2) gene
was obtained from STRING. Epidermal growth factor (EGF), and ADAM Metallopeptidase
Domain 17 (ADAM17) genes were detected as related genes. Amino acid sequences of these
genes were obtained from NCBI. Homology models, and Ramachandran graphic of RHBDF2,
ADAM17, and EGF genes were created by the SWISS-MODEL database and UCSF Chimera
ver 1.15 program. Physicochemical properties of RHBDF2, ADAM17, and EGF genes were
calculated by the ProtParam database. Subcellular localizations were detected by the GeneCards
server. As a result of this study, genomic and subcellular localization of RHBDF2, ADAML17,
and EGF genes were obtained. Amino acid sequences, 3D-protein structures, and
physicochemical properties were detected.

Keywords: Eusopagheal cancer, homology model, RHBDF2, EGF, ADAM17

1. INTRODUCTION

The esophagus is a muscular and tubular
organ. It connects the pharynx and stomach.
Esophagus cancer (EC) is the 7th most
common cancer worldwide. Because of this
situation, it is a most important health
problem [1-3]. EC is one of the most common
diseases in low- and middle-income countries
[1].EC has a bad prognosis due to its late
diagnosis [4]. EC has two main subtypes as
histological. They are squamous cell cancer
(ESCC) and adeno cancer (EAD) [5].
Smoking, alcohol, genetic factors, obesity,

and irregular diet affect the development of
EC. It was detected that it was stated that the
risk of ESCC increased three to seven times
in smokers [6]. It has been stated that when
cigarettes and alcohol are taken together, the
risk of ESCC increases 10-25 times compared
to smokers who do not drink alcohol [7].
Some dietary factors have been identified that
have been associated with EAD. While some
foods with high saturated fat and cholesterol
ratios increase the risk of EAD, it has been
stated that plant foods (vitamin C, b-carotene,
and folate) reduce the risk [8]. Obesity causes
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the risk of EAD to increase approximately
two-three times in individuals [9].

Environmental and genetic factors play a
role in the formation of esophageal cancer.
The mechanisms of action of these factors
are usually directly or indirectly related to
DNA damage [10].

The rhomboid 5 Homolog 2 (RHBDF2) gene
was identified in Drosophila first [11].
RHBDF2 belongs to a rhomboids family
which is a seven transmembrane-spanning
proteins family. It was detected that RHBDF2
is a serine intramembrane protease linked
with the epidermal growth factor receptor
(EGFR) signal and mitochondrial remodeling
[12]. In vitro studies were shown that
RHBDF2 interacts with Tumor Growth
Factor a by EGFR signal pathway and
arranges the epithelial cancer cell growth and
survival [13, 14].

ADAM family is a disintegrin and
metalloproteinase and plays a role in cell
adhesion, cell migration, cell proliferation,
and cell proteolysis. ADAM molecules
trigger tumor growth and metastasis [15, 16].
ADAML17 is a key role in malignity. The
ADAML17 is located on chromosome 2.
ADAMI17 is a Tumor necrosis factor a
(TNFa) cleaving enzyme. The molecular
weight of ADAM17 is 70 kDa [15]. In the
arrangement of the ADAML17 process, the
first step is the intracellular activation of
transmembrane protein by fibroblast growth
factor (FGF) or dopamine receptors (R). The
second step is the shedding of cell surface
proteins by activation of ADAM17 and as a
result of this situation, it provides cytokine
releases for EGF-R ligands. The third step is
the activation of the intracellular signaling
pathways. EGF-R binds cleaved ligand and
causes this pathway activation [17].

The epithelial growth factor (EGF) is located
on chromosome 4. Epidermal growth factor

Sakarya University Journal of Science 27(6), 1255-1264, 2023

(EGF) is a 6 kDa polypeptide growth factor
[18]. EGF is a growth factor and plays a role
in cell growth, proliferation, and
differentiation. It shows its effects by binding
to its own receptor EGFR. EGF has receptors
in the kidney, thyroid, gland, duodenum,
ovary, stomach, uterus, lung, smooth muscle
cells, lens, glial cells, and astrocytes [19-21].

In this study, the characterization of
esophageal cancer’s predominant genes was
made. Genes associated with the RHBDF2
gene associated with EC were identified in the
STRING database [22]. The genes associated
with RHBDF2 were identified as ADAM17
and EGF. The amino acid sequence of the
RHBDF2, ADAM17, and EGF genes were
obtained from the National Center for
Biotechnology (NCBI)-protein and UniProt
databases [23, 24]. Protein templates were
obtained from the SWISS-MODEL database
using amino acid sequences [25].

Ideal models were selected on the SWISS-
MODEL according to Qualitative Model
Energy Analysis (QMEAN) values. These
model files obtained as documents with .pdb
extension were viewed using the UCSF
Chimera ver 1.15 program [26]. The amino
acid number, molecular weight, theoretical pl
value, the percent composition of amino
acids, and the total amino acid content of
RHBDF2, ADAM17, and EGF proteins were
calculated via ProtParam [27].

2. MATERIAL AND METHODS

In this study National Center for
Biotechnology (NCBI) [23], UniProt [24],
SWISS-MODEL [25], Expasy Protparam
[27], and GeneCards [28] databases and
UCSF Chimera ver 1.15 program [26] were
used in silico analysis. There is no need for
ethics committee approval. The genomic
location of the RHBDF2 gene was obtained
from the GeneCard database in Figure 1 [28].
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Figure 1 The genomic location of the RHBDF2 gene on the long arm (q) of chromosome number 17 at
position (17925.1) [28]

2.1. Determination of Genes Interacting
With Rhomboid 5 Homolog 2 Genes
(RHBDF2) in Esophageal Cancer

STRING is a database that shows known and
predicted protein-protein interactions. These
interactions include physical and functional
associations. This database makes use of
computational analysis, information transfer
between organisms, and interactions collected
from other databases. Genes interacting with
the RHBDF2 gene were obtained by the
STRING database [22].

2.2.  Detection of RHBDF2, ADAM17,
and EGF Genes Amino acid Sequence

The amino acid sequences of RHBDF2,
ADAML17, and EGF genes were obtained by
the National Center for Biotechnology
(NCBI) protein database and Uniprot [23, 24].
The FASTA format of RHBDF2, ADAM17,
and EGF genes was obtained and used to
create homology models.

2.3.  Obtaining Homology Models of
RHBDF2, ADAM17, and EGF Genes

SWISS-MODEL is a protein modeling server.
This program serves 3D structures of
proteins. When the user enters the amino acid
sequence of protein on this server, SWISS-
MODEL gives different templates for the
target protein. In this study, the protein
structures of RHBDF2, ADAM17, and EGF
genes were obtained by the SWISS-MODEL
server [25]. Ideal templates of RHBDF2,
ADAML17, and EGF genes were imaged by
the UCSF Chimera ver 1.15 program [26].

Sakarya University Journal of Science 27(6), 1255-1264, 2023

2.4. The Obtaining Subcellular
Localization of the RHBDF2, ADAM17,
and EGF Genes

Subcellular localization determines the
environments of operated proteins. For this
reason, subcellular localization affects protein
function [29-31]. GeneCards is a database
that provides information on genomic,
proteomic, transcriptomic, genetic, and
functional about known and predicted human
genes. The subcellular localizations of
RHBDF2, ADAM17, and EGF genes were
obtained in the GeneCards database [28].

2.5.  Detection of the Physicochemical
Properties of RHBDF2, ADAM17, and
EGF Genes

Expasy is a bioinformatic portal. It provides
information on genomic, proteomic, and
structural biology, evolution, system biology,
and medical chemistry [27].

ProtParam calculates the physicochemical
properties of a protein sequence. This server
uses an access number from Swiss-
Prot/TrEMBL and makes an analysis.
Molecular weight, theoretical pl, amino acid
composition, the total number of atoms,
instability index, hydropathic average
(GRAVY), aliphatic  index, atomic
composition, the total number of negatively
charged residues, and the total number of
positively charged residues are calculated by
ProtParam server [27].

3. CONCLUSIONS AND DISCUSSION
The amino acid sequence of Rhomboid 5

homolog 2 (RHBDF2) was obtained by the
NCBI protein and UniProt database [23, 24].
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The rhomboid protein 2 isoform 2 (RHBDF2)
amino acid sequence is shown in Table 1.

The protein interactions string of the
rhomboid 5 homologs 2 (RHBDF2) gene was
shown in Figure 2. Disco-interacting protein
2 homolog A (DIP2A), Ubiquitin
Conjugating Enzyme E2 O (UBE20),
Rhomboid Domain Containing 1 (RHBDD1),
Presenilin  Associated Rhomboid Like
(PARL), Rhomboid Domain Containing 3
(RHBDD3), Cytoglobin (CYGB), Signal
Sequence Receptor Subunit 2 (SSR2),
Epidermal growth factor (EGF), ADAM
Metallopeptidase Domain 17 (ADAML7),
Rhomboid Like 1 (RHBDL1) genes were
detected as interact genes with RHBDF2.

Table 1 Rhomboid protein 2 isoform 2
(RHBDF2) amino acid sequence [23, 24]
MASADKNGGSVSSVSSSRLQSRKPPNLSITIPP
PEKETQAPGEQDSMLPERKNPAYLKSVSLQE

PRSRWQ
ESSEKRPGFRRQASLSQSIRKGAAQWFGVSG
DWEGQRQQWQRRSLHHCSMRYGRLKASCQ
RDLELPSQEAPSFQGTESPKPCKMPKIVDPLA
RGRAFRHPEEMDRPHAPHPPLTPGVLSLTSFT
SVRSGYSHLPRRKRMSVAHMSLQAAAALLK
GRSVLDATGQRCRVVKRSFAFPSFLEEDVVD
GADTFDSSFFSKEEMSSMPDDVFESPPLSASY
FRGIPHSASPVSPDGVQIPLKEYGRAPVPGPR
RGKRIASKVKHFAFDRKKRHYGLGVVGNWL
NRSYRRSISSTVQRQLESFDSHRPYFTYWLTF
VHVIITLLVICTYGIAPVGFAQHVTTQLVLRN
KGVYESVKYIQQENFWVGPSSIDLIHLGAKFS
PCIRKDGQIEQLVLRERDLERDSGCCVQNDH
SGCIQTQRKDCSETLATFVKWQDDTGPPMD
KSDLGQKRTSGAVCHQDPRTCEEPASSGAHI
WPDDITKWPICTEQARSNHTGFLHMDCEIKG
RPCCIGTKGSCEITTREYCEFMHGYFHEEATL
CSQVHCLDKVCGLLPFLNPEVPDQFYRLWLS
LFLHAGVVHCLVSVVFQMTILRDLEKLAGW
HRIAINFILSGITGNLASAIFLPYRAEVGPAGSQ
FGLLACLFVELFQSWPLLERPWKAFLNLSAIV
LFLFICGLLPWIDNIAHIFGFLSGLLLAFAFLPY
ITFGTSDKYRKRALILVSLLAFAGLFAALVLW
LYIYPINWPWIEHLTCFPFTSRFCEKYELDQV
LH

In this study, it was detected that three genes
(RHBDF2, ADAM17, and EGF) play a

Sakarya University Journal of Science 27(6), 1255-1264, 2023

crucial role in Esophagus cancer. The
information on these genes was obtained in
NCBI, Uniprot, and GeneCards databases
[23, 24, 28]. The genomic location of the
ADAM17 and EGF genes was obtained from
the GeneCard database in Figure 3 [28]. The
genomic localization of the ADAM17 gene is
2p25.1 and the genomic localization of the
EGF gene is 4q2.

@
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/- aweons
HNRNPL
R ’an
o

ADAM17 EG@
o)
W

par
-

oo O

£\ P TMEMS28
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Figure 2 The protein interactions string of
rhomboid 5 homologs 2 (RHBDF2) [22]

The amino acid sequence of ADAM
Metallopeptidase Domain 17 (ADAM17) and
Epidermal growth factor (EGF) were
obtained by the NCBI protein and UniProt
database = [23, 24]. The ADAM
Metallopeptidase Domain 17 (ADAM17) and
Epidermal growth factor (EGF) amino acid
sequences were shown in Table 2.

The RHBDF2, ADAML17, and EGF protein
templates were obtained in the SWISS-
MODEL database [25]. QMEAN and
QMEAND Isco values were evaluated and the
ideal model was selected on the SWISS-
MODEL database [25]. The RHBDF2,
ADAML17, and EGF homology models were
imaged by the UCSF Chimera ver 1.15
program [26]. The Ramachandran plot for
RHBDF2, ADAML17, and EGF proteins
amino acid residues, QMEAN and
QMEAND:Isco values, and homology models
were shown in Table 3.
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Table 2 ADAM Metallopeptidase Domain 17 (ADAM17) and Epidermal growth factor (EGF) amino
acid sequences [23, 24]

ADAM Metallopeptidase Domain 17 (ADAM17)

MRQSLLFLTSVVPFVLAPRPPDDPGFGPHQRLEKLDSLLSDYDILSLSNIQQHSVRKRDLQTSTHVETL

LTFSALKRHFKLYLTSSTERFSQNFKVVVVDGKNESEYTVKWQDFFTGHVVGEPDSRVLAHIRDDDV

IIRINTDGAEYNIEPLWRFVNDTKDKRMLVYKSEDIKNVSRLQSPKVCGYLKVDNEELLPKGLVDREP

PEELVHRVKRRADPDPMKNTCKLLVVADHRFYRYMGRGEESTTTNYLIHTDRAN

Epidermal growth factor (EGF)
MLLTLILLPVVSKFSFVSLSAPQHWSCPEGTLAGNGNSTCVGPAPFLIFSHGNSIFRIDTEGTNYEQLV
VDAGVSVIMDFHYNEKRIYWVDLERQLLQRVFLNGSRQERVCNIEKNVSGMAINWINEEVIWSNQQ
EGIITVTDMKGNNSHILLSALKYPANVAVDPVERFIFWSSEVAGSLYRADLDGVGVKALLETSEKITA
VSLDVLDKRLFWIQYNREGSNSLICSCDYDGGSVHISKHPTQHNLFAMSLFGDRIFYSTWKMKTIWIA
NKHTGKDMVRINLHSSFVPLGELKVVHP
LAQPKAEDDTWEPEQKLCKLRKGNCSSTVCGQDLQSHLCMCAEGYALSRDRKYCEDVNECAFWNH
GCTLGCKNTPGSYYCTCPVGFVLLPDGKRCHQLVSCPRNVSECSHDCVLTSEGPLCFCPEGSVLERD
GKTCSGCSSPDNGGCSQLCVPLSPVSWECDCFPGYDLQLDEKSCAASGPQPFLLFANSQDIRHMHFD
GTDYGTLLSQQMGMVYALDHDPVENKIYFAHTALKWIERANMDG
SQRERLIEEGVDVPEGLAVDWIGRRFYWTDRGKSLIGRSDLNGKRSKIITKENISQP
RGIAVHPMAKRLFWTDTGINPRIESSSLQGLGRLVIASSDLIWPSGITIDFLTDKLYWCDAKQSVIEMA
NLDGSKRRRLTQNDVGHPFAVAVFEDYVWFSDWAMPSVMRVNKRTGKDRVRLQGSMLKPSSLVV
VHPLAKPGADPCLYQNGGCEHICKKRLGTAWCSCREGFMKASDGKTCLALDGHQLLAGGEVDLKN
QVTPLDILSKTRVSEDNITESQHMLVAEIMVSDQDDCAPVGCSMYARCISEGEDATCQCLKGFAGDG
KLCSDIDECEMGVPVCPPASSKCINTEGGYVCRCS
EGYQGDGIHCLDIDECQLGEHSCGENASCTNTEGGYTCMCAGRLSEPGLICPDSTPPPHLREDDHHY'S
VRNSDSECPLSHDGYCLHDGVCMYIEALDKYACNCVVGYIGERCQYRDLKWWELRHAGHGQQQK
VIVVAVCVVVLVMLLLLSLWGAHYYRTQKLLSKNPKNPYEESSRDVRSRRPADTEDGMSSCPQPWF
VVIKEHQDLKNGGQPVAGEDGQAADGSMQPTSWRQEPQLCGMGTEQGCWIPVSSDKGSCPQVMER
SFHMPSYGTQTLEGGVEKPHSLLSANPLWQQRALDPP

HOMELTQ

Ramachandran plots use the amino acid
information to predict the secondary
structures of protein. Each amino acid has
rotatable two backbone bonds. They set the
dihedral angles (¢ and ). This plot takes the
values of @ on X- the axis and values of v on
Y- the axis.

The subcellular localization of the RHBDF2,
ADAM17, and EGF genes were shown in

Sakarya University Journal of Science 27(6), 1255-1264, 2023

Figure 4 [28]. It was detected that the RHBDF
gene is localized in the plasma membrane, the
ADAML17 gene is localized in the cytosol and
plasma membrane, and the EGF gene is
localized in the lysosome, extracellular, and
plasma membrane [28]. The light green color
presented low confidence and, dark green
presented high confidence on the confidence
scale.

1259



Gizem KOPRULULU KUCUK

In silico Characterization of Esophageal Cancer Predominant Genes

Table 3 The homology models of RHBDF2, ADAML17, and EGF proteins [25, 26]

QMEAN Values

Homology Models

Ramachandran Plots
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Figure 4 The subcellular localization of the RHBDF2, ADAM17, and EGF genes [28]
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Table 4 Physical properties of RHBDF2, ADAML17, and EGF [27]

RHBDF2 ADAM17 EGF

Number of amino acids: 827 Number of amino acids: 258 Number of amino acids: 1207
Molecular weight: 93379.31 Molecular weight: 29959.04 Molecular weight: 133994.17
Theoretical pl: 8.91 Theoretical pl: 7.14 Theoretical pl: 5.53

Amino acid composition Amino acid composition Amino acid composition

Ala (A) 52 6.3% Ala(A) 7 2.7% Ala (A) 60 5.0%

Arg (R) 58 7.0% Arg (R) 21 8.1% Arg (R) 57 4.7%

Asn (N) 14 1.7% Asn (N) 11 4.3% Asn (N) 46 3.8%

Asp (D) 36 4.4% Asp (D) 22 8.5% Asp (D) 78 6.5%

Cys (C) 26 3.1% Cys(C) 2 0.8% Cys (C) 65 5.4%

GIn (Q) 39 4.7% GIn(Q) 8 3.1% GIn (Q) 53 4.4%

Glu (E) 43 5.2% Glu (E) 16 6.2% Glu(E) 71 5.9%

Gly (G) 54 6.5% Gly (G) 10 3.9% Gly (G) 101 8.4%

His (H) 28 3.4% His (H) 9 3.5% His (H) 38 3.1%

lle (l) 41 5.0% le() 9 3.5% lle (l) 55 4.6%

Leu (L) 82 9.9% Leu (L) 28 10.9% Leu (L) 107 8.9%

Lys (K) 38 4.6% Lys (K) 17 6.6% Lys (K) 56 4.6%

Met (M) 13 1.6% Met (M) 4 1.6% Met (M) 31 2.6%

Phe (F) 47 5.7% Phe (F) 11 4.3% Phe (F) 32 2.7%

Pro (P) 57 6.9% Pro (P) 14 5.4% Pro (P) 62 5.1%

Ser (S) 78 9.4% Ser (S) 18 7.0% Ser (S) 102 8.5%

Thr (T) 34 4.1% Thr (T) 16 6.2% Thr (T) 49 4.1%

Trp (W) 18 2.2% Trp(W) 2 0.8% Trp (W) 27 2.2%

Tyr (Y) 21 2.5% Tyr(Y) 9 3.5% Tyr (Y) 34 2.8%

Val (V) 48 5.8% Val (V) 24 9.3% Val (V) 83 6.9%

Pyl (O) 0 0.0% Pyl (O) 0 0.0% Pyl (O) 0 0.0%
Sec(U) 0 0.0% Sec(U) 0 0.0% Sec(U) 0 0.0%

B) 0 0.0% (B) 0 0.0% (B) 0 0.0%

(2) 0 0.0% (2 0 0.0% (2) 0 0.0%

X) 0 0.0% (X) 0 0.0% (X) 0 0.0%

Total number of negatively charged Total number of negatively charged | Total number of negatively charged
residues (Asp + Glu): 79 residues (Asp + Glu): 38 residues (Asp + Glu): 149

Total number of positively charged Total number of positively charged | Total number of positively charged
residues (Arg+ Lys): 96 residues (Arg + Lys): 38 residues (Arg + Lys): 113
Atomic composition: Atomic composition: Atomic composition:

Carbon C 4204 Carbon C 1333 Carbon C 5844

Hydrogen H 6500 Hydrogen H 2107 Hydrogen H 9098

Nitrogen N 1166 Nitrogen N 377 Nitrogen N 1636

Oxygen O 1172 Oxygen O 397 Oxygen O 1790

Sulfur S 39 Sulfur S 6 Sulfur S 96

Formula: Formula: C1333H2107N3770397S6 | Formula:
C4204H6500N116601172S39 Total number of atoms: 4220 5844H9098N163601790S96
Total number of atoms: 13081 Instability index: The instability Total number of atoms: 18464
Instability index: The instability index | index (I1) is computed to be 44.46 Instability index: The instability
(1) is computed to be 54.18 This classifies the protein as unstable. | index (II) is computed to be 48.69.
This classifies the protein as unstable. Aliphatic index: 85.62 This classifies the protein as unstable.
Aliphatic index: 81.12 Grand average of hydropathicity Aliphatic index: 77.26

Grand average of hydropathicity (GRAVY): -0.585 Grand average of hydropathicity
(GRAVY): -0.231 (GRAVY): -0.304
The general average of the Hydrophatiy 4. CONCLUSION

(GRAVY) index shows the solubility of
proteins. The positive charge means The socioeconomic situation, smoking,
hydrophilic and the negative charge means alcohol, and irregular diet are responsible for
hydrophilic [32]. the development of EC. Besides these factors,
genetic factors are also responsible for EC.
The physical properties of RHBDF2, RHBDF2 has a main role in the development
ADAM17, and EGF genes were shown in  of EC. Scope of this study, The protein
Table 4. RHBDF2 is more hydrophilic than interaction string was made for the RHBDF2
ADAM17 and EGF genes. gene and associated genes with RHBDF2
were detected. ADAM17 and EGF genes
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were detected as related genes. It investigated
the role of these genes in the development of
EC. Homology models, Ramachandran plots,
subcellular localization, and physicochemical
properties of RHBDF2, ADAML17, and EGF
genes were detected and the characterization
study was completed in silico. As a result of
this

study, It is thought that ADAM17 and EGF
genes play an active role in the development
of esophageal cancer.

Genetic characterization studies are important
in terms of determining the causes and
formation mechanism of diseases, providing
control, and  developing  treatment
approaches. It contributes to the literature by
identifying new genes that may be associated
with the disease. In the future, these studies
will be pioneering in the treatment of diseases
by contributing to pharmacogenetic analysis,
drug development, and analysis related to
drug resistance.
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The Awareness and Knowledge Levels of Building Information Modeling
Among Architecture Students: A Survey-Based Study
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Abstract

The present study aims to investigate the awareness of Building Information Modeling (BIM)
in Turkey from students' perspectives. While numerous studies in the literature have explored
BIM awareness in the industry, research specifically focused on students is scarce. Thus, this
study aims to contribute a new and current perspective to the existing literature by measuring
student awareness based on empirical evidence. By doing so, it intends to provide valuable
insights for future research and curriculum development. The research utilized the results of a
survey conducted in 2022 involving the participation of 34 fourth-year students in the
architecture program. The findings indicate that students have heard about and even utilized the
concept of Building Information Modeling, but their knowledge of this technological
development needs to be more comprehensive. The survey was designed to assess the students'
BIM awareness level to explore their understanding and proficiency in using BIM. The results
revealed that students need to learn more about the technological elements and components that
constitute BIM. This limitation hampers their potential to utilize BIM in practice effectively.
The outcomes of this study underscore the necessity for architecture education programs to
adopt a more comprehensive approach to BIM. Developing educational and informational
strategies that enhance students' knowledge of BIM is imperative. The findings of this study
serve as a valuable resource for increasing BIM awareness in architectural education and
facilitating students' adaptation to this technology.

Keywords: Building information modeling (BIM), awareness, architectural education,
technology-enabled education.

1. INTRODUCTION to construction and operation, drives
significant transformations in the industry [1].

Building Information Modeling (BIM)
technology is rapidly gaining popularity inthe  BIM is a technology that generates and
construction industry worldwide. BIM is a  manages various construction-related
process that enhances efficiency, information throughout the entire lifecycle of
collaboration, and information sharing a building, from initial design to demolition.
throughout all stages of construction projects. ~ Unlike traditional CAD technology, BIM
Its integration across disciplines, from design  offers a broader and more efficient approach
throughout the building lifecycle [2].

* Corresponding author: mumitmete@ibu.edu.tr (M. U. METERELLIYOZ)
! Bolu Abant izzet Baysal University, Tiirkiye
ORCID: https://orcid.org/0000-0002-8948-777X

#u™ Content of this journal is licensed under a Creative Commons Attribution-Non Commercial No Derivatives 4.0 International License.


mailto:mumitmete@ibu.edu.tr
https://orcid.org/0000-0002-8948-777X

Mehmet Umit METERELLIYOZ

The Awareness and Knowledge Levels of Building Information Modeling Among Architecture Students: A Su...

Recognizing the limitations of existing CAD
technology, countries, particularly the United
States, are embracing BIM and
acknowledging its potential to bring about a
paradigm shift similar to what CAD initially
introduced [3].

Adopting and effectively utilizing BIM
require substantial changes in the traditional
construction process [4]. Thus, providing
BIM education to both students and
practitioners is crucial. BIM implementation
necessitates significant improvements in
design accuracy and detail. Interoperability
among BIM software is also vital for
stakeholder collaboration [5]. Various data
exchanges, such as material information and
environmental analyses, should occur through
a BIM model among participants [6].
Therefore, comprehensive BIM education is
necessary to fully leverage this technology's
benefits across all stakeholders.

Universities play a vital role in educating
future engineers, architects, and professionals
in related disciplines. Teaching BIM to
students and supporting their learning process
is crucial. Universities should organize
diverse educational programs and activities to
raise students' awareness of BIM and its
potential and applications.

Both globally and in Turkey, numerous
universities have developed and implemented
BIM education curricula [7-9]. BIM
education perspectives vary from
incorporating BIM software applications into
existing CAD courses to designing
specialized curricula focused solely on BIM
[10]. In Turkey, many leading universities are
incorporating theoretical and practical BIM
courses into their undergraduate and graduate
curricula. Studies have also been conducted
on the goals and strategies of BIM education
in universities [11].

The study aims to investigate the awareness
of BIM from the student perspective in
Turkey. Despite numerous studies focusing
on BIM awareness in the construction
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industry in the existing literature, the number
of studies explicitly conducted with students
is relatively limited, indicating that BIM in
architectural education remains an area to be
fully explored in terms of students' awareness.
Therefore, the study sets out to provide a new
and updated perspective on the literature and
to measure student awareness in an evidence-
based manner.

This article presents the findings of a survey
study conducted to examine the impact of
BIM awareness on university students. The
survey assessed students' knowledge,
perceptions, and attitudes toward BIM.

The main objective of this study is to
understand students' awareness of BIM and
assess their knowledge levels. Additionally,
based on the survey results, the study aims to
examine students' perceptions and attitudes
toward BIM, provide recommendations for
BIM education, and contribute to future
research in the field.

Although numerous studies have been
conducted on BIM awareness and acceptance
among professionals in the construction
sector, limited research has focused explicitly
on students' awareness [12-14]. This lack of
awareness directly affects students and
creates a learning barrier. Therefore,
evaluating BIM education requires measuring
BIM awareness and acceptance among
students.

Kugbeadjor et al. conducted a study on the
BIM awareness and literacy of postgraduate
students at universities in the West Midlands
region of the United Kingdom. The findings
revealed that although the students had heard
of BIM, they needed to familiarize
themselves with BIM concepts. Additionally,
they expressed that their courses needed to
provide them with the necessary knowledge
and skills, leaving them unprepared to work
in a BIM-enabled environment. According to
Kugbeadjor et al., there is a need to provide
more BIM education and training to
university students to meet the industry's

1266



Mehmet Umit METERELLIYOZ

The Awareness and Knowledge Levels of Building Information Modeling Among Architecture Students: A Su...

demands. They concluded that this should be
done using appropriate methods, tools, and
pedagogies [15].

Ahn and Kim conducted a seminal study on
the awareness and acceptance of BIM among
architecture students in Asia. The study
generally found that students had a certain
level of awareness of BIM but needed more
familiarity with IFC, another key concept
related to BIM. The study also revealed that
students' BIM awareness was influenced by
the classrooms they were in and the countries
they came from. According to Ahn and Kim,
higher-graders had a higher potential for
being aware of BIM. Similarly, students from
countries that have integrated BIM into the
construction sector showed a higher level of
awareness.

Consistent with previous studies, researchers
emphasized the need for more planned and
effective educational processes to prepare
students for BIM in their professional careers
[16]. Furthermore, in their highly cited article,
Abdirad and Dossick stated that while the use
of BIM in architectural education has
increased, there is still a need for further
education and resources in this regard. The
study also demonstrated that students who
receive BIM education are significantly more
likely to be employed in architecture after
graduation.

Mamter et al. researched BIM awareness
among students in higher education
institutions in Malaysia. The study found that
civil engineering and architecture students
were highly aware of BIM. Overall, the
research indicated an increasing awareness of
BIM among students in higher education
institutions in Malaysia. However, it also
highlighted the need for further BIM
education and training to fully prepare
students for BIM-integrated professional
firms and enterprises [17].

Maina's study measured the levels of CAD
and BIM awareness and proficiency among
architecture students in Nigeria. The research
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revealed that most participating students were
familiar with CAD (92%) and BIM (87%)
technologies. However, their proficiency
levels wvaried in these technologies.
Additionally, the students recognized BIM as
an essential and effective tool in their
projects, although their proficiency in using
BIM for 4D-7D modeling was significantly
lower [18].

Rosli et al. conducted a study to investigate
the perceptions of architecture students in
Malaysia regarding using BIM software. The
results indicated that despite the increasing
BIM awareness in Malaysia's AEC industry,
the BIM awareness level among students still
needed to be at the desired level. However,
architecture students had heard of BIM and
recognized its benefits. This suggests that
integrating BIM into the curriculum or
offering it as a separate course would receive
positive engagement from students [19].

While education significantly contributes to
adopting BIM, numerous institutions,
particularly those in higher education, hesitate
to invest in BIM education [20]. Notably, the
need for adequate education and training
within the construction sector stands out as a
prominent obstacle to the widespread
integration of BIM [21-22]. A mounting and
pressing demand exists for higher education
establishments to furnish students with
specialized training that aligns with the
present requisites of the industry [23-24].

In line with this perspective, several
researchers  underscore  that  Building
Information Modeling (BIM) education

should be integrated into architecture and
engineering curricula [25-26]. Consequently,
universities globally have initiated the
inclusion of BIM in their educational
programs. This is achieved through the
establishment of seminars, workshops,
lectures, and dedicated courses at both the
undergraduate and graduate tiers, all aimed at
equipping students for the demands of the
industry [27].
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Indeed, grounded in the existing literature, a
pivotal aspect of BIM education is the
assessment of students' levels of awareness.
Subsequently, this assessment should inform
the development of curricula and educational
programs tailored to these individual levels. A
profound comprehension of the potential
advantages and application domains of BIM
technology among students will significantly
enhance their readiness to address the
forthcoming requisites of the Architecture,
Engineering, and Construction (AEC) sector.
This heightened awareness has the potential
to augment their skills and competencies,
thereby rendering them more adaptable to the
expeditiously evolving landscape of the
industry and its technological advancements.

As the integration of BIM into the AEC
industry intensifies, students who have
received a robust BIM education will
inevitably gain a competitive advantage in the
job market. This advantage will enable them
to make substantial contributions to the
growth and innovation of the industry.
Accordingly, higher education institutions
should deploy efficacious educational
resources and interactive pedagogical
approaches to bolster students' awareness
regarding BIM. This strategy will foster
increased engagement and active
participation among students.

Furthermore, considering the rapid evolution
of BIM technology, it remains imperative to
consistently update educational programs and
align them with the latest industry
developments. Students ought to receive
practical training that encompasses not only
the fundamental principles of BIM but also
serves to enhance their application skills and
collaborative capacities.

BIM is poised to become a foundational
element in forthcoming construction and
design  projects. Consequently, higher
education institutions must heighten their
endeavors to augment awareness about BIM.
Furnishing students with a comprehensive
understanding of the potential benefits and
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significance of BIM technology within the
industry will invariably render future building
professionals more adept and competitive.
This, in turn, will empower them to make
meaningful contributions to the Architecture,
Engineering, and Construction (AEC) sector.

2. METHOD

This study aims to evaluate the level of BIM
awareness among architecture students at
Bolu Abant Izzet Baysal University, a higher
education institution in Turkey. The research
seeks to gather information regarding BIM
awareness among students in higher
education institutions, utilizing primarily
quantitative research methods. Surveys were
employed as the primary data collection
instrument in this study. The survey
participants consisted of 4th-year students at
Bolu Abant Izzet Baysal University (BAIBU)
in 2022, with 34 students participating.
Consistent with previous literature, this study
examines the awareness and acceptance of
BIM by employing a survey as the research
method [15-16].

As a component of the study, students
received a written questionnaire and were
solicited for feedback. The entire cohort of 34
participating  students  submitted their
responses. After the students completed the
questionnaires, the acquired data underwent
analysis employing statistical techniques
encompassing  frequency  distributions,
means, standard deviations, and correlations,
utilizing the Excel™ software. Elaborate
details of the outcomes are expounded upon
in the ensuing section. The findings have
yielded invaluable insights into the students'
viewpoints, inclinations, and encounters
pertinent to education. These revelations have
substantiated the research objectives and
rendered pertinent contributions to the
existing body of literature.

The survey comprised ten questions, utilizing
a 5-point Likert scale for ranking and
enabling multiple-choice responses. The
questions aimed to assess students' opinions,
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expectations, and knowledge levels on BIM.
Various topics were covered in the
questionnaire, including students' utilization
and familiarity with BIM, awareness of the
fundamental technologies underlying BIM,
practical advantages of BIM implementation,
BIM usage, and user accessibility.

The assessment of students' comprehension,
attitudes, and behaviors was conducted from
a multidimensional perspective, including
questions about BIM and its subcomponents.
Additionally, multiple-choice and open-
ended questions were employed to gauge
students’ overall knowledge levels and
attitudes. Descriptive statistics and graphs
were employed to analyze participants'
awareness and acceptance of BIM, aiming to
identify general characteristics.

3. RESULTS

The survey participants consisted of fourth-
year architecture students. As depicted in
Figure 1, a significant proportion of the
students exhibited familiarity with various
design software, including AutoCAD,
Photoshop, and SketchUp.

0%

= SketchUp
= AutoCAD
3ds Max

9%

= Photoshop
= None
Other

Figure 1 Design software usage ratios

The students were surveyed regarding their
awareness of Building Information Modeling
(BIM), and their responses were collected
using a Likert scale ranging from 1 (strongly
disagree) to 5 (strongly agree). Out of the total
respondents, 79% of the students (with a
mean score of 3.67) stated that they had heard
of BIM (Figure 2). However, the percentage
decreases to 52.94% (with a mean score of
3.29) when answering the question, "Do you
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have knowledge about BIM?" It was found
that approximately half of the students were
aware of the term BIM but did not possess a
comprehensive understanding of its concept
(Figure 3).

= Strongly

6% Disagree

p.

= Disagree

Neutral

= Agree

= Strongly Agree

Figure 2 Ratios of students' hearing about BIM

= Strongly
Disagree
= Disagree

Neutral

= Agree

= Strongly Agree

Figure 3 Answers to the question “Do you know
BIM?"

Regarding their exposure to BIM education,
47% of the participants reported not having
received any BIM education. Conversely,
53% of the respondents stated they had
received some form of BIM-related
education. Regarding the sources of this
education, respondents identified university
courses (20%), external courses and training
(21%), and online resources (12%) (Figure 4).
Notably, 94% of survey participants believed
that universities should offer BIM education,
highlighting the perceived significance of
universities in providing BIM education as
acknowledged by the students.
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= | dont have any
training

= Yes, | studied at
the university

Yes, | am self-
taught (internet,
online-printed
resources)

Figure 4 BIM education and utilized resources

Similar trends are evident in students'
viewpoints regarding the impact of Building
Information Modeling (BIM) on their
professional trajectories and academic
endeavors. The survey results indicate that
most participants (85%, with a mean score of
3.88) believe BIM and its associated
technologies possess considerable potential to
shape their student and professional careers
(Figure 5). This finding underscores the
perception among nearly all students that,
despite lacking a comprehensive definition of
BIM, it represents a momentous technological
advancement and is regarded as a significant
progression in both their academic pursuits
and professional pathways.

0% 3%

' 12%

= Strongly
Disagree
= Disagree

Neutral

= Agree

= Strongly Agree

Figure 5 Participants' expectations about the
impact of BIM on academic and professional life

Participants were surveyed regarding their
utilization of Building Information Modeling
(BIM) in various domains. Corresponding to
the preceding responses, approximately half
of the participants indicated a lack of
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engagement with BIM. Among those who
reported using BIM, the highest adoption
ratio was noted in the realm of architectural
design (27%), closely trailed by its
application in presentations (15%) (Figure 6).
Nonetheless, the students employing BIM
software have yet to harness its capabilities in
architectural quantity takeoff.

= Architectural
Design

= Quantity

50% Visualization
0%

= Presentation

= Other
0%

Figure 6 BIM usage areas

One additional inquiry in the survey pertains
to the BIM software market. Among the
survey respondents who employ BIM in their
projects, 42% utilize Revit, whereas 8%
employ ArchiCAD. None of the participants
indicated using software such as Allplan,
Vectorworks, BricsCAD, or Bentley
MicroStation (refer to Figure 7).

0%

= Revit

= Allplan
ArchiCAD

= None

= Other

9%

0%
Figure 7 BIM software usage ratios

The study's findings indicate that while most
students  possess  some  background
knowledge about Building Information
Modeling (BIM), the fact that nearly half of
them have never utilized BIM software
suggests that the current system of BIM
education lacks sufficient effectiveness and
readily available educational resources.
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In addition to assessing BIM awareness, the
study also inquired about the students'
familiarity with related technologies such as
nD modeling and interoperability. In contrast
to BIM awareness, a staggering 90% of
participants reported never having heard of
nD modeling, with a mean score of 2.00 (Fig.
8). Similarly, the percentage of students
unfamiliar ~ with ~ the  concept  of
interoperability stood at 79%, with a mean
score of 2.65 (Fig. 9).

3% 0% = Strongly
Disagree
= Disagree

Neutral

= Agree

= Strongly Agree

Figure 8 nD modeling awareness

3% = Strongly

Disagree
= Disagree

Neutral

= Agree

9

Figure 9 Interoperability awareness

= Strongly Agree

Most students need help understanding
Building Information Modeling (BIM),
including crucial elements like nD modeling
and interoperability. This limited knowledge
implies that their comprehension of BIM
could be deeper and more open. The lack of
familiarity with BIM and its associated
technologies suggests that students primarily
employ BIM solely for visualization. As a
result, it becomes evident that students need
more awareness of other integral aspects
inherent in BIM, such as quantity takeoff,
structural and environmental analysis, nD
modeling, building lifecycle management,
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and more. To break this cycle and enhance
BIM education, it would be advantageous to
integrate BIM and its related technologies and
the theoretical foundations of BIM into the
university curriculum.

4. CONCLUSION

The present study aims to present the findings
of a survey conducted among architecture
students, specifically focusing on their
awareness of Building Information Modeling
(BIM). From a general perspective,
architecture students predominantly rely on
traditional software, such as AutoCAD, for
design purposes rather than utilizing BIM
software. Furthermore, approximately half of
the students surveyed have yet to gain
experience with BIM education or software.
However, through in-depth analysis and
evaluation, it has been determined that there
is a significant demand for BIM education.

While BIM awareness tends to generate
increased interest among students, it is
essential to note that this does not necessarily
extend to BIM-related technologies.
Therefore, BIM education should be broader
than just software training. Students require
comprehensive education to understand the
applications and benefits of various BIM-
related fields.

This research highlights the need for
universities to contribute more to BIM
education. Developing a well-balanced BIM
curriculum for undergraduate and graduate
students is recommended. Instead of
superficially focusing on the concept of BIM,
attention should be given to its fundamental
principles, applications, and underlying
concepts. To achieve this, the educational
curriculum can incorporate comprehensive
course  content,  practical  exercises,
workshops, and collaborations with industry
professionals.  Additionally,  providing
supportive resources such as online materials,
educational videos, and interactive learning
materials can help address students'
knowledge gaps in BIM.
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The results of the study offer significant
recommendations for enhancing BIM
awareness in architectural education. First
and foremost, educational and informative
strategies should be developed to give
students fundamental knowledge about BIM.
Students need to be equipped with
information encompassing the definition,
historical evolution, developmental
trajectory, purposes, advantages,
disadvantages, application areas, and
prospects of BIM.

Secondly, practical exercises should be
executed to equip students with proficient
BIM skills. Students ought to acquire a
comprehensive understanding of BIM
software, tools, standards, and protocols.
Additionally, they should be afforded
opportunities to apply and experience these
tools within authentic projects. Thirdly,
concrete real-life examples should be
presented to students to exemplify BIM's
significance and profound impact within the
industry. Students must grasp both BIM's
current and future roles in the construction
and architecture sectors while also gaining
insights into the associated opportunities and
challenges.

Considering that BIM is rapidly being
adopted in the construction industry, the
findings of this study can provide insights for
future educational and research endeavors.
Increasing awareness and educational efforts
related to BIM can equip students with
enhanced skills for their professional careers
and help meet the industry's demands.

The study has yielded significant findings in
terms of examining BIM awareness from the
student perspective in Turkey. However,
there are noteworthy points that require
attention for future research. Firstly, this
study is confined to 4th-year architecture
students exclusively. Subsequent research
should employ a more extensive sample,
encompassing  students  from  diverse
construction and architectural disciplines. An
enlarged sample would provide a more
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comprehensive  understanding  of  the
influence of students at varying educational
levels on BIM awareness.

Secondly, this study exclusively concentrated
on gauging student awareness. However, it
omitted an evaluation of students' proficiency
and competencies regarding BIM technology.
Future research could execute a more all-
encompassing analysis, assessing students'
technical knowledge and skills pertaining to
BIM. Moreover, practical assessment
methods could be employed to grasp the
effects of BIM education programs in
enhancing students' skill development in this
domain.

Thirdly, although this study centered on BIM
awareness in  Turkey, it should have
addressed a comprehensive cross-country
comparison of BIM awareness among
students. Future research should explore the
distinctions and commonalities in students'
BIM awareness across different nations. This
initiative will facilitate an understanding
international intersection between education
and industry, thus fostering the formulation of
more effective global-scale educational
strategies for BIM.

Finally, this study solely addressed the
student dimension. Subsequent research
could embrace a multi-stakeholder and
layered research approach, encompassing the
perspectives  of  educators,  industry
representatives, and BIM technology users.
By doing so, we can attain a more profound
comprehension of the inadequacies in BIM
awareness and contribute to formulating more
effective educational and implementation
strategies in this realm. These limitations and
the suggestions for future research will aid us
in evaluating the outcomes of this study
within a broader context, and in identifying
potential contributions that can be made in the
field to enhance BIM awareness.
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Abstract

Perovskites are organic-inorganic compounds with a crystal structure that revolutionize many
optoelectronic applications, especially solar cells. The CsPbBrs;—lx, a perovskite, has garnered
significant attention due to its tunable band gap and excellent photovoltaic properties. In this
theoretical study, the structural, electronic, and optical properties of CsPbBrs:lIx are
investigated through density functional theory calculations. The calculations reveal that the
substitution of Br with I leads to a significant reduction in the band gap of CsPbBr3—lx, resulting
in improved light absorption properties. The obtained data show that the coexistence of Br and
| ions in the structure creates an energy level similar to the shallow energy levels caused by
doping at the R symmetry point in the band structure.

Keywords: Tunable band gap, perovskite, solar cells, CsPbBrzxlx, DFT

1. INTRODUCTION

In comparison to other standard photovoltaic
materials, hybrid organic-inorganic
perovskite photovoltaic semiconductors have
attracted a considerable deal of interest in
recent years and have made remarkable
developments.[1-5] The power conversion
efficiency (PCE) has reached a verified record
of 25.7%[6] Due to its exceptional
photoelectric properties, such as long carrier
diffusion lengths, low trap-state densities, and
large absorption coefficients.[3, 7, 8]
Perovskites, with their high power conversion
efficiencies and cost-effectiveness, are
promising materials for solar cells. However,
there are a number of technical challenges
faced during the commercialization process.
One of the ways to improve the performance
of perovskites is by doping with cations of

* Corresponding author: vcelik@siirt.edu.tr (V. CELIK)
1 Siirt University, Tiirkiye
ORCID: https://orcid.org/0000-0001-5020-8422

appropriate size. In a previous study, it was
reported that doping with trace amounts of
Nd*3 prevented ion migration.[9] The control
of defects and rapid discovery of new
materials is crucial for enhancing the
performance of perovskite-based devices.[10]
The design, characterization and evaluation of
new dopant-free hole selective materials to
improve the performance and stability of
perovskite solar cells is one of the important
research topics in this regard.[11] The use of
these strategies can make the
commercialization of perovskite solar cells a
closer target.

The general chemical formula of perovskites
is ABXs, where X typically represents an
anion like a halide (e.g., lodine, Bromine, or
Chlorine). In  hybrid organic-inorganic
perovskites, there is an organic molecule at

—(D [S]
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the A site. Due to their electronic properties,
CH3(NH2)2* (FA) or CH3sNHs* (MA) cation
molecules are generally used in site A.
Unfortunately, the presence of organic
components renders perovskite compounds
thermally unstable. When the temperature
reaches 85 degrees Celsius, the MAPbI3 film
begins to disintegrate into Pbl, and other
byproducts,[12, 13] which severely restricts
the production, storage, and use of the
constructed devices.[14-17]

Therefore, there is an immediate need to
investigate  semiconductor  photovoltaic
materials with strong heat stability for
industrial device fabrication. Completely
inorganic perovskites, such as CsPbXs where
X represents halide ions (e.g., lodine,
Bromine, or Chlorine), are crucial for
addressing this issue In the CsPbX3 structure,
a Cs ion with a large ionic diameter is used
instead of organic molecules such as MA and
FA.[18, 19] Compared to organic-inorganic
perovskite  films, CsPbls significantly
improves heat resistance by delaying the
onset of thermal degradation until 450°C.
Moreover, the completely inorganic CsPbX3
exhibits extraordinary photoelectric
capabilities with high photoluminescence
(PL) quantum vyields, long carrier diffusion
lengths, and high defect tolerance, which
ensures their exceptional optoelectronic
properties.[20, 21] Due to the thermal
stability problems of organic-inorganic
perovskites with high PCE, CsPbls, which has
been examined in studies to find an
alternative structure, is a very promising
candidate for relatively high PCE when
compared to CsPbBrs and CsPbCls
structures.[22] The band gap of the cubic
phase inorganic perovskite CsPbls is 1.73 eV,
which is  suitable for  photovoltaic
applications.[23, 24] However, the phase
stability of CsPbls is low due to the smaller
radius of the Cs ion compared to organic
molecules such as MA.[25] For example, the
cubic phase of CsPbls is unstable at room
temperature.[22] One of the ways to
overcome this problem may be to replace the
| ion with the Br ion in certain ratios in the

Sakarya University Journal of Science 27(6), 1276-1285, 2023

the mixed halide

the subject of
research.[26, 27] With the CsPbl.Br
perovskite  produced by  appropriate
engineering methods, an efficiency of over
17% was obtained.[28]

Therefore,
has been

structure.
CSPbBr3-x|x

Besides stability, the band gap can be tuned
by using the ratio of Br and I ions in the
CsPbBraxlx  structure.[22]  Studies on
CsPbBraxlx in the literature have focused on
the band gap value of this material and,
accordingly, the changes in its optical
properties.[29-31] In addition to these studies,
it would be useful to examine in more detail
how the ratios of Br and | ions cause a change
in the band structure to explain the electronic
behavior of the material in technological
applications. The obtained data will shed light
on the mechanism of the proportional change
of the band gap. This work aims to fill this gap
and, therefore, will help us better understand
the role of CsPbBrsxIx in optoelectronic
applications.

In this study, a theoretical investigation of
the electronic structural and optical properties
of CsPbBr3.xlx using density functional theory
(DFT) calculations is presented. The results
provide insight into the band gap tuning
mechanism of CsPbBrsxlx and highlight the
impact of halide composition on its electronic
and optical properties. This study offers
valuable insights into the design and
optimization ~ of  CsPbBrsxlx  based
optoelectronic devices.

2. COMPUTATIONAL METHOD

Calculations in this study are based on density
functional theory (DFT). DFT calculations
were made using the CASTEP code based on
the plane wave pseudopotential method.[32]
The van der Waals density functional (vdW-
DF) method was used to treat the non-
covalent interactions in the system.[33, 34]
The exchange-correlation energy functional is
defined by the Perdew-Burke-Ernzerhof
(PBE) approach.[35] The interaction between
the valence electron and the ion nucleus was
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described by ultra-soft pseudopotentials. The
atomic configurations in the pseudopotentials
used are 5s?5p®6st for Cs, 5s25p®5d96s26p>
for Ph, and 4s%4p® for Br and 4s24p° for I. The
initial structures used in the calculations are
in cubic phase. The structures created are
shown in Fig. 1. The Brillouin region was
sampled in all unit cells with 6x6x6 and
13x13x13 Monkhorst-Pack[36] k-point grids
for geometric optimization and density of
state calculations, respectively. A plane wave
basis set was used to extend the wave
functions up to 250 eV Kkinetic energy cutoff.
Atomic positions and cell parameters were
optimized until the forces fell below 0.05
eV/A.

Br
Br
Pb Pb
|
(a) (b)
I
Pb Pb
Br

(c) (d)

Figure 1 Optimized structures of the studied
cases. (a), (b), (c) and (d) in the figure shows the
optimized structures of CsPbBrs, CsPbBr:l,
CsPbBrl; and CsPbls cases, respectively

For qualitatively characterizing interatomic
charge distributions, Bader analysis based on
the atom-in-molecule (AIM) theory was
employed. By integrating Bader volumes
surrounding atomic sites, it is possible to
determine local charge
depletion/accumulation. These volumes are
parts of the real space cell circumscribed by
zero-flux surfaces of the charge density
gradient vector field. Using a grid-based
decomposition  method developed by
Henkelman’s group,[37] the charge states of
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atomic species were identified in this study
(Table 1).

Table 1: Bader analysis of the studied cases

CsPbBrs CsPbBr2l CsPbBrl; CsPbls

Cs 084 0.90 0.85 0.84
Pb  0.68 0.69 0.61 0.44
Br -0.51 -0.55 -0.54 -

I - -0.50 -0.47 -0.43

3. RESULTS AND DISCUSSION

The calculations in this study started with the
CsPbBr3 cubic structure. The reason for
choosing the cubic structures used in the
calculations is that the band gap of CsPbls in
the cubic phase has the most suitable band gap
for tandem solar cells. The cubic phase is
unstable at room temperature, but techniques
are being developed to allow CsPbls to retain
its cubic phase for extended periods at room
temperature.[18] Other structures were
investigated gradually by adding the | ion
instead of Br ion. Fig. 1 shows the relaxed
structures without any restrictions. The
structural data obtained are listed in Table 2.

The optimized structure of CsPbBrs is cubic
and the length of the lattice parameters is
5.934 A. This value is close to the values of
5.87 A[38] and 5.85 A[39] obtained from
experimental studies. In terms of ionic radius,
the | ion has larger diameter than the Br ion.
Therefore, the length of the c lattice parameter
is longer in CsPbBr2l where an I ion is found
instead of a Br ion. Pb-1 and Pb-Br bond
lengths in the structure are 3.17 A and 2.98 A,
respectively. Accordingly, the lengths of the
lattice parameters a, b and ¢ are 5.964 A,
5.964 A and 6.350 A, respectively. In this
process, the angle between the lattice vectors
did not change and the 90 degree angle was
preserved.

As aresult of the increase in the number of the
I ions in CsPbBrly, the length of the lattice
parameter b increased compared to CsPbBr-l.
The lattice parameters b and c are equal in
length and have a value of 6.346 A. The
length of the lattice parameter a is shorter due
to the Pb-Br bond, and its value is 5.934 A.
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The angle between the lattice vectors has not
changed during the optimization process, and
their values have remained at 90 degrees. The
optimized CsPbls is cubic and the length of
the lattice parameters is 6.319 A. This value
is close to the experimental value of 6.289
A.[40] As can be seen in Table 2, the Cs-Br
length in CsPbBrs is shorter than the Cs-I
length in CsPbls. However, in in CsPbBrs—Ix
structures, the lengths of Cs-I and Cs-Br are
isotropic, and the length of Cs-1is shorter than
that of Cs-Br bonds.

Table 2 Values of structural parameters
calculated for the studied cases. a, b, and ¢
represent the lattice parameters. The units of

length are A
CstBr3 CstBrzl CstBrI2 CstI3
a 5.934 5.964 5.934 6.319
b 5.934 5.964 6.346 6.319
Cc 5.934 6.350 6.346 6.319
Pb-Br 2.97 2.98 2.97 -
Pb-1 - 3.17 3.17 3.16
Cs-Br 4.20 4.36 4.49 -
Cs-l - 422 4.34 4.47

The results of the Bader analysis are shown in
Table 1. In the cases studied, the charge
sharing of the Cs atom does not change much.
This is compatible with Cs energy levels
below VBM and above CBM in DOS
patterns. The charge loss of the Pb ion
increases with the inclusion of the I ion in the
system. The value of this loss is 0.44e in
CsPbls. The charge gains of Br and | ions are
close in the structures structures in which they
are found together. With the increase in the |
ion number in CsPbBr:—lx, the electron
excess of the | ion decreases. When all of the
ions around Pb are | ions, the charge excess of
the | ion, which has an electron excess of -
0.50e in CsPbBr:l, decreases to -0.43e. In
connection with this, electron loss of the Pb
ion decreases compared to other structures
and becomes 0.44e.

The density of state (DOS) patterns obtained
to examine the electronic structure are shown
in Fig. 2. In CsPbBrs, Br electrons dominate
in the valence band. The edge of the valence
band maximum (VBM) consists of Pb-Br

Sakarya University Journal of Science 27(6), 1276-1285, 2023

hybrid energy states in which Br electrons
dominate. The Cs electrons do not contribute
to the VBM edge and are approximately 1.74
eV below the VBM. The Cs ion also does not
contribute to the edge of the conduction band,
and the empty levels of the Cs ion are about
0.24 eV above the conduction band minimum
(CBM). The edge of the conduction band
consists of Pb-Br empty energy levels
dominated by Pb empty energy levels.

ZM

.a:-

%

CstBr I

/\\,_/\

CstBrl

':-—IJ'

DOS

(g

0 % ot

Energy (cV)

Figure 2 Obtained DOS patterns for the cases
studied. Black color in graphs shows total DOS
pattern. Other colors show partial DOS patterns

of the ions

The characteristic of the electronic structure
is semiconductor and the fermi energy level is
at the top of the VBM. The value of the band
gap formed between VBM and CBM is 1.68
eV. The value of the experimental band gap
measured for cubic CsPbBrs is 2.23 eV.[41]
The calculated value is lower than the
experimental value. This error is the known
error of the standard DFT, where the
exchange and correlation energy cannot be
fully defined. Although the calculated value
in this study is lower than the experimental
value, it is consistent with the values of 1.40
eV[42], 1.76 eV[43], 1.6 eV[44] calculated in
previous studies. In CsPbBr.l, the valence
band is predominantly composed of Br-I
hybrid energy levels.

The dominance of the | ion here increases in
proportion to the amount of the | ion in
CsPDbBrls. In both structures, Cs energy levels
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are located below VBM. However, in
CsPbBrls, the Cs energy levels are closer to
VBM. In both structures, Pb energy levels are
more dominant than Br and | energy levels at
the conduction band edge. The values of the
band gap is 1.49 eV and 1.43 eV for CsPbBr-I
and CsPbBrly, respectively. In CsPbls, the |
electrons dominate in the valence band. On
the conduction band side, as in the other
cases, Pb empty energy levels dominate. As
in the CsPbls structure, the Cs ion does not
contribute to the valence band and conduction
band edges in all cases examined. The value
of the calculated band gap of CsPbls is 1.38
eV. However, this value is lower than the 1.73
eV value obtained from the previous
experimental study.[45]

Fig. 3 shows the band structure of
CsPbBrs;—Ix perovskite with different iodine
concentrations. In all cases, the lowest band
gap is at the R symmetry point. The
transitional nature of the band gap is direct.
This result is consistent with previous
studies.[29, 30] The band gap decreases as the
iodine content increases from 0 to 3,
indicating that the addition of iodine can
effectively reduce the band gap of
CsPbBr3—«Ix perovskite. The band gap values
for CsPbBr3, CsPbBr-l, CsPbBrl,, and CsPbls
perovskite are 1.68, 1.49, 1.43, and 1.37 eV,
respectively. These results indicate that with
an  appropriate  iodine  concentration,
CsPbBrs;—Ix perovskite can have a band gap
close to the optimal value for maximum solar
conversion efficiency. However, it is worth
noting that the thickness of the calculated
structures should also be considered when
making assumptions about the suitability of
structures for power conversion efficiency.
Fig. 4 shows the CBM band structure of the
investigated cases in more detail.

In CsPbBrs—lx structures containing | and Br
ions together, separate empty energy levels
with close energies are formed in the CBM
located at the R symmetry point. Here, lower
empty energy levels are formed in proportion
to the number of | ions. As a result of this
decomposition, the energy difference

Sakarya University Journal of Science 27(6), 1276-1285, 2023

between these energy levels in the CBM is
approximately 0.18 eV in both cases. These
two energy levels merge when | ions
completely replace Br ions. A similar
situation exists at the point of symmetry, M.
The | ion pulls down the Pb empty energy
levels in the CBM. There is no such
separation in VBM. Fig. 5 compares the
calculated VBM and CBM energy levels of
the studied cases. The inclusion of | ions in
certain ratios to CsPbBrs does not only
narrow the band gap. It also shifts the CBM
and VBM energy levels. These data are in
agreement with the experimental studies on
the CsPbBrs—Ix structure [46].

6'—_ E S 7S ' . 6"' ": _— =
4 | [ 4+
Sier 17 s2?r i
2 A
30 /\ &0
g - o] B b | ZIN ]
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Figure 3 Obtained Band structures for the cases
studied. The 0 value in the graphs represents the
Fermi energy level. (a), (b), (¢) and (d) in the
figure shows the band structure of CsPbBrs3,
CsPbBr-l, CsPbBrl, and CsPbl; cases,

respectively

In the context of perovskite solar cells, the
CBM of the perovskite layer must be higher
than that of the electron transport layer (ETL)
to ensure efficient electron extraction and
transport from the perovskite to the ETL.
Accordingly, it is especially important that
the CBM level can be tuned by using the ratio
of the I ion in CsPbBrs;—lx. As the ratio of the
I ions in the structure increases, the band gap
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narrows and the energy levels of VBM and
CBM decrease at the same time.

/
1.8 \\\x //// 1.8 \\\\ #///
1.7 1.7
1.6 1.6
1.5 1.5
1.4 1.4
CstBr3 CSPbBrJ
1.8 1.8 \ /
1.7 1.7 /
1.6 1.6
1.5 1.5 \/
1.4 1.4
CstBrH Cgpbu

Figure 4 The more detailed view of the CBM
structures. The three energy bands in the CBM
are shown in different colors
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Figure 5 Comparison of VBM and CBM energy
levels in electronic structures. Orange and blue

colored bars represent CBM and VBM,
respectively. The values between the bars

indicate the value of the band gap

Energy (eV)

Fig. 6 shows the absorption coefficient plot
obtained for each case. The absorption
coefficient plot is compatible with the
obtained DOS and band structures. As the
ratio of the | ion increases in CsPbBrs—lx
cases, the plot of the absorption coefficient
shifts to red. This is associated with the
narrowing of the band gap. The shoulder
region, which has a top of 1.89 eV in the
CsPbBrs pattern in the plot, begins to become
obscure with the incorporation of the I ion
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into the structure. When compared in terms of
absorption coefficient, the addition of the |
ion increases the absorption coefficient of
CsPbBr3 in the visible region of the light
spectrum.

5e+06

— CsPbBr,
CsPbBr,|
42408 CsPbB,

— CsPbl,

3e+06

2e+06

Absorption Coefficient (m“)

1e+06 /

01.2 1.3' 14 1.5 16 1.7 1.8 19 2 2.1 2.2
Energy (eV)

Figure 6 Obtained absorption coefficient plot for
the cases

4. CONCLUSION

The study revealed that the incorporation of
iodine ions into the CsPbBr3 lattice can lead
to a significant reduction in the band gap
energy, making it a promising candidate for
photovoltaic and optoelectronic applications.
The data obtained in this study are especially
important for the CsPbBraxlx structure.
Studies on this structure in the literature have
focused on the effect of the | and Br ratios on
the band gap.[29-31] In this study, the
conduction band was investigated in more
detail. The obtained data show that the
coexistence of Br and | ions in the structure
creates an energy level similar to the shallow
energy levels caused by doping at the R
symmetry point in the band structure. Two
degenerate energy levels occur here.

The two energy levels close to each other are
formed in the CBM. The lower energy of
these energy levels is due to the I ion, while
the higher energy is due to the Br ion. This is
valid for the Br ion. Accordingly, two energy
levels are formed whose state densities can be
controlled using the ratio of Br and | ions.
Two energy levels close together in the CBM
will increase the area of the perovskite where
it can harvest light. Based on this mechanism
in CBM, it can be said that doping CsPbBr3

1281



Veysel CELIK

Mechanism of Tunable Band Gap of Halide Cubic Perovskite CsPbBr3—xIx

with | ions at certain rates will positively
affect the efficiency of the CsPbBrs
perovskite. Another result obtained is that the
ratio of | ions in CsPbBrs—lx changes with the
value of CBM and VBM energy levels. As the
ratio of | ions increases, CBM and VBM
levels are drawn to lower levels. This
situation can be used in perovskite-based
solar cells consisting of layers. In the context
of perovskite solar cells, the CBM of the
perovskite layer must be higher than that of
the electron transport layer (ETL)
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Abstract

This study explored nanosilica synthesis using colloidal silica, silica sand, and TEOS, utilizing
rotary evaporator drying, sol-gel, and titration methods. It examined the influence of these
techniques on silica’s functionalization and mechanical properties. Methacryloxypropyl
trimethoxysilane was employed for silanation, with silica characterized using various analytical
methods. Particle sizes from SEM images were 19 nm and 14 nm for rotary and sol-gel samples,
respectively, while titration samples showed an irregular structure. Zetasizer analysis revealed
larger particle sizes. The purity of silica powders ranged from 90% to 99%, and titration samples
demonstrated the highest silanability. When used in dental composites, rotary-evaporated silica

displayed promising suitability based on its mechanical and physical properties.

Keywords: Silica nanoparticles, silanization, sol-gel, titration, rotary evaporator drying

1. INTRODUCTION

Dental resin composites primarily comprise a
silane-modified inorganic filler and an
organic matrix [1]. The polymerization
process occurs within the dental cavity in the
presence of oxygen and water. However,
these composites can have cytotoxic effects
due to the release of free monomers during
monomer-polymer conversion. Therefore,
reducing the resin ratio by increasing the
amount of inorganic fillers is considered an
effective approach to minimize the toxicity of
oral cells in contact with restorations [2].

Moreover, incorporating a high level of
inorganic particulate reinforcing fillers is
essential to enhance the mechanical
properties of dental fillers, particularly for

posterior restorations. Pretreatment, such as
silanization of the inorganic matrix, is
necessary to ensure proper dispersion and
high filler content.

Notably, the development of technology has
introduced significant materials, including
nano-silica, nano-hydroxyapatite (n-HAP),
and carbon nanotubes (CNT). Silicon (Si) is
the second most abundant element in the
Earth's crust, primarily found in the form of
silica in rocks. Silica is frequently used as an
additive material in numerous studies due to
its large surface area, stable composition,
chemical inertness, non-toxicity, modifiable
structure, resistance to organic solvents,
thermal stability, easy availability, and low
cost [3].
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Silica particles are often modified with
suitable functional groups to enhance the
mechanical properties of dental composite
fillings [4]. This modification involves
covalent bonding or interactions, such as
hydrogen bonding and Van der Waals forces,
between various functional groups and the
silanol groups present on silica particles'
surfaces [5]. Nano-silica and silanized nano-
silica have found extensive use in aesthetic
restorative treatments in recent years.

Dental restorations are multi-phase materials
with a complex microstructure, comprising
one or more interfaces. The characteristic
feature of sharp interfaces is observed in
amalgam, resin-based, macro-sized glass, or
ceramic-filled composites. Silane coupling
agents, frequently employed in dental
restorations, enhance the interfacial
connection between the organic and inorganic
matrices in composites. They also reduce
viscosity during the process, alter surface
catalytic effects, and improve the dispersion
of particulate fillers. Silanization is a
traditional approach used to enhance the
surface properties of silica particles. It
involves chemically connecting the silanol
groups on the silica surface to silane
molecules through chemical reactions.

Various factors, such as pH, concentration,
organofunctional groups, solvent, application
method, and temperature of the silane
solution, influence the interfacial structures of
the silane coupling agent. In a given
resin/filler system, the physicochemical
nature of the silane coupling agents (chemical
structure, molecular size, hydrophobicity,
reactivity, functionality), the silanization
procedure employed, and the resulting silane
layer orientation and degree significantly
impact the physicochemical and mechanical

properties of the interphase and,
consequently, the composite [6]. The
durability of the interface in the oral

environment and its ability to transfer stresses
during chewing are vital characteristics of
dental composites. Silanized silica using
Methacryloxypropyl trimethoxysilane (A-

Sakarya University Journal of Science 27(6), 1286-1299, 2023

174) silane aims to improve the quality and
durability of the filler/matrix interface [7].

Within the scope of this study, nano-silica
will be synthesized and utilized as a
supporting phase in dental composite fillings.
The intermediate phase, derived from an
organosilane called silane coupling agents, is
designed to chemically bond with the matrix
and filler phases. Compared to conventional
composites with micro-sized fillers, the
interphase’'s impact on the physico-
mechanical properties is more pronounced in
nanocomposites. These fillers possess an
extremely high surface-to-volume ratio,
necessitating higher levels of silanization. A-
174 will be used as the silane coupling agent
in this study [8-9].

In recent years, various production methods
have been developed for nanoparticle
synthesis. However, two methods have been
used consistently from the past to the present.
One of these methods is the Stober method,
which involves a sol-gel process consisting of
hydrolysis and condensation reactions of
tetraethyl orthosilicate (TEOS) in alcohol,
water, and ammonia mixtures.

The other method is the microemulsion
method, which utilizes a single-phase system
comprising three main components [10-11].
In this study, nano-sized silica will be
synthesized using a titration process with
natural silica sand and the drying of
commercial Ludox Colloidal silica, in
addition to the sol-gel process [12].

1.1. Experimental

1.1.1. Synthesis of silica

Drying of Ludox Colloidal Silica by Rotary
Evaporator

A precise amount of 75 mL of colloidal silica
(Ludox AS-40, Sigma) is measured using a
precision scale. The measured sample is
transferred to a 250 mL glass flask and placed
inside the R device. The sample is dried for a
duration of 3 hours at a temperature of 60 °C
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and a rotation speed of 120 rpm in the R
device. It is worth noting that in previous
studies described in the literature, the dried
powders were subjected to grinding using a
ball mill. However, for this particular study,
the ground samples will not be utilized. Non-
milled silica samples exhibit superior
properties and smaller particle sizes
compared to the milled samples. Therefore,
the decision was made to exclude the milled
samples from this study [13].

Nanosilica Synthesis by Sol-Gel Method

To obtain silica nanoparticles, the following
procedure was followed:

1. Prepare a mixture by adding 21 mL of
ethanol (99.9%, Isolab) to 23 mL of pure
water (Millipore Simplicity, type 3). Mix the
solution using a magnetic stirrer at 60 °C for
10 minutes.

2. Add 0.9 ml of tetraethyl orthosilicate
(98% TEOS, Sigma Aldrich) to the solution.
Continue stirring the mixture at 60 °C for 20
minutes using a magnetic stirrer.

2. Next, add 50 mL of ammonia (25% NHs,
Isolab) to the solution. Allow the solution to
stir in a magnetic stirrer for 1 hour at 60 °C.

4. After 1 hour, remove the solution from
the magnetic stirrer and transfer it to a rotary
evaporator. Set the R to operate at 105 rpm
and 70 °C.

5. Allow the solution to dry in the R
under these conditions.

6. Following this procedure, silica
nanoparticles can be obtained.

Nanosilica Synthesis by Titration Method
The method used for the preparation of silica

nanoparticles from silica sand involves
several steps. Here is the procedure:

Sakarya University Journal of Science 27(6), 1286-1299, 2023

1. Obtain silica sand (S1-50-300D,
Mersin Sand) from Sisecam.

2. Perform calcination on the silica sand
to remove the chemical water present in the
sand.

3. Wash the calcined sand with pure
water. Centrifuge the sand in pure water to
allow it to settle at the bottom. Separate the
sand from the liquid phase and subject it to
calcination again.

4. Wash the calcined and cleaned sand
with a 5 M solution of sulfuric acid (95-97%
H2S04, Isolab) for 24 hours at 90 °C. Use
deionized water for the washing and drying
processes.

5. After washing the silica sand with
acid, react it in a 30% sodium hydroxide (98%
NaOH Pellet, Merck) solution for 30 hours.

6. Filter the mixture to obtain a clarified
liquid sodium silicate solution with a pH of
13.7.

7. Conduct titration of the sodium
silicate solution at 65 °C using a 15%
hydrochloric acid solution. Perform the
titration in seven slow steps, each step
reducing the pH to about 7 to obtain the silicic
acid solution. Between each seven titration
steps, carry out six continuous mixing steps,
stirring at 300 rpm at 65 °C. Each continuous
mixing step should decrease the pH of the
sodium silicate solution by 1.

8. Conduct continuous mixing steps for
30 minutes during each mixing step.

9. After completing the titration,
continue stirring the silicic acid solution at
300 rpm for 4 hours at 65 °C.

10.  Wash the silicic acid solution using
deionized water, then dry and mill it.

11. Calcine the silica in an oven at 950 °C
to obtain silica nanoparticles.
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Following these steps, silica nanoparticles can
be obtained from silica sand.

2.1.1. Silanization of silica powder

The modification of inorganic supporting
phase systems with organic molecules like
silane serves to decrease the hydroxyl groups
on the surface of the inorganic phase,
resulting in a shift from hydrophilic to
hydrophobic properties. Among the silaning
agents used in dental composites, 3-
methacryloxypropyltrimethoxy silane
(MPTMS/A174) is the most preferred. This
molecule contains both methoxysilane groups
that react with the inorganic supporting phase
and methacrylate groups that react with the
organic matrix. The following method was
carried out under room conditions with a
nitrogen atmosphere:

1. Add an appropriate amount of A174 to
a sealed glass bottle containing 380 mL of
ethanol:water (1:3) solution. Adjust the pH of
the solution to 3.5 using an acetic acid
solution and mix for 30 minutes.

2. Introduce the supporting phase system
to be modified into the solution under
vigorous stirring. Mix for 30 minutes on a
heated magnetic stirrer, followed by an
additional 10 minutes in an ultrasonic water
bath.

3. After mixing, reflux the mixture at
80°C for 6 hours.

4. Filter the mixture through filter paper
using vacuum filtration. Wash the resulting
precipitates with an ethanol/water (1:3)
solution to remove any unreacted silane
agent.

5. Dry the precipitates in a vacuum oven
at 60°C for 24 hours.

The ratio between the amount of silane (X;
Eqg.1) used as the binding agent and the
amount of supporting phase to be treated can

Sakarya University Journal of Science 27(6), 1286-1299, 2023

be determined using the equation suggested
by Arkles:

X=AxTfo 1)
Where:

X: Amount of binding agent (g)

f: Amount of supporting phase (g)

A: Surface area of supporting phase (m?/g)

o: Wetting surface of silane (314 m?/q)

2.1.2. Production of dental
filling materials

composite

The following steps were undertaken in the
process:

1. BisGMA  (bisphenol  A-glycidyl
methacrylate) and UDMA  (Urethane
dimethacrylate) were heated in an ultrasonic
bath at 40°C.

2. BisGMA, UDMA, TEGDMA
(triethyleneglycol-dimethacrylate), and
HEMA (2-hydroxyethyl methacrylate) were
accurately weighed using a precision balance
and added to the sample vessel.

3. The prepared organic matrix mixture
was supplemented with 60%, 70%, and 75%
of the supporting phase, according to the
specified ratios.

4. Camphorquinone (0.2%) and 4-
EDMAB (0.8%) were added to the mixture.
The resulting mixture was then processed in a
SpeedMixer device at 2000 rpm for 6
minutes.

5. The composite fillings were allowed
to reach room temperature and were then
placed in Teflon molds using a spatula.

6. Both sides of the Teflon molds were
positioned on a glass plate and secured with
clamps.
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7. The samples were cured by exposing
them to a Blue-LED light device for 20
seconds, resulting in the formation of
composite fillings.

Table 1 provides information on the
supporting phases utilized in the dental
composites, along with their corresponding
ratios and code numbers.

Table 1 Supporting phases, ratios and code
numbers used in dental composites.

Supportive Supportive Phase Ratio

Phase Type 65 70 75
R C1 C2 C3
R/SA C4 C5 C6
R/SN Cc7 C8 C9
T C10 Cl1 C12
T/SA C13 Cl4 C15
T/SN C16 C17 C18
S C19 C20 c21

2.1.3. Characterization

In the study conducted by Yildiz Technical
University, the particle size measurement of
nano silica samples was performed using the
Zeta-Sizer device (Nano ZS, Malvern). The
powders to be measured were mixed with
deionized water using an ultrasonic
homogenizer for 4 minutes, and a 0.001%
(w/v) colloidal solution was prepared. The
Zeta-Sizer device was used to measure the
particle size in the prepared colloidal solution.

The surface area measurements of the filler
phase systems were carried out using the BET
(Autosorb-6b, Quantochrome) device. The
non-silaned powders underwent a degassing
process at 300 °C for 3 hours before the
surface area measurements were taken. The
surface morphology properties of the silica
powders were examined using a Field
Emission Scanning Electron Microscope (FE-
SEM, Zeiss Sigma 300). The samples were
coated with a 20-30 nm thick layer of gold for
FE-SEM analysis and analyzed using an
energy of 10 kV.
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In this study, the wettability degree of silica
nanoparticles in the presence of silane (A174)
was measured using the capillary rise method.
This method involved measuring the increase
in liquids with different polarities (water and
hexane) over time by monitoring the mass
gain. A schematic presentation of the system
used for the capillary rise method is shown in
Figure 1 of the study. The samples were
manually placed in a glass column with a
diameter of 4 mm and a height of 10 cm. The
column was sealed with a non-woven fabric
to support the particle bed. The mass decrease
of the container, including the polar (water) or
nonpolar (hexane) liquid, was recorded every
5 seconds using an electronic balance. The
time t=0 corresponds to the moment when the
column is submerged in the wetting liquid. It
is important to note that the packing of
particles and the procedure of the experiment
play a significant role in obtaining reliable
results. The packing of particles was
conducted under the same tapping time and
number to ensure consistency.

In the study, after recording the values of
mass gain as a function of time, the modified
Washburn's equation was used, which
incorporates the dependence of mass gain and
time [14-15]. The relationship between liquid
mass and height in a column is described by
Equation 2:

2 _ Cp?ycosB
n

m

()

In this equation, "m" represents the mass of
the liquid, C is the effective pore diameter, p
is the density, vy is the surface tension, and n is
the viscosity of the liquid.

The 20 region of the silica supporting phase
systems was scanned at 0.02° intervals and
0.5 s/min. X-rays used for scanning were
obtained from the Rigaku MiniFlex 600,
operating at 40 kV and 15 mA, using a
parabolic filter and Cu-Ka radiation. The
mean crystal size of the supporting phase
structures was determined using the Scherrer
equation (Equation 3):
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wetting tube
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1

Figure 1 Laboratory set-up used for contact angle
measurements by capillary rise method

In this equation, D represents the crystal size
in angstroms (A) calculated using the (0 0 2)
reflection, k is the shape factor (usually taken
as 0.9), A is the wavelength of X-rays
(1.54059 A for Cu-Ka radiation), 0 is the
angle of reflection for the (0 0 2) plane, and 3
is half the width of the diffraction peak in
radians.

3. CONCLUSIONS AND DISCUSSION

3.1. XRD and ICP Analysis Results of
Silica Powders

When examining the XRD spectra of the
silica samples in Figure 2, it is observed that
the R sample exhibits an amorphous crystal
structure, while the T sample exhibits a low
cristobalite structure. In Figure 3, the XRD
pattern of standard low cristobalite SiO> is
provided, and the ICSD reference number 01-
076-0941 is used. The R sample does not
display a regular crystal structure. The T
sample, on the other hand, has approximately
99% SiO> content. Its crystal phase and cubic
lattice parameters are approximately 4.99 A
on the a-axis, 4.99 A on the b-axis, and 7.02
A on the c-axis [16]. An additional weak peak
is observed at 27.5°, along with a strong
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cristobalite peak at 21.8°. These weak peaks
seen in Figure 3 have been identified as
tridymites (ICDD PDF No. 39-1425.

— T T

— T T T T T T T T T T T

9900

i

6600 =

3300 5

(=]
T T

()]
'y
[=]
[=]
T

o 3400

Intensity (cps)

1700 -

21300 |- A 1
14200 |-

7100 -
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2Theta (Degree)

Figure 2 XRD scans of T, S and R Silica
structures

According to the Debye-Scherer equation
(Equation 3) and the calculations performed
in Figure 4, the crystal size of SiOz in the T
sample was determined to be 29.928 nm. The
B value used in Equation 3 represents the
maximum half-full width (FWHM) of the
dense peak, and based on this value, the
crystal size was calculated to be 29.928 nm.

(b)

S|O:. 01-076-0941 (Cristobalite low)

Intensity (a.u.)

: 1 -

0 2|0 30 40 50 60 70 80
26 (degree)

Figure 3 XRD pattern of standard low

cristobalite SiO, [17]
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Figure 4 Scherrer plot of T sample

Silica is a mineral component that can contain
smaller amounts of other elements such as
magnesium, calcium, iron, and aluminum
[18]. The average purity values of silica
samples obtained through different methods
range from 99.25% to 99.48% by weight.
Table 2 provides information about the
impurities present in silica and their
respective ratios.

Table 2 Parameters used in crystal size
calculation
Crystal Size Parameters
A (A) 0 p
(FWHM)
0.94 154178 21.52 0.28521

*: The K value must be between 0.68 and 2.08. It is
usually taken as 0.94.

k*

The developed titration method for silica
production is considered environmentally
friendly compared to the traditional colloidal
silica drying method, and it offers the
advantage of lower production costs. The
drying process with colloidal silica results in
the production of silica with higher purity
(Table 3). However, it should be noted that
the difference in purity levels is not
significant.

3.2. FE-SEM, BET and Zetasizer Analysis
Results of Silica Powders

In Figure 5a, FE-SEM images of dried silica
samples in the rotary evaporator (R) device
are shown. These images reveal that the
particle size distribution of the R-coded
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sample ranges from 19 to 21 nm. The rotary
evaporator device consists of a heating bath, a
cooling condenser, a cooling circulator, a
vacuum pump, a glass flask for drying the
product, and a collection flask. The vacuum
pump is a crucial component of the R device
as it directly affects the process performance
by providing controlled vacuum at
appropriate temperature values. Controlled
vacuum reduces the vapor pressure of the
evaporator system, allowing the solution to
evaporate at lower temperatures without
disrupting the structure of solvents.
Additionally, the vacuum pump lowers the
boiling point of the main material, enabling it
to separate from the environment without
production techniques are provided in Table
4.

Table 3 Impurities and proportions in silica

powders
Conc. Rotary Titration  Sol-Gel
(ppm) Evaporator
Mg 576.1 56.1 195
Al 809.1 1750.1 236
Ca 362.2 19.84 226.3
Fe 142.7 196.9 117
Si 362691.7 270613.0 1521
Total 364581.8 2726359  2295.3
Si % 99.48 99.25 66.2

It was observed that the surface areas of silica
nanoparticles synthesized by the sol-gel
method were higher compared to the surface
areas of silica nanoparticles dried in the R.
During zeta measurements, the particle size of
the silica powders was found to be larger than
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the particle size obtained from the BET and
SEM results. This difference in particle sizes
can be attributed to the particles not being
stably suspended in the solution. Over time,
agglomeration occurs, leading to an increase
in particle size. Analyzing the particle
distributions based on density (as depicted in
Figure 6), it can be observed that all samples

ENT = 600kV
WO = 72mm

Signal A = InLens
Mag = SO00KX

initially have a smaller particle size
distribution, but as the particles agglomerate,
both the particle size and distribution
increase. It is known that the closer the
polydispersity (Pdl) value is to zero, the more
homogeneous and narrower the particle size
distribution is.

EHT = 6.00 kV

WD = 54 mm Mag = 50.00 K X

ZEISS

DAYTAM

Figure 5 FE-SEM images of silica powders produced by different silica synthesis methods; (a) Rotary
Evaporation, (b) Sol-Gel, (c) Titration

Under controlled vacuum, the solvent
evaporated by the rotary evaporator passes
through the condenser, thanks to the cold
environment provided by the cooling
circulator's pure water, and condenses in the
collection flask. In the R drying process, the
centrifugal force and friction between the
rotating glass evaporating flask and the liquid
sample are utilized. There is no existing
literature on silica drying using the R method.
It is expected that the rotary evaporator device
will minimize agglomeration in nano-silica
production. Therefore, it was selected as one
of the silica synthesis methods for
experimental studies. Silica powder dried
with R exhibits a more uniform particle size
distribution, indicating that water molecules
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are effectively removed from the environment
through the R route and result in uniform
drying in all directions. Considering the Pdl
value of silica powders, sol-gel and titration
methods have lower Pdl indices compared to
the rotary method. This indicates that silica
powders produced with a rotary evaporator
have a more homogeneous particle size.

In Figure 5b, FE-SEM images display the S-
coded SiO2 powders produced using the Sol-
Gel method. These powders exhibit a grain
size ranging from 14 to 30 nm and possess a
spherical structure. The S test parameters
involved a process temperature of 60 °C.
Conducting the process at an elevated
temperature increased the surface area and led
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to a decrease in particle size. Figure 5c
illustrates the FE-SEM images of T-coded
silica powders. The ignition temperature of
silica powders is 450 °C. Calcination
processes conducted above this temperature
affected the morphology of the silica
particles, resulting in an irregular structure
resembling a sea sponge. The porous structure
is believed to enhance mechanical adhesion
by allowing the organic matrix to settle within
the pores. Calcination increased the size of
SiO2 particles, and the particle size was
confirmed through Zeta and theoretical
particle size analysis. The surface area and
grain size properties of the silica supporting
phase systems were evaluated. Surface area
and particle size measurements of silica
powders obtained through different

Table 4 Structural and physical properties of
colloidal silica prepared using different synthesis

techniques
Structural
properties of Structural properties of the
the  primary primary silica
silica
Rotary Titration
Evaporation SO(I'S?EI Method
(R) (M
Theoretical
particle size 17 14 -
(nm)
Zetasizer
particle size 107 181 184
(nm)
BET surface
area, Seer 131 158 0.012
(m?g™)
Polydispersity
(Pdl) 0.835 0.586 0.575

When examining the Pdl values obtained
from the zeta analysis, Figure 6 confirms that
silica powders produced via the sol-gel and
titration methods have a more homogeneous
size distribution compared to the R method.
In the case of the R sample, the zeta analysis
revealed the lowest particle size. This
indicates that the silica powders dried using
the rotary evaporator exhibit a lower tendency
for agglomeration compared to other silica
powders. The rotational movement of the
powders during drying in accordance with the

Sakarya University Journal of Science 27(6), 1286-1299, 2023

principles of the rotary evaporator contributes
to this reduced agglomeration tendency. The
rotational movement ensures homogeneous
drying and minimizes the particle size
distribution.

R Size Distribution by Number

Number (Percent)

01 | 10 100 1000 10000

Size (d.nm)

Record 5: R0 2 == Record 6: RO 3|
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Intensity (Percent)

0.1 1 10 100 1000
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10000

== _Record 46: S2 1 Record 47:52 2 m—— Record 48: S2 3

ize Distribution by Intensity
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) . WA
0.1 1 10 100 1000
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Figure 6 Size distribution of silica nanoparticles
by density

Record 49: T1 1 Record 50: T1 2 — Record 51: T1 3

3.3. Evaluation of Wettability Properties of
Silica/Silane Structures

The contact angle results presented in Figure
7 provide insights into the wettability of the
samples. When analyzing the capillary rise
method, it's important to consider factors such
as particle size, shape, and distribution, as
they can influence the wettability of the
powder. Previous studies have shown that
larger particles tend to have lower contact
angles, particularly for liquids with more
polar components like water. For instance,
Neirinck et. al. [19] investigated the wetting
behavior of iron silicide (FeSi) spherical
particles and magnetite (FesOs) irregular
particles in different particle size ranges up to
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100 um. They observed a stronger decrease in
contact angle with particle size for the
spherical particles compared to the irregular
particles. The smoother spherical shape
contributed to improved wetting behavior,
particularly for larger particles.

B, Contact Angle

Figure 7 Effect of Silane A-174 on the
wettability properties of silica samples

In the context of silica characterization
studies, Sample T demonstrated the most
favorable results. However, the wettability of
silica powders produced by the sol-gel
method was found to be very low. Figure 8
illustrates the relationship between contact
angle and silica surface area. Generally, as the
surface area increases, the contact angle also
increases, indicating reduced silaneability
properties of silica. This trend is consistent
with previous studies in the literature, which
have reported a decrease in particle size as
surface area increases. Sample T, with its
irregular structure, exhibited a lower contact
angle compared to samples with a spherical
particle structure and higher surface area
values. This observation aligns with the
Cassie-Baxter equation, which considers
heterogeneous wetting and suggests that
liquid traps air in surface voids. In this
scenario, the contact area between the liquid
and solid is minimized, while the area
between the liquid and air is maximized.
Spherical particles tend to have larger voids
compared to irregular particles, allowing for
more air to be trapped between the liquid
surface and powder surfaces. As a result, the
contact angle increases. Higher contact angles
indicate lower wettability properties of the
powder. Therefore, Sample T demonstrated

Sakarya University Journal of Science 27(6), 1286-1299, 2023

higher wettability properties compared to the
other samples.

Contact Angle-Surface Area Relationship

158

140 131

20 0,012
R T s

Figure 8 Relationship between contact angle and
surface area

3.4. Mechanical Properties of Silica and
Silica-Silane Systems Used in Dental
Composites

Dental composites cured using blue light are
commonly utilized for the restoration of
anterior and posterior teeth due to their
favorable mechanical properties, clinical
performance, and machinability. The addition
of a high proportion (>60%) of supporting
phase to the composite is done to enhance its
performance, where one of the benefits is
minimizing polymerization shrinkage by
increasing the polymer conversion rate [19].

Polymerization shrinkage and fracture of
composite restorations are major factors
contributing to clinical failures. Restorative
dental composites experience compressive
and bending forces, making the evaluation of
flexural and compressive strength crucial in
determining their mechanical properties.
Compressive strength reflects the forces
encountered during chewing, while bending
strength characterizes the fracture behavior of
dental composites, especially in class
restorations that are exposed to high forces.
Dental composites with high compressive and
bending strength not only protect the material
against breakage but also safeguard the tooth
structure. Although the I1ISO 4049 Dentistry
Polymer-based restorative materials standard
does not specify a definite limit for
compressive strength, the bending strength is
required to be greater than 80 MPa. The
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similarity of the mechanical properties of the
composite to those of natural teeth is essential
in assessing the quality of the composite
material.

In the current study, the supporting phase
ratios and codes of the produced composites
are presented in Table 1. The x-axis
represents the type of supporting phase, while
the y-axis indicates the percentage of filler. In
Table 5, the "*" symbol denotes
underloading, and the "**" symbol denotes
overloading. The "-" symbol indicates that the
sample did not come out of the bending mold
and remained in a fragile structure. Based on
the codes in Table 1 and the mechanical
properties in  Table 5, the following
composites were deemed liquid due to
insufficient loading ratio: C1, C4, C7, C10,
C13, and C16. Due to the low light
transmittance of C11, Cl14, and C17
composites, the polymerization process could
not be fully realized. Consequently, these
composites are not suitable for use as
restorative materials due to their poor
mechanical properties, and the flexural
strength value could not be measured.

Table 5 Mechanical properties of dental
composites containing different silica supporting
phase and ratio (*: Underloading ratio, **:
Overloading ratio, -: samples that do not come
out of the bending mold)

R R/SA R/SN T T/SA T/SN S

65 70 * * ok x * 67
c.|70 85 987 1102 - - - xx
75 ** 117 125 **% ** **% **%
65 * * * * * * 188
ob|70 2885 3172 3087 - - - xx
75 ** 31578 35275 ** ** **% **%
Considering the XRD results of the

supporting phase systems produced using the
titration method, it is evident that the silica
exhibits a crystalline structure. Crystalline
structures have tighter grain arrangements,
resulting in weaker light transmittance. On
the other hand, amorphous structures (non-
crystalline) have higher light transmission as
they possess interbond spaces. Considering
these results, T, T/SA, and T/SN composites
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were not utilized as supporting phases in
subsequent studies. The S sample had a
particle size distribution of 0.1-1 um. It was
observed that the S sample did not possess
sufficient bending strength when compared to
other supporting phase systems. C3
composite experienced difficulties in gaining
consistency and remained in a powder form
due to the 75% loading of the supporting
phase. In contrast, C9 composite materials
exhibited higher mechanical properties
compared to other composites.

The composition of the supporting phase,
particle geometry and size, as well as their
distribution in the composite, significantly
affect the physical and mechanical properties
of the composite. The higher mechanical
properties of the C9 composite in our study
can be attributed to the increased content of
the supporting phase, which helps minimize
polymerization shrinkage and shrinkage
stress by reducing the volume of the organic
matrix. The interface connection between the
matrix phase and the inorganic supporting
phases is a crucial element in dental
composite fillings. The quality of interfacial
bonding directly impacts the mechanical
properties of the composite. Poor mechanical
adhesion and susceptibility to fracture can
occur when there are defects at the interface.
To address this issue, the use of silane-based
binders is necessary to enhance the interfacial
bonding, reduce aggregation of the inorganic
supporting phases, and increase the charge of
the supporting phase [20].

Examining Table 5, it can be observed that the
use of silanated silica significantly improved
the mechanical properties. The silanization
process was conducted under two different
environmental conditions. Silanation in a
nitrogen atmosphere, which deprived the
environment of oxygen, led to stronger
bonding between the -OH groups on the silica
surface and the silane agent. This improved
interfacial connection resulted in higher
mechanical properties exhibited by the C8-C9
composites.

1296



AYDINOGLU et al.

Production Methods Effect on Nanosilica Properties

3. CONCLUSION

In this study, we conducted a comprehensive
investigation on the impact of different
production techniques (Rotary Evaporator,
Sol-Gel, and Titration) on the morphology,
silanation efficiency, and physical and
structural properties of silica nanoparticles.
Additionally, we examined the effect of these
nanoparticles produced by different methods
on the mechanical properties of dental
composites. We found that handling smaller
particle-sized grains in the Rotary Evaporator
technique led to higher loading of silica in
dental composites and improved their
mechanical properties.

On the other hand, nano silica produced by the
sol-gel method exhibited a hydrophobic
structure, eliminating the need for silanation.
However, this method had the lowest
production efficiency, which limited its
practical use. The titration method, primarily
used for silica sand purification, provided a
more economical product with high silane
wettability. However, the downside of this
method was its long production process,
which impacted its applicability compared to
the Rotary Evaporator method. Furthermore,
the crystal structure and low light
transmittance of silica nanoparticles produced
by the Titration method hindered the
polymerization process and resulted in poor
mechanical properties of the composite.
Consequently, these composites were not
suitable for use as restorative materials, and
their flexural strength value could not be
measured.

The silanation ability of silica nanoparticles
was assessed through contact angle
measurements, revealing that nanoparticles
obtained by the Titration method exhibited
the lowest contact angle. The irregular
particle structure contributed to filling the
gaps between grains, thereby increasing the
silanation  properties of the silica
nanoparticles.
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Considering all the results, it was concluded
that nano silica produced using the Rotary
Evaporator method was the most suitable for
use in dental composites.

Acknowledgments

This study was supported within the scope of
TUBITAK TEYDEB University-Industry
Cooperation project number 5190009 and
Yildiz Technical University Scientific
Research  Project Coordinator's project
numbered FYL-2019-3598.

Funding

The authors have no received any financial
support for the research, authorship or
publication of this study.

Authors’ Contribution
The authors contributed equally to the study.

The Declaration of Conflict of Interest/
Common Interest

No conflict of interest or common interest has
been declared by the authors.
The Declaration of Ethics Committee
Approval

This study does not require ethics committee
permission or any special permission.

The Declaration of Research and
Publication Ethics

The authors of the paper declare that they
comply with the scientific, ethical and
quotation rules of SAUJS in all processes of
the paper and that they do not make any
falsification on the data collected. In addition,
they declare that Sakarya University Journal
of Science and its editorial board have no
responsibility for any ethical violations that
may be encountered, and that this study has
not been evaluated in any academic
publication environment other than Sakarya
University Journal of Science.

REFERENCES

R. K. Ravi, R. K. Alla, M. Shammas, A.
Devarhubli, “Dental Composites-A

[1]

1297



[2]

[3]

[4]

[5]

[6]

[7]

[8]

Sakarya University Journal of Science 27(6), 1286-1299, 2023

AYDINOGLU et al.

Production Methods Effect on Nanosilica Properties

Versatile Restorative Material: An
Overview.,” Indian Journal of Dental
Sciences, vol. 5, no. 5, 2013.

M. Sozzi, C. Fornaini, G. Lagori, E.
Merigo, A. Cucinotta, P. Vescovi, S.
Selleri, “Dental composite
polymerization: a three different
sources comparison,” in Lasers in
Dentistry XXI, SPIE, 2015, pp. 25-29.

A. Patodiya, M. N. Hegde, “Dental
composites: past, present and future,”
National Journal of Community
Medicine, vol. 3, no. 04, pp. 754-756,
2012.

M. M. Karabela, 1. D. Sideridou,
“Synthesis and study of properties of
dental resin composites with different
nanosilica particles size,” Dental
materials, vol. 27, no. 8, pp. 825-835,
2011.

V. L. Snoeyink, W. J. WEBER JR,
“Surface functional groups on carbon
and silica,” in Progress in Surface and
Membrane Science, vol. 5, Elsevier,
1972, pp. 63-119.

J. Jiang, J. Cao, W. Wang, J. Xue, “How
silanization influences aggregation and
moisture  sorption  behaviours of
silanized silica: analysis of porosity and
multilayer moisture adsorption,” Royal
Society Open Science, vol. 5, no. 6, p.
180206, 2018.

J. P. Matinlinna, C. Y. K. Lung, J. K. H.
Tso1, “Silane adhesion mechanism in
dental applications and surface
treatments: A review,”  Dental
materials, vol. 34, no. 1, pp. 13-28,
2018.

P. Jiangkongkho, M. Arksornnukit, H.
Takahashi, “The synthesis,
modification, and application of
nanosilica in polymethyl methacrylate
denture base,” Dental Materials

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Journal, vol. 37, no. 4, pp. 582-591,
2018.

A. Aydmoglu, A. B. H. Yorug, “Effects
of silane-modified fillers on properties
of dental composite resin,” Materials
Science and Engineering: C, vol. 79, pp.
382-389, 2017.

I. A, Rahman, V. Padavettan,
“Synthesis of silica nanoparticles by
sol-gel:  size-dependent  properties,
surface modification, and applications
in silica-polymer nanocomposites—a
review,” Journal of Nanomaterials, vol.
2012, p. 8, 2012.

I. A. Rahman, P. Vejayakumaran, C. S.
Sipaut, J. Ismail, C. K. Chee, “Effect of
the drying techniques on the
morphology of silica nanoparticles
synthesized via sol-gel process,”
Ceramics International, vol. 34, no. 8,
pp. 2059-2066, 2008.

D.-L. Yang, Q. Sun, H. Niu, R.-L.
Wang, D. Wang, J.-X. Wang, “The
properties of dental resin composites
reinforced  with  silica  colloidal
nanoparticle clusters: Effects of heat
treatment and filler composition,”
Composites Part B: Engineering, vol.
186, p. 107791, 2020.

B. Oztiirk, M. Yavuz, A. Aydmoglu, O.
Giiven, A. B. Y. Hazar, “Effect of
different drying techniques on silaning
efficiency,” Ceramics International,
2021.

A. Siebold, A. Walliser, M. Nardin, M.
Oppliger, J. Schultz, “Capillary rise for
thermodynamic  characterization of
solid particle surface,” Journal of
Colloid and Interface Science, vol. 186,
no. 1, pp. 60-70, 1997.

M. O. Kangal, G. Bulut, O. Guven,
“Physicochemical characterization of

1298



AYDINOGLU et al.

Production Methods Effect on Nanosilica Properties

natural wollastonite and calcite,”
Minerals, vol. 10, no. 3, p. 228, 2020.

[16] 1. M. Joni, L. Nulhakim, M. Vanitha, C.
Panatarani, “Characteristics of
crystalline silica (SiO2) particles
prepared by simple solution method
using sodium silicate  (NazSiO3)
precursor,” in Journal of Physics:
Conference Series, I0OP Publishing,
2018, p. 012006.

[17] Y.Wang, Q. Zhao, N. Han, L. Bali, J. Li,
J. Liu, E. Che, L. Hu, Q. Zhang, T.
Jiang, S. Wang “Mesoporous silica
nanoparticles in drug delivery and

biomedical applications,”
Nanomedicine, vol. 11, no. 2, pp. 313—
327, 2015.

[18] R. A. Bakar, R. Yahya, S. N. Gan,
“Production of high purity amorphous
silica from rice husk,” Procedia
Chemistry, vol. 19, pp. 189-195, 2016.

[19] B. Neirinck, J. Van Deursen, O. Van der
Biest, J. Vleugels, “Wettability
assessment of submicrometer alumina
powder using a modified washburn
method,” Journal of the American
Ceramic Society, vol. 93, no. 9, pp.
2515-2518, 2010.

[20] H. A. Rodriguez, W. M. Kriven, H.
Casanova, “Development of
mechanical properties in dental resin
composite: Effect of filler size and filler
aggregation state,” Materials Science
and Engineering: C, vol. 101, pp. 274—
282, 2019.

Sakarya University Journal of Science 27(6), 1286-1299, 2023 1299



@ SAKARYA UNIVERSITESI

FEN BILIMLERI ENSTITUSU

DERGISI

Sakarya University Journal of Science
SAUIJS

ISSN 1301-4048 | e-ISSN 2147-835X | Period Bimonthly | Founded: 1997 | Publisher Sakarya University |
http://www.saujs.sakarya.edu.tr/

Title: Investigation of Effect of Machining Process Paramaeters on Surface Quality

Authors: M. Safak BARAN, Osman H. METE

Recieved: 1.06.2023
Accepted: 25.09.2023
Article Type: Research Article

Volume: 27

Issue: 6

Month: December
Year: 2023

Pages: 1300-1310

How to cite

M. Safak BARAN, Osman H. METE; (2023), Investigation of Effect of Machining
Process Paramaeters on Surface Quality. Sakarya University Journal of Science,
27(6), 1300-1310, DOI: 10.16984/saufenbilder.1308329

Access link

https://dergipark.org.tr/en/pub/saufenbilder/issue/80994/1308329

New submission to SAUJS
http://dergipark.gov.tr/journal/1115/submission/start



FEN BILIMLERI ENSTITOSO
DERGISI
rya University Journal of Sclence (SAUJS)

~

SAKARYA

‘;é ‘s'éa.? Sakarya University Journal of Science 27(6), 1300-1310, 2023 UNIVERSITY

\\\\\\\

Investigation of Effect of Machining Process Paramaeters on Surface
Quiality

M. Safak BARAN "%, Osman H. METE!

Abstract

Machining method is the most commonly used manufacturing method in the industry. The
product, which is chipped on the raw material with the help of a cutting tool, is finalized. The
manufactured product must be within the dimensional and geometric tolerances determined by
the designer in order to discharge its functionality. In addition to these tolerances, surface
quality is expected. In this study, the effect of the process parameters on the surface quality of
the milling operation, which is the most commonly used machining method, was investigated
as experimentally. Experimental design was carried out by using Taguchi Lig orthogonal array
and the effect of four process parameters on the surface quality was investigated. ANOVA was
carried out in order to investigate the effect of process parameters on experiment results and
their statistical significance. The validity of experimental model was investigated by comparing
the actual experimental results with the estimated results obtained by Minitab 19. According to
Taguchi results; conventional cutting direction, 282 m/min. cutting speed, 0.15 mm/rev. feed
rate and 0.5 mm cutting depth were found optimum levels of parameters. P value was found
0.00014 in ANOVA for feed rate parameter and it was found the most important parameter on
the experiment results. R? of experiment model was found % 91.4 according to comparison
result.

Keywords: Machining, process parameters, surface quality, Taguchi

1. INTRODUCTION correct machining methods are critic on
product quality and tolerances. Surface

Machining is the process of removing quality is a product feature, which increases

unwanted material from a work piece in the
form of chips [1]. With this method, it is
possible to obtain products with micron level
precision by using latest technology CNC
machines. In the milling process, the surface
roughness is one of the important properties
indicating work piece quality [2]. Correct
process parameters, correct machine and
cutting tools selection, determination of the

the fatigue strength and provides the sealing.
The designer determines correct surface
quality, especially for the surfaces, which
work in constant contact with another surface,
and lets this required value know the
manufacturer with the help of technical
drawing. Therefore, manufacturer must
understand correctly required surface
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quality and define the parameters according to
required values.

In this study, machining process parameters
were focused. Usually these parameters,
during machining operations according to
cutting tool catalog data or experience of
operators were selected. In this experimental
study, for cutting direction two levels, for
another parameters three levels were selected
and totally eighteen experiments were carried
out.

The purpose of this study is having knowledge
based on experimental data and to determine
optimum process parameters values for mass
production conditions. For this purpose, using
design of experiment method, both the
optimum levels were determined and
relationship between the parameters were
examined on the surface quality.

2. MATERIAL AND METHOD

In this section, materials used in the
experimental study and test method were
informed. GG25/EN- GJL -250 cast iron raw
material was used in the experiments. The

; &

Iii-gure 1CNC mAachining center

Table 3 Properties of machining center [5]

Number of controlled axes 4

Table sizes 60x60
Number of tables 2
Maximum load on table 800 kg

X axis travel 800

Y axis travel 700

Z axis travel 750

B axis rotation travel 360 degree
Maximum spindle rotation ~ 10.000 rpm
speed

Spindle power 22 kw
Number of tools 60

In rough milling operation, the cutting tool

chemical ~ components —and  mechanical \ynich has 63 mm cutting diameter and 6 flutes
properties of the material are given in table 1 a5 sed while in finish operation, the cutting
and in table 2.

Table 1 Chemical components of GG25 [3]

tool which has 50 mm cutting diameter and 6
flutes was used. Rough operation cutting tool
is seen in figure 2. Dimensional properties for

C Fe Mn P Si S this tool ) in table 4
IS 100l are given In table 4.

%2.95  9%92.63 %055 %0.10 %2.1 %0.040 g

%3.45  %94.26  %0.75 %0.20 %2.9  %0.070

Table 2 Mechanical properties of GG25 [4]

Density Hardness sTt(:Qr?gfh
r/cm?® HB
(gr/cm?) (HB) (Mpa)
7.30 180 155
4 axes Doosan HP 5550 horizontal CNC
machining center was wused in the

experiments. It can be seen in Figure 1.
Properties of machining center are given in
table 3.

Sakarya University Journal of Science 27(6), 1300-1310, 2023

Figure 2 Rough cutting tool [6]
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Table 4 Properties of rough cutting tool [7]

Table 6 Properties of rough cutting inserts [11]

Cutting diameter (Dc) 63

Shank diameter (d1) 27
Functional length (14) 50
Cutting length (Lc) 10
Number of inserts 6

Maximum rotation speed  15.000 rpm

Finish operation cutting tool is seen in Figure
3. Dimensional properties for this tool are

given in table 5.

-
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Figure 3 Finish cutting tool [8]

Table 5 Properties of finish cutting tool [9]

Cutting diameter (Dc) 50
Shank diameter (d1) 22
Functional length (l4) 40
Cutting length (Lc) 12
Number of inserts 6

Maximum rotation speed 20.200 rpm

In rough milling operation, SNMX 120520-
D27 WKK25S coded square cutting inserts,
while in finish milling operation, LNHU
130608R-55T WKK 25S coded rectangle
cutting inserts were used. Rough operation
cutting insert is seen in Figure 4. Dimensional
properties for this insert are given in table 6.

| S

Figure 4 Rough cutting insert [10]
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Number of cutting edges 8

Cutting edge length (1) 12.7
Insert thickness (s) 5.55
Corner radius (r) 2

Insert angle 90 degree

Finish operation cutting insert is seen in
Figure 5. Dimensional properties for this
insert are given in table 7.

r j b

1O

— S |-

Figure 5 Finish cutting insert [12]

Table 7 Properties of finish cutting insert [13]

Number of cutting edges 4

Cutting edge length (1) 13

Insert width (I2) 12

Insert thickness (s) 6.8

Wiper edge length (b) 2.2

Corner radius (r) 0.8

Insert angle 90 degree

Mitutoyo  SJ-400  surface  roughness

measuring device was used to measure test
samples. Sampling value (N) as 5, sampling
length as 2.5 mm and evaluation length as
12.5 mm were chosen. Measuring speed is 1
surface

mm/s. In Figure 6,
measuring device is seen.

roughness

Figure 6 Surface roughness measuring device
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2.1. Design of Experiment

Design of experiment is a series of experiment
performed by changing in the levels of
experiment parameters in order to provide
optimum results in a process. Experimental
studies in engineering, product and process
development play an important role [14]. In
this study, in order to optimize the levels of
each parameter, Taguchi method, which is one
of the designs of experiment method, was

used. Taguchi experimental design is a fully
accepted method which further enables to
perform analysis and optimization for
minimum number of  minimum number of
experiments [15]. In table 8, Lig orthogonal
array based on Taguchi design is given. For
smaller is better function, formula is shown in
the following.

S

1
~ = —10log C XL, ¥:%) 1)

Table 8 Taguchi based experimental design

Experiment A B C D
No

1 1 1 1 1
2 1 1 2 2
3 1 1 3 3
4 1 2 1 1
5 1 2 2 2
6 1 2 3 3
7 1 3 1 2
8 1 3 2 3
9 1 3 3 1
10 2 1 1 3
11 2 1 2 1
12 2 1 3 2
13 2 2 1 2
14 2 2 2 3
15 2 2 3 1
16 2 3 1 3
17 2 3 2 1
18 2 3 3 2

3. EXPERIMENTAL STUDIES

Surface roughness stands one of the important
characteristics of a component produced [16].
In machining processes, this characteristic
depends on some parameters. For this reason,
machining parameters should be considered
well. As mentioned in the previous section, by
using Taguchi Lis orthogonal array,
experimental studies were carried out. For
rough milling operation, fixedly 1.500 rpm
and 0.8 mm/rev were chosen as cutting
conditions. Since finish milling is the last
operation, experimental studies were carried
out by changing machining parameters of @50
cutting tool. Experiment parts were machined
both in rough milling operations and in finish
milling operations under dry condition. As

Sakarya University Journal of Science 27(6), 1300-1310, 2023

parameters, cutting direction, cutting speed,
feed rate and cutting depth were selected. For
cutting  direction, climb milling and
conventional milling, for cutting speed; 282
m/min, 314 m/min and 345 m/min, for feed
rate; 0.15 mm/rev, 0.40 mm/rev and 0.65
mm/rev for cutting depth; 0.2 mm, 0.5 mm
and 0.8 mm were selected. After determined
orthogonal array and selected levels of every
parameter, recorded experimental results and
converted to S/N ratios. In table 9, experiment
results are given.
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Table 9 Experiment results and S/N ratios

Experiment  Cutting Cutting Feed rate Cutting Surface SIN
No direction speed (Vc) 0) depth (ap)  roughness
m/min. mm/rev. mm (Ra) u

1 Climbing 282 0.15 0.2 0.439 7.151
2 Climbing 282 0.40 0.5 0.666 3.531
3 Climbing 282 0.65 0.8 1.075 -0.628
4 Climbing 314 0.15 0.2 0.450 6.936
5 Climbing 314 0.40 0.5 0.651 3.728
6 Climbing 314 0.65 0.8 1.316 -2.385
7 Climbing 345 0.15 0.5 0.415 7.639
8 Climbing 345 0.40 0.8 0.779 2.169
9 Climbing 345 0.65 0.2 0.934 0.593
10 Conventional 282 0.15 0.8 0.413 7.681
11 Conventional 282 0.40 0.2 0.450 6.936
12 Conventional 282 0.65 0.5 0.441 7.111
13 Conventional 314 0.15 0.5 0.336 9.473
14 Conventional 314 0.40 0.8 0.631 3.999
15 Conventional 314 0.65 0.2 0.976 0.211
16 Conventional 345 0.15 0.8 0.577 4,776
17 Conventional 345 0.40 0.2 0.592 4,554
18 Conventional 345 0.65 0.5 0.656 3.662

3.1. Optimization of Parameters

the greatest mean value is subtracted from the
smallest value. Thus, the most important

Taguchi method aims to achieve the best parameter is found on experiment results. For
levels of every parameter and considers S/N  optimization, the greatest calculated mean
ratio in order to find optimum levels. For all  S/N ratios are chosen. Table 10 shows mean
level, mean values are calculated afterward, S/N ratios and rank of every parameter.

Table 10 Response for signal to noise ratios

Level Cutting Cutting speed  Feed rate Cutting depth
direction (Vo) ) (ap)

1 3.193 5.297 7.276 4.397

2 5.378 3.660 4.153 5.287

3 3.899 1.427 2.602

Delta 2.186 1.636 5.849 3.255

Rank 3 4 1 2

Minitab 19 provided the graphs obtained from  cutting depth were determined as optimum
the experiment results. According to graphs; levels. Optimization results are seen in Figure
conventional milling, 282 m/min cutting 7.

speed, 0.15 mm/rev feed rate and 0.5 mm

Sakarya University Journal of Science 27(6), 1300-1310, 2023
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Main Effects Plot for SN ratios

Data Means

Cutting direction

Mean of SN ratios

2

1
Climbing

Signal-to-noise: Smaller is better

Cutting speed m/min.

Conventional 282 314 345

Feed rate mm/rev. Cutting depth mm

0.15 0.40 0.65 0.2 0.5 0.8

Figure 7 Optimization results

3.2. Analysis of VVariance

Analysis of variance (ANOVA) is performed
in order to determine the individual
interactions and effects of all control factors in
an experimental design [17]. On the other
hand, statistical significance of procured
results is tested. For this purpose, firstly SSt
value, which shows total variance of signal to
noise ratio, is calculated.

SSt = Zinzl(Yi - Ym)2 (2)
SStvalue is separately sum of squares of each
factor and plus sum of square of error. Sum of
square of each factor is calculated.

SSa = 2?:1 [Vai(¥a — Ym)?] 3)
Afterwards, F test is carried out. For each
parameter, mean sum of square is divided to
mean error value and thus, F value is
calculated. According to the degree of
freedom of parameters and error, critic value
is seen on the F table. After that, this critic
value is compared with the calculated F value.
By comparing these values, it is decided that
whether this parameter is statistical
significance or not.

In addition, contributions of parameters on
experiment results can be seen in ANOVA.
Table 11 shows the ANOVA results.

Table 11 ANOVA of experiment results

Factors DF SS Contribution MSS F P
Cutting direction 1 0.15180 %12.50 0.15180 11.56 0.00678
Cutting speed 2 0.06405 %5.27 0.03203 2.44 0.13724
Feed rate 2 0.64515 9%53.11 0.32258 24.56 0.00014
Cutting depth 2 0.22241 %18.31 0.11120 8.47 0.00706
Error 10 0.13135 %10.81 0.01314

Total 17 1.21477 %100

roughness [19]. Depending on the cutting
direction, two surface roughness equations
were found. For climbing milling direction
equation 4, for conventional milling equation
5 can be used.

3.3. Regression Equations

Regression analysis is the analysis method
used to measure the relationship between two
or more variables [18]. Because of the
different parameters in the study, regression
analysis can be performed for surface

Sakarya University Journal of Science 27(6), 1300-1310, 2023 1305



Ra = —0.149 + 0.00126Vc + 0.923f +

0.264ap

Ra = —0.332 + 0.00126Vc + 0.923f +

0.264ap

3.4. Comparison Actua
Predict Results
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I Results

(4)

(5)

with

In this section of study, actual experiment
results were compared with predicted results
calculated by Minitab 19. The comparison
was made at %95 confidence interval and R?
of experiment model was found as %91.4. In
table 12, predicted experiment results are
shown. Quadratic regression model and
comparison actual results with predicted

results are seen in Figure 8.

Table 12 Predicted surface roughness results

Experiment  Cutting Cutting Feedrate  Cutting Predicted surface
no direction speed (Vc) 0) depth (ap) roughness (Ra) p
mm/min. mm/rev. mm
1 Climbing 282 0.15 0.2 0.440
2 Climbing 282 0.40 0.5 0.517
3 Climbing 282 0.65 0.8 1.060
4 Climbing 314 0.15 0.2 0.586
5 Climbing 314 0.40 0.5 0.663
6 Climbing 314 0.65 0.8 1.206
7 Climbing 345 0.15 0.5 0.406
8 Climbing 345 0.40 0.8 0.867
9 Climbing 345 0.65 0.2 0.980
10 Conventional 282 0.15 0.8 0.415
11 Conventional 282 0.40 0.2 0.446
12 Conventional 282 0.65 0.5 0.605
13 Conventional 314 0.15 0.5 0.290
14 Conventional 314 0.40 0.8 0.751
15 Conventional 314 0.65 0.2 0.864
16 Conventional 345 0.15 0.8 0.493
17 Conventional 345 0.40 0.2 0.525
18 Conventional 345 0.65 0.5 0.683

Surface Rougness (Ra) p = 0,2953 + 0,0877 Predict Surface Roughness(Ra) p
+ 0,6179 Predict Surface Roughness(Ra) nu"2

Surface Rougness (Ra) p
<

0.2

Regression
95% CI
95% PI

0.4

0.6

0.8

S
R-Sq
R-S

q(adj)

1.0

Predict Surface Roughness(Ra) n

0,0836403
91.4%
90,2%

1.2

Figure 8 Quadratic regression model and comparison results

Sakarya University Journal of Science 27(6), 1300-1310, 2023
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3.5. Verification Tests

The final step of optimization of process is to
test the validity of the optimization. In this
context, it is necessary to determine the
confidence interval for the accuracy of the

optimum machining process parameters
determined by Taguchi [20]. Therefore,
according to optimum levels of each

parameter, ten experiments were carried out.
Optimum levels are seen in table 13 and
verification test results are seen in table 14.

Table 13 Optimum parameters and levels

Parameters Levels
Cutting direction Conventional
Cutting speed (Vc) 282 m/min.
Feed rate (f) 0.15 mm/rev
Cutting depth (ap) 0.5 mm

Table 14 Results of verification tests
Experiment no Experiment results (Ra)

0
0.335
0.272
0.245
0.247
0.209
0.227
0.288
0.215
0.244
0 0.261

P OoONOOIT WNBEF

Average of verification results was found as
0.254 micron. Afterwards, the confidence
interval was calculated by using equations (6)
and (7) which are shown in the following.

1 1
Cl= JF0,05(1, vIVe(——+3) (6)
eff r
N
Neff = Toym ()

Foos (1,v,) means the F value at %95, Ve
means the error variance, N means the total
number of experiments, VT means the total
main factor degrees of freedom and r means
the number of replications for the
confirmation experiments.

Fo,05 (1,10)=4.965 (form F table), Ve=0.0134,

Sakarya University Journal of Science 27(6), 1300-1310, 2023

N=18, V1=7, r=10, nef=2.25.

According to the equations (6) and (7), Cl was
calculated as 0.188. For optimum levels,
prediction mean surface roughness was found
as 0.144 micron by Minitab 19.

The following equation was used to determine
whether the optimization study with Taguchi
method is valid at %95 significance level or
not.

Ragp — C.1 < Rapean < Ragpe + C.1 (8)

0.144-0.188<0.254<0.144+0.188
-0.044<0.254<0.332

Since Ramean is determined within the limit
according to equation 8, the optimization
process can be admitted successfully.

4. CONCLUSIONS

In this study, GG25 cast iron was machined
under dry conditions. Milling process is
intrinsically an interrupted  machining
method.  The temperature variations are
exacerbated when the cutting edge goes into
and out of cut. The hotter the cutting zone is,
the more unsuitable the use of cutting fluid
becomes [21]. Due to the high temperatures,
milling operations were performed without
using cutting fluid.

Totally, four process parameters were
investigated and found their optimum levels.
The experiment levels, for cutting speed, feed
rate and cutting depth were determined from
the cutting tool catalog. By converting,
experiment results to S/N ratios, optimum
levels were found.

4.1. Evaluation of Conclusions

According to the mean S/N values shown in
table 10, the surface roughness value obtained
with the conventional cutting method is %40
lower than the surface roughness value
obtained with the climbing cutting method.
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When the cutting speed was increased from
282 m/min to 314 m/min, the surface
roughness value increased by %30. When the
cutting speed was increased from 314 m/min
to 345 m/min, the surface roughness value
decreased by %6.

When the feed rate was increased from 0.15
mm/rev to 0.40 mm/rev, the surface roughness
value increased by %50. It was observed that,
the surface roughness value increased by
%34, when the feed rate was increased from
0.40 mm/rev to 0.65 mm/rev.

When the cutting depth was increased from
0.2 mm to 0.5 mm, the surface roughness
value decreased by %25. When the cutting
depth was increased from 0.5 mm to 0.8 mm,
it was observed that, the surface roughness
value increased by %55.

According to the ANOVA results, the most
important parameters on surface roughness
were determined feed rate, cutting depth,
cutting  direction and cutting  speed
respectively. When the P values were
examined, all experiment parameters except
of the cutting speed were found statistically
significant.

Experiments were carried out with the
optimum levels obtained according to the
Taguchi design. The validity of the
experimental model was admitted by
comparing the mean of the verification test
results with the mean optimum test result
calculated by Minitab 19.

As in similar studies, in this study feed rate
was found the most important parameter on
the surface quality. In addition, it was
observed that the relation between tool radius
and cutting depth affects on the surface
quality. Unlike similar studies, cutting speed
is not statistical significance. As an additional
parameter, the effect of cutting tool direction
was investigated on the surface quality.

Sakarya University Journal of Science 27(6), 1300-1310, 2023

4.2. Discussions

As work piece in this study, GG25 cast iron
was used and with conventional milling,
surface roughness value was found lower. In
climbing milling, the cutting tool is feed with
the direction of rotation. Chip thickness
decreases from the start of cut and gradually
reaches zero at the end of cut. In conventional
milling, the cutting tool is feed with the
opposite direction of rotation. Chip thickness
starts at zero and increases toward the end of
the cut. Normally lower surface roughness
value is expected in climbing direction.

Due to hard layer of casting material,
maximum chip thickness at the entrance of the
cutting tool to the work piece causes chatter
and affects surface quality adversely. In order
to demonstrate, same study can be performed
with different materials such as steel, stainless
steel, aluminum and can be investigated effect
of cutting direction on surface roughness.

Surface roughness was found lowest with the
lowest cutting speed. However, as cutting
speed increased, the surface roughness value
decreased again. Additionally since P value
was found bigger than 0.05, this parameter
was not admitted statistically significant on
the surface roughness.

Experiment results show that, the most
important parameter on the surface roughness
is feed rate. As feed rate value decreases,
lower surface roughness values are found. The
reason is that when the feed rate increases, the
cutting tool removes more chips on the
material. However, low feed rate value causes
more wear on cutting inserts because inserts
contact the work piece longer time, which
means that, cost of cutting insert and
machining time increase. Therefore, in order
to determine process parameters for serial
conditions, technical drawings must be
analyzed well.

Increasing the cutting depth to 0.5 mm
decreased the surface roughness, while
increasing the cutting depth from 0.5 mm to

1308
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0.8 mm increased the surface roughness.
Lower cutting depth with higher cutting insert
radius causes vibration on the raw material
and this affects surface quality adversely.
When the cutting depth and cutting insert
radius edge are used same, a more balanced
cutting is expected, while the surface
roughness value was found higher. The reason
is that increasing cutting depth increases the
temperature and the friction between work
piece and cutting tool. Result of this study is
recommended that, in order to achieve a lower
surface roughness cutting insert radius should
be considered when determining cutting
depth.

In addition to cutting direction, cutting speed,
feed rate and cutting depth some parameters
such as entrance angle of tool, depending on
the work piece geometry and tool diameter
radial cutting depth, number of cutting inserts
on cutting tool can be investigated on surface
roughness.
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Adaptive Control of an Inverted Pendulum by a Reinforcement Learning-
based LQR Method

Ugur YILDIRAN ™

Abstract

Inverted pendulums constitute one of the popular systems for benchmarking control algorithms.
Several methods have been proposed for the control of this system, the majority of which rely
on the availability of a mathematical model. However, deriving a mathematical model using
physical parameters or system identification techniques requires manual effort. Moreover, the
designed controllers may perform poorly if system parameters change. To mitigate these
problems, recently, some studies used Reinforcement Learning (RL) based approaches for the
control of inverted pendulum systems. Unfortunately, these methods suffer from slow
convergence and local minimum problems. Moreover, they may require hyperparameter tuning
which complicates the design process significantly. To alleviate these problems, the present
study proposes an LQR-based RL method for adaptive balancing control of an inverted
pendulum. As shown by numerical experiments, the algorithm stabilizes the system very fast
without requiring a mathematical model or extensive hyperparameter tuning. In addition, it can
adapt to parametric changes online.

Keywords: Reinforcement learning, LQR, inverted pendulum, Q-learning, adaptive control

1. INTRODUCTION

An inverted pendulum is an underactuated
system for which the goal is to stabilize a rod
around the unstable equilibrium at the upright
position. There are different variants of it such
as single pendulum, double pendulum, the
pendulum on a chart, and rotary pendulum
[1]. This system constitutes one of the
important benchmarks for control algorithms
due to its instability and nonlinearity.
Moreover, it is representative of some
important real-life problems including human
walking, rocket guidance, and balancing
scooters.

Inverted pendulum systems have been
extensively studied in the literature, and
various control methods have been
implemented to stabilize them. Linear output
or state feedback methods, such as PID or
LQR control, were applied in [2-4] while
sliding mode control was used in [5] for
robust stabilization. A fuzzy control
algorithm was employed in [6], and a
nonlinear Model Predictive Control approach
was developed in [7]. Recently, an Active
Disturbance Rejection strategy was proposed
in [8]. Hybrid algorithms combining different
methods were also explored in [1, 4, 9, 10].
Although these studies achieved stabilization
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and satisfactory performance, they rely on a
mathematical model of the system. Such
models can be obtained by applying first
principles or using system identification
techniques. However, modeling is a time-
consuming task requiring human effort.
Furthermore, derived models may not be
valid if there are changes in the system over
time, leading to performance degradations or
instabilities.

Motivated by these complications, some
researchers employed Reinforcement
Learning (RL) techniques for the control of
inverted pendulum systems. In [11], a batch
reinforcement learning method was proposed
for a wheeled pendulum robot. The
underlying Q-learning algorithm is based on a
finite Markov Decision Process (MDP)
framework, which requires discretization of
state and action spaces and represents the Q-
function in a tabular form. The paper [12]
compared different RL algorithms applied to
an inverted pendulum. Similarly, they
approximate the continuous system as a finite
MDP. Due to discretizations, the methods
investigated in [11, 12] suffer from the well-
known curse of dimensionality problem.

In the last years, another line of research tried
to benefit from function approximations to
alleviate the curse of dimensionality problem
[13-16]. These papers utilized Deep Neural
Networks (DNN) for representing actors and
critics. Parameters of DNNs were updated
through policy gradient algorithms to find the
best Q-function approximation and policy
corresponding to system dynamics and
reward function. Although pendulums could
be stabilized, training was too slow and took
many episodes to converge. Moreover, it may
be necessary to make many trials to set
hyperparameters properly and get rid of local
minima. Online adaptation also seems to be
problematic due to these reasons.

LQR is a well-known method for the optimal
control of dynamic  systems. The
corresponding policy has a simple linear
form, and the associated value function (also

Sakarya University Journal of Science 27(6), 1311-1321, 2023

the Q-function) can be shown to be quadratic.
Thus, for the LQR problem, the optimal actor
and critic have simple forms [17]. This
alleviates the need for using complex function
approximations. Consequently, one can
expect significant speed-ups in the training
process. Moreover, hyperparameters of
DNNs and their tuning can be eliminated.
With this observation in mind, in [18], a
simple and efficient LQR-based Q-learning
algorithm was proposed. This approach
gained significant interest very recently [19-
21].

The LQR method was demonstrated to be
successful in stabilization of inverted
pendulum systems in past studies as
mentioned above. Moreover, it is possible to
devise an RL counterpart of this method for
fast leaning-based control as discussed.
Motivated by these facts, in the present study,
an LQR-based RL algorithm is developed and
implemented for optimal adaptive control of
an inverted pendulum system. The algorithm
is elaborated and its success is demonstrated
by simulations.

The paper is organized as follows. The
inverted pendulum model is introduced in
Section 2. The proposed LQR-based RL
algorithm is described in Section 3.
Simulation results verifying its stability,
convergence, and adaptation capabilities are
presented in Section 4. The main findings are
discussed in Section 5.

2. MATHEMATICAL MODEL

The inverted pendulum system considered in
this study is depicted in Figure 1. As can be
seen from the figure, the system is composed
of a chart and a pendulum attached to it. The
mass of the pendulum, m, is represented as a
point mass located at the end of the rod. Chart
mass, chart position, and pendulum angle are
denoted as M,y, and @, respectively. The
force input is shown as w. Friction forces are
neglected.
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p—— M

F— v

Figure 1 Inverted pendulum system

The mathematical model of the system can be
obtained by deriving associated Lagrangian
equations. Since this procedure is well
known, the details are skipped, and the final
model is given below. The reader is referred
to [3] for derivations.

9._ucos@—(M+m)gsin9+mlézcosesin9
h mlcos?26 — (M + m)l

u + mlh?sin@® — mgsin6 cos 6

V= M +m —mcos?0

In the above, g represents the gravitational
constant. By defining the state vector as x =
[6,6,v,7], the state space model can be
expressed as

X = X
) ucosx; — (M +m)gsinx,
X2 = ml cos? x; — (M + m)l
ml x2 cos x; sinx;

* ml cos? x; — (M + m)l
X3 = X4
i u + milx3 sin x; — mg sinx; cos x;
Y =

M +m —mcos? x;

In this work, a discrete-time approach will be
employed for the control of the inverted
pendulum based on Q-learning. Thus, the
state space model introduced above will be
discretized for controller implementation.
The Euler approximation method will be used
for this purpose. The resulting system will
have the following form

Sakarya University Journal of Science 27(6), 1311-1321, 2023

m = Xepq = fu(xp, ue), 1 1)
where x;, € R™ and u, € R™. For the inverted
pendulum system considered, one has n = 4
and.

3. PROBLEM FORMULATION

The goal is to stabilize the system around the
unstable equilibrium point at the upright
position without performing a swing up. This
stabilization region can be expressed as

S={x, ERMX<x <X}

where X and X are vectors of lower and upper
bounds in the state space such that the origin
is contained in S.

Since the RL algorithm will work in the
vicinity of the equilibrium point x, = 0, the
system can be represented well by the
following discrete-time linear dynamics,
which corresponds to the linearization of the
nonlinear dynamics given in (1).

Xer1 = f(xp,up) = Axp + Buy

The stabilization problem can be formulated
as a deterministic Markov Decision Process
(MDP) with continuous state and action
spaces. To be more specific, it can be
represented by the tuple (S, A, f,r,y). Here,
S is the state set defined above, A = R is the
action set, f is the linear state equation
introduced  above, r(x;u;) = x{Qx; +
u;Ru; is the quadratic reward function, and
y is the discount factor.

The associated reinforcement learning task is
to find deterministic policy ™S — A
optimizing the following problem.

o

minz yir(x,, up)
=

S.toxer = f(xe up)

u; = m(x,)

)
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For the linear state equations and quadratic
cost given above, and y = 1, this becomes
equivalent to the following Linear Quadratic
Regulator (LQG) problem from control
theory [22].

(00}
min Z x{Qx¢ + utRuy
K
t=0

3)

s.t. x¢41 = Axy + Buy
ut = th

Note that in the RL literature, the discount
factor y is usually chosen smaller than one in
order to ensure having a finite objective value
for an optimal solution. However, it is a very
well-known fact that the optimal solution of
(3) is finite for a system having controllable
dynamics [17]. Thus, we chose safely y = 1,
which corresponds to the formulation
commonly accepted in the control literature.

The proposed algorithm will automatically
learn the optimal state feedback gain
corresponding to this problem by interacting
with the system without making use of a
mathematical model (i.e. system matrices A
and B will not be available). Learning will
comprise episodes that will be repeated till
achieving stabilization. Each  episode
terminates when the pendulum states get out
of S.

4. LQR-BASED Q-LEARNING
ALGORITHM

The proposed RL strategy is based on a Q-
learning method. In the sequel, firstly Q-
learning will be described. Then, its
adaptation to LQR control will be introduced.

4.1. Q-Learning Method

Define the optimal infinite horizon value
function associated with (2).

Sakarya University Journal of Science 27(6), 1311-1321, 2023

o)

V(x;) = min z Yr(e, ug)
T

=t
5.t Xps1 = f (X ) “)
ur = 1(x;)
The associated optimal Q-function (action-
value function) that gives the minimum total
reward after taking action u, can be defined
as

Q(x, ue) =1(xe,ue) +¥yV(xee1) (%)

where x;,, = Ax; + Bu,.

The well-known Q-learning algorithm allows
learning an optimal Q-function by interacting
with the environment using the following
update rule [17, 23].

O, ur) « (1 — a)Q(xe, ue) +

@ (1o u) + v minlQGresr, we)l). (6)

where a is the learning rate, which should
satisfy 0 < o < 1. This rule updates the Q-
function Q by taking a weighted average of its
old value with the new target value appearing
in the second term on the right-hand side (the
term within the parentheses which is
multiplied by a). In this way, it can calculate
expectations  for  stochastic  problems
statistically by performing filtering (temporal
difference method). But for deterministic
problems, like the LQR problem considered
in this study, the learning rate can be taken as
a = 1 since there is no expectation.

If the optimal Q-function is known, the
desired optimal policy can be obtained by
solving the following optimization problem

m(x,) = argmin Q (x¢, u;)
Ut

()
4.2. Q-learning for the LQR Problem

As described in Section 3, for the LQR
problem given in (3), the discount factor and
learning rate can be takenasy =1 and a =
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1. Thus, the following simplified learning rule
can be obtained from (6).

Q(xe, up) & r(xg,u) +

min[Q (x¢41, Ups1)]
Ut+1

(8)

To be able to apply this update rule, one needs
to choose a proper representation for the Q-
function. The simplest choice can be a tabular
representation. It can be employed to
approximate the Q-function by discretizing
state and action spaces. But tabular
representation  makes the  Q-learning
algorithm impractical for high dimensional
systems due to the curse of dimensionality
problem. The space and time requirements
grow exponentially with the number of
dimensions.

Fortunately, for the LQR problem formulated
in (3), it is a well-known fact that the Q-
function can be expressed exactly as a
quadratic function of state and action vectors
without making any approximation [18]. In
other words, it can be written in the following
parametric form.

Q(xp, ue) = [ii],M iz]

where, M € R(+mX(n+m) s the symmetric
parameter matrix. Since M is symmetric, it
has nm+m+1)xn+m)/2 free
parameters. This is very small when
compared with the memory requirements of a
tabular representation, which can represent
the Q-function only approximately.

For the LQR problem, given the Q-function,
one needs to obtain the corresponding policy
by solving (7). This can be done conveniently
using linear algebra techniques because the
function Q is a quadratic function of the action
u;. To this end, partition the parameter matrix
M as follows.

Mll

M
-l 5
M21

M22

Sakarya University Journal of Science 27(6), 1311-1321, 2023

where M;; € R™", (M;,)' = M,, € R™",
and M,, € R™™, Then, it can be easily
inferred that the u, minimizing (7) is attained
at  u,=Kx,, Wwhere K= M;M,,.
Consequently, the learning rule (8) can be
written as

Q(xp, ue) « r(xg,ue) +
[ Xe+1 ] [ Xe+1 ] 9)
Kx¢iq Kxtiq

This identity will be employed to update the
parameter matrix M in the RL algorithm. To
be more specific, the right-hand side of the
equation will generate target values for the
function Q based on state observations and
rewards received from experiments. One
option is to employ each target value
generated immediately to update the matrix M
using a gradient descent algorithm. But this
method will bring an additional meta
parameter, step-size, for which a proper value
should be determined. In addition, gradient
descent algorithm can hurt the stability of the
overall system.

To overcome these complications, in the
present study, a batch learning type approach
is employed. As the system interacts with the
environment, ng, samples will be generated
from observations for states and inputs in
addition to target values generated by the
right-hand side of (9), which will be denoted
as follows.

State samples: xg.g4n.—1 =t (X5, ) Xs1ny-1),

Input samples: Us.s4n.—1 = (Us, o) Usiny—1),

Target samples:

tar . tar

— tar
QS:s+n5—1 = (qs

[N QS+ns—1)r
where s is the start of the sampling window.

Then, these samples are used to construct the
following set of equations whose solution
gives the parameter matrix M of the updated
Q-function appearing on the left-hand side of

9).
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tar

=g, T=8s:s+n;—1

][]

Using matrix algebra, these equations can be
expressed as

vee() ([y] ® [i]) = ot

T=s:s+n,—1,

(10)

where @ represents the Kronecker product
operator and vec(M) is the row vector
obtained by stacking the rows of matrix M
horizontally.

Clearly, (10) is a set of linear equations in
elements of M. It is known that under an e-
greedy exploration strategy with large enough
€, they will be linearly independent [24].
Thus, one can find a unique solution by
choosing ng=(m+m+1)xn+m)/2
because the number of equations will be at
least as much as the number of unknowns.
The matrix M can be found by solving the
following least squares optimization problem.

. 1,
min —ee
! 2
s.t. Avec(M) —b =e,
where 4 is the matrix whose rows are

obtained by stacking the row vectors
[xr,ur] @ [xr,ur], t=s:s+n,—1, and b
is the column vector whose elements are
g%, t = s:s + ny, — 1. The solution is given
by the following equation

vec(M)' = (A’A)"1A'D. (11)

4.3.Proposed Algorithm

Making use of material presented in Section
4.2, one can obtain the algorithm given in
Figure 2.

The algorithm starts by initializing state
vector x,, matrix M, time index t and sample
window start time index s. The initial control
gain is also computed in line 4 from the initial
M matrix.

Sakarya University Journal of Science 27(6), 1311-1321, 2023

This is followed by the while loop which is
executed throughout the experiment. The loop
is composed of three blocks.

In the first block, one time step of the
experiment is executed as follows. In line 6,
the gain K is multiplied by the state vector x;
and a random exploration noise ¢ is added to
compute the input u, from the e-greedy
policy. Then, reward and next state are
calculated in lines 7 and 8 from the applied
input u, and state observation x;. These are
used in line 9 to obtain a target value for the
Q function.

The second block of the loop is for updating
the Q-function. More specifically, after every
n, iteration, the algorithm executes the body
of the if statement. In this part, the new M
matrix is computed by solving (11) making
use of input, state, and reward observation
collected in the last n, time steps.

1 M =init_ M()
2 1o =init_x()
3 t,s=0
a4 K =—My' My
5 while True do
// One step simulation
6 u = Kxy + ¢
7 ry = xyQy + up Ruy
8 Tiy1 = f(2r,up) )
tar _ .. Tt41 Tt41
° 4 =Tt L(-Ttil} M L‘f-’rul]
// Q-function update
10 ift==s+n;—1then

11 M « solution of (11)
12 s=t+1

// Episode termination
13 if not X < r < X then
14 L x =init_x()

15 if |M| > H then
16 M =init_ M()
17 x =init_x()

18 t=t+1

Figure 2 Proposed LQR-based Q-learning
algorithm
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The third part comprises two termination
criteria. In the first one, if the state vector gets
out of the state set S defined by the lower
bound X and the upper bound X, it is reset to
an initial position. Similarly, the second
criterion checks whether the matrix M
diverges. If the norm of M gets larger than a
chosen threshold H, it is reset to an initial
matrix.

There are two functions, namely init_x and
init_M, used in the algorithm to reset states
and the parameter matrix M. Their
pseudocodes are given below.

function init_x():
zo = [1,0,0,0] * rand() = v
| return xg

function init_M():

Q 0
ﬂ-fu = H |:02 H:|

| return M,

init_x function returns a state whose value is
close to the upright position. Here, rand() is a
function that generates a uniformly
distributed random number in the interval [-
0.5,0.5] while v is a small constant value. This
procedure represents a manual initialization
of the pendulum by the operator to the upright
position, which cannot be performed
perfectly, resulting in deviations from the
ideal state.

init. M function returns a block diagonal
matrix whose diagonal elements are Q and R.
This matrix is multiplied by a scaling constant
w. This choice is observed to work well in
general for several experiments.

5. SIMULATION RESULTS

The algorithm introduced in the previous
section was applied to the nonlinear inverted
pendulum system described in Section Hata!
Basvuru kaynagi bulunamadi.. The model
parameters were chosen as m = 0.2 kg, M =
05 kg, [=03 m, and g=9.8 m/s%
Quadratic cost matrices were chosen as

Sakarya University Journal of Science 27(6), 1311-1321, 2023

100 0 0 O

1o 1 0 o _

Q= 0 0 10 O'R‘1
0 0 0 1

The scaling factor used for initializing the
matrix M was taken as p = 10, which was
observed to work well in general. The
constant used in init_x function was chosen as
v=>5x1073.

Two experiments were performed. In both,
the proposed algorithm was applied to the
nonlinear pendulum model, not to its
linearization, for learning optimal controller
gains stabilizing the system. To show how
close the computed controllers are to ideal
ones, the corresponding LQR gains were also
calculated making use of the system matrices
A and B which were obtained by linearizing
the model. The results are elaborated below.

In the first experiment, the Q-learning
algorithm was run to learn controller
parameters from scratch. The norm of the
difference between the controller gain
computed by the algorithm and the optimal
gain obtained by linearization is shown in
Figure 3. In addition, time evaluations of
states and the input are depicted in Figure 4.

0 1‘0 2‘0 3I0 ALO 50 60
t(sec)
Figure 3 The norm of the difference between
feedback gains computed by the Q-learning (K)

and model based (Koz) LQR methods
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As can be seen from Figure 3, controller gains
computed online by the Q-learning algorithm
converged to optimal LQR gains, which were
calculated by making use of the linearized
model, after 50 seconds. This is achieved in
two epochs, the second of which starts at
t=4.73 seconds after peaks appearing in
Figure 4. These peaks occurred since the
algorithm diverged in the first epoch after
which the system is reset to start the second
epoch. States converge to the desired value
within 30 seconds starting from the beginning
of the experiment and excluding the time for
bringing the pendulum to the initial position
after divergence, which should be performed
manually in a real test bed. Note that the
actual settling time of the optimal controller
learned is much shorter than 30 seconds, and
in fact, the same as that of the optimal model-
based LQR controller because their gains are
practically the same. (the norm of their
difference converged to zero as mentioned
above). These gains are found to be

K = [23.2855,3.7400,0.9185,1.9712]

To demonstrate the adaptation capabilities of
the proposed algorithm, a second experiment
was conducted. Starting with the optimal
controller gains found by the algorithm at t=0
seconds, a step change was applied to the
model parameters. Specifically, at t=20
seconds, the pendulum was assumed to have
broken by being cut in half, which was
reflected in the model by halving the length
and mass of the pendulum. As before, time
evaluations of state variables and the distance
of learned gains from optimal ones computed
by the model-based LQR method are given in
Figure 5 and Figure 6, respectively.

Figures show that controller gains and states
converge rapidly (in around 10 seconds). This
shows that the algorithm can adapt very
quickly in response to even large parametric
changes. Although controller gains initially
exhibited large deviation as can be seen from
Figure 6, states are affected to a small extent
as can be observed from Figure 5. This can be
attributed  to  well-known  robustness

Sakarya University Journal of Science 27(6), 1311-1321, 2023

properties of LQR-based controllers.
Controller gains after convergence are found
as

K =[21.2353,2.4408,2.7611, 3.0821]

x1073
15+
10+
>
5+
0F
10 20 30 40 50 60
0
-0.5F
>
-1.5¢
10 20 30 40 50 60
0.4+
>0.2+
0
10 20 30 40 50 60
0
20+
)
_40)
10 20 30 40 50 60
3k
2+
=}
1k
0 L 1 1 1
10 20 30 40 50 60
t(sec)

Figure 4 Time evaluations of states and control
inputs for the Q-learning-based LQR method

As demonstrated by numerical experiments
presented above, the devised LQR-based Q-
learning algorithm can learn optimal
controller gains in a few numbers of epochs
and in the time scale of seconds without
requiring extensive hyperparameter tuning. In
contrast, existing DNN-based RL methods for
inverted pendulum control typically require
hundreds of epochs to converge [14], [15].
Moreover, each epoch takes a much longer
time to finish due to computationally
intensive processes necessary for updating
DNN parameters. This computational burden
is compounded by the fact that multiple
experiment repetitions are often necessary to
tune hyperparameters.
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-0.01

10 20 30 40 50

0.01

-0.01

0.01

-0.01

10 20 30 40 50

0.01

-0.1

1I(J 2l0 3‘0 4I(J 50
t(sec)

Figure 5 Time evaluation of states under sudden

changes in parameters

15

0 10 20 30 40 50
t(sec)

Figure 6 The norm of the difference between
feedback gains adapted by the Q-learning-based
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6. CONCLUSIONS

This study introduces a Q-learning-based
LQR approach for balancing control of an
inverted pendulum system. The proposed
algorithm can learn the Q-function and
optimal LQR controller gains without relying
on a mathematical model. Instead, the
algorithm can obtain optimal gains in real-
time by interacting with the system through
applying control inputs. Moreover, it can
quickly adapt to parametric changes, as
evidenced by the experimental results. In
comparison to existing alternatives in the
literature, the devised method is much more
computationally efficient and does not require
a large number of experiments for
hyperparameter tuning.
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Abstract

In this study, a numerical progressive collapse response evaluation was performed on a 40-story
high-rise building designed according to the Turkish Earthquake Code of 2018 (TEC-2018).
The alternate path method specified in the General Services Administration of 2016 (GSA-
2016) and the Unified Facilities Criteria (UFC 4-023-03) was used for the evaluation. A total
of 18 scenarios were investigated for column and shear wall removals. In the cases where hinges
were observed, the extent of damage was evaluated using the performance criteria given in the
Turkish Seismic Code and the American Society of Civil Engineers (ASCE) 41-17. In this
study, the most damage was observed when the corner column was removed at the bottom floor,
while the least damage was observed on the shear walls close to the center and core of the
building. For all the scenarios evaluated, no collapse was observed. The study deduced that the
high-rise building designed according to TEC-2018 showed sufficient resistance to progressive
collapse.

Keywords: Progressive collapse, nonlinear dynamic analysis, reinforced concrete, Turkish
Earthquake Code

1. INTRODUCTION Progressive collapse can be defined as the
spread of failure from member failure to the

The progressive collapse response of partial or complete failure of the entire

buildings became a subject of research after
the partial collapse of the Ronan Point
apartment building in 1968. The building
collapsed due to a minor gas explosion, but
the blast caused severe damage to the
building. Since then, progressive collapse
(PC) has started appearing in building codes
and regulations, with one of the earliest being
PC in British Standards in 1970.

structure. In essence, the loss of the member
leads to damage that is significantly greater
than the initial damage caused by the failure
of the member [1].

Progressive collapse can be caused by
abnormal loads from vehicle and aircraft
collisions,  construction  errors,  gas
explosions, etc. The probability of a building
experiencing these abnormal load conditions
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is very low; therefore, it would not make
economic sense to design structures to resist
each of these events. However, it is more
reasonable to design the structure to resist
progressive collapse [2].

Starosesek proposed six types of progressive
collapse mechanisms [3]. The first type
proposed is the pancake-type collapse, where
the building collapses in a rigid vertical
motion. In this type of collapse, the damage is
due to the impact loads of the top floors
crushing on the lower floors. The second type
is the zipper-type collapse, which is common
in cable-stayed bridges and is the result of the
failure of one of the cables. The third type is
a domino-type mechanism where unbraced
members fall onto other unbraced members in
a lateral direction, leading to the progression
of damage throughout the whole structure.

This is common in scaffold towers, which
have a high potential for overturning and are
usually arranged in a uniform pattern
horizontally. The fourth type is the section-
type mechanism, where damage occurs at the
section level, leading to the spread of damage
across the entire member and eventually to
the rest of the building. The fifth type is the
instability-type collapse, where there is the
failure of small stabilizing elements like
braces and stiffeners, which leads to
instability of the member and eventual
collapse of the building. The sixth type is the
mixed-type collapse, where it is not possible
to classify the mechanism in any one of the
mechanisms ~ mentioned,  but  rather
characteristics of two or more of the
mechanisms are observed in the failure
mechanism.

It has been shown in the literature that
buildings designed to resist seismic loads
according to ASCE 41-17 generally have the
capacity to resist progressive collapse [2].
This is a general observation, and it does not
eliminate the need for progressive collapse
assessment, especially for buildings designed
according to other seismic codes that are not
ASCE 41-17. Since seismic design considers

Sakarya University Journal of Science 27(6), 1322-1336, 2023

mainly local failure and does not explicitly
address the potential for global failure, an
additional assessment is needed specifically
for progressive collapse mitigation. In line
with this objective, two main guidelines have
been published to enable engineers to design
or evaluate structures for progressive
collapse.

These guidelines are the GSA-2016, which
was developed by the US General Service
Administration, and the UFC 4-023-03,
which was developed by the US Department
of Defense. These guidelines suggest various
methods to approach the PC of buildings, and
Marjanishvili and Agnew conducted a study
to evaluate the pros and cons of the given
methods [4]. The guidelines, however,
recommend the alternate path method, which
is the most commonly used method in the
literature. This method basically ensures that
after the removal of a structural element, the
building does not collapse, but rather the
structural system redistributes the load using
a new load path. This was the method used in
this study.

Other building codes, including ASCE 7-05,
British Standards (BS-8110), and Eurocodes
(EN 1991-1-7), also address the issue of
progressive  collapse and give some
recommendations on the progressive collapse
response of buildings [5].

When the progressive collapse performances
of mid-rise buildings designed in accordance
with ASCE 41/17 were examined by
removing a single element with the help of a
numerical program, it was observed that no
damage that would pose a problem occurred
in the structure [6-8]. Not many studies have
been done on the progressive collapse
response of tall buildings. Marchis performed
a numerical assessment of the progressive
collapse resistance of RC frames with respect
to the number of stories. This study and many
other studies found that the PC response of
buildings improves with the increase in the
number of stories [2]. This is mainly because
taller buildings have more structural members
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that can provide an alternative load path. Ren
and Lin performed a PC assessment on a
typical high-rise building with shear walls.
They found that the PC response of buildings
with strong walls and weak frame systems
was generally inadequate compared to
buildings with strong frames and weak wall
systems [9].

A study was done on the progressive collapse
robustness of high-rise buildings [10]. The
alternative path method was implemented
using nonlinear time history analysis on a
model designed using Chinese building
codes. A parametric study was done
investigating factors like section size, inter-
module connection, and bracing systems. The
study found that bracing systems can enhance
structural robustness by sharing redistributed
loads and restraining structural members.
This study also found that corner members are
more critical because there are fewer adjacent
members to share the redistributed load [10].
Another study explored a new system to
design super-tall seismic-progressive
collapse-resilient  buildings. A  48-story
building with a total height of 192 meters,
designed according to Chinese building
codes, was used. The system proposed was
based on the common "frame-truss-core tube"
system. The proposed system mainly
contained a vibration reduction substructure,
seismic-progressive collapse resilient
composite frames, a composite braced tube
with self-centering energy dissipation braces,
and truss systems with outriggers and belt
trusses. The proposed system effectively
controlled response against column loss and
earthquakes [11].

Gamaniouk also performed a parametric
study on structures with different structural
systems and story heights that were designed
according to ASCE 41-17. The results also
showed that as the number of stories
increased, fewer hinges formed on the
members, and the progressive collapse
response also improved [6].

Sakarya University Journal of Science 27(6), 1322-1336, 2023

Many studies have been conducted on PC
worldwide. However, only a few studies have
been done for buildings designed according to
TEC-2018. Demir performed a progressive
collapse evaluation for low-rise buildings
designed for different occupancy classes. The
study showed that government buildings have
better performance than residential buildings
since they are generally designed to be more
robust [12].

There are a few studies in the literature about
the progressive collapse robustness of
buildings designed according to Turkish
earthquake code of 2018 (TEC-2018). Demir
evaluated the progressive collapse response
for buildings designed according to the
Turkish  earthquake code. The study
suggested that there is a need for collapse
response evaluation for buildings designed
according to the Turkish earthquake code
[13]. All the studies made by Demir [12-14]
were performed on low- and mid-rise
buildings. To the best knowledge of the
authors, no studies have been made on high-
rise buildings designed according to the TEC-
2018.

In this study, a 40-story high-rise building
designed according to TEC-2018 was
numerically modeled using a finite element
model in SAP 2000. The nonlinear dynamic
alternate path method specified in the GSA-
2016 was used to evaluate the progressive
collapse response of the building. By
performing 18 case studies in the finite
element program, a preliminary study on the
progressive collapse behavior of high-rise
buildings designed according to the
requirements of the Turkish earthquake code
is added to the literature. Based on the results
obtained from the analyses, a preliminary
assessment of the adequacy of the provisions
of the Turkish earthquake code in mitigating
the risk of progressive collapse in high-rise
buildings is made, and recommendations and
discussions are presented accordingly.

1324



Munyaradzi GONDOBWE, Aydin DEMIR

Progressive Collapse Evaluation of a Reinforced Concrete High-rise Building Designed According to Tur...

2. PROPERTIES OF THE DESIGNED
BUILDING

A symmetric 40-story existing building was
designed according to TEC-2018 and the
Requirements for Design and Construction of
Reinforced Concrete Structures by the
Turkish Standards Institute (TS-500) [15].
SAP2000, finite element software specialized
for structural design, was used for the design
of the structure.

The story height is 3.20 meters for the normal
floors and 3 meters for the roof floor. This
makes the total height of the building 131 m.
Plan and elevation views of the building are
given in Figures 1-2, respectively.

D1

B2 POl

3 @ == [ v
_‘\Al
B—————=

Figure 1 Plan view of the building

The building's occupancy class was
'residential’. The building was assumed to be
located on ZC soil class. The loads imposed
on the building were calculated according to
the Design Loads for Buildings published by
the Turkish Standards Institute in 1997 (TS-
498) [16]. The design parameters used for the
design and assigned loads are summarized in
Tables 1 and 2, respectively. Since the study
was done on an existing building, expected
strengths were used during material
definitions. C50 concrete was defined as 65
MPa of compressive strength (modulus of
elasticity is 37000 MPa), while B420C rebar
was defined as 504 MPa of yield stress.

Sakarya University Journal of Science 27(6), 1322-1336, 2023

The structural system for this building was a
flat plate system with perimeter beams. All
the columns have square sections. The
column sections were optimized along the
height of the building. This was done by
dividing the tower into five groups, each with
eight floors. The column sections and
arrangements are the same for all floors in the
same group.

iddle Floor

,
ound Hloor
L. bl ey

Figure 2 Elevation view of the building

Table 1 Design parameters for the building

Parameter Value
Soil class ZC
Soil shear velocity (Vs30) 500 m/s
Building usage class 3
Building height class 1
Seismic design class 1
Ductility level High
Ground Motion Level DD-2
Short period (Sps) 1.466
1s period (Sp1) 0.492

Response modification (R) 8
Overstrength coefficient (D) 2.5

The column sections are reduced in size for
each group along the height of the building.
All perimeter beams have the same section
(50x70cm) but different reinforcement
according to the design. Table 2 shows the
loads that were assigned to the model. Cross-
sectional dimensions of structural members

1325



Munyaradzi GONDOBWE, Aydin DEMIR

Progressive Collapse Evaluation of a Reinforced Concrete High-rise Building Designed According to Tur...

are given in Table 3. The other building
details, such as the sections' reinforcing
configuration, etc., are provided in the
reference of [17]. Figure 3 shows the group
labels for the model.

= GROUPD

- GROUPC

= GROUPB

Figure 3 Group assignment along the height of
the building

For the Progressive Collapse analysis, GSA-
2016 and UFC 4-023-03 standards were used.
The GSA-2016 and UFC 4-023-03 standards
outline design guidelines to reduce the
likelihood of PC for both new and existing
governmental and military buildings that can
be vulnerable to localized structural damage
due to unpredictable extreme events. By
offering a strong and well-balanced structural
framework, they hope to stop the original
damage from spreading. All three-story or
higher government buildings must adhere to
these guidelines. Without expressly taking the
first event's cause into account, the guidelines
employ a threat-independent approach. In
UFC 4-023-03 [18], the three direct design
approaches are alternate path, enhanced local
resistance, and tie forces. The Alternate Path

Sakarya University Journal of Science 27(6), 1322-1336, 2023

(AP) design technique is the only one utilized
by GSA-2016 [19]. Both standards use the AP
technique, and vertical structural components
are removed conceptually and separately at
precise plan and elevation positions. It is also
necessary for the building to be able to bridge
over the deleted portion.

Table 2 Assigned loads

Loads

Self-weight of concrete 25.0 kN/m?
Ceiling plaster + Floor 2
finishings + Installments 2.0 kN/m
Infill walls for residential floors 1.0 KN/m?
Residential floor live load 2.0 KN/m?
Snow load 1.0 KN/m?

Furthermore, the AP technique employs three
analytical methods: linear static (LS),
nonlinear static (NS), and nonlinear dynamic
(ND). While the LS and NS approaches have
certain geometric irregularity constraints, ND
may be employed for buildings with
irregularity. Prior to doing the study, the
primary and secondary components of the
building must be identified. The acceptance
requirements for primary members are
determined  following the guidelines'
prescribed prescriptions, which typically
adhere to the acceptance criteria described in
ASCE/SEI 41-13 [20].

Following that, the placements of the
removed load-bearing elements are identified
as indicated in the guidelines: external
columns at the building's corner, around the
center of the short and long sides, and certain
interior columns. Furthermore, columns
where the building plan geometry changes
considerably must be deleted. Finally, the
building's structural components must not
exceed the computed acceptability standards.
If the study forecasts that these acceptance
criteria will not be met, the building will not
fulfill the progressive collapse standards and
must be redesigned or altered to remove the
nonconforming parts. More information can
be found in the applicable standards.
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Table 3 Cross-sectional dimensions of structural members

Group B Group C Group D Group E Group F
Perimeter Columns C140X140 C120X120 C100X100 CB80X80 C70X70
Interior Columns C170X170 C150X150 C130X130 C110X110  C90X90
Perimeter Beams B50X70
Secondary Beams B40X60
Coupling Beams B50X80
Structural Walls 100cm 90cm 80cm 70cm 60cm
Tower Slab 30cm
Core Wall Slab 15cm

3. NUMERICAL MODELING OF THE
BUILDINGS FOR PROGRESSIVE
COLLAPSE ANALYSIS

The nonlinear dynamic analysis technique of
the Alternate Path direct design methodology
according to both UFC 4-023-03 [18] and
GSA-2016 [19] criteria was employed for the
progressive collapse evaluation of the
designed building. SAP2000, a static and
dynamic FE analysis program for structures,
was used to generate a three-dimensional
finite element (FE) model (Figure 4). Frame
components were used to model the beams
and columns. The columns and beams were
modeled in the section designer menu in
SAP2000. Slabs were modeled as shell-thin
elements. Shear walls, on the other hand, were
modeled as layered shell elements so as to
more accurately represent the reinforcement.
The loads were applied directly to the slabs as
uniform area loads.

To predict the post-yield inelastic behavior of
structural load-bearing components, two
modeling techniques are used: concentrated
(lumped) and distributed plasticity models
(Figure 5). The lumped plasticity model
assumes that deformation above the elastic
limit happens only in discrete areas, with the
remaining part of the member remaining
elastic. Integrating plastic strain and
curvature occurring in a predetermined hinge
length will give the inelastic behavior [22].

Sakarya University Journal of Science 27(6), 1322-1336, 2023

L
-
!
-
!
-
-
-
-
»
»
-
-
-
>

Figure 4 3D finite element model of the building

Nonetheless, in a distributed plasticity model,
the cross-section of a member is discretized
into a sequence of representative axial fibers
that extend throughout the element or together
with a limited length hinge zone (fiber hinge)
(Figures 5c¢, 5d, and 5e). Each fiber must have
its own stress-strain relationship. Finally, the
axial force-deformation and biaxial moment-
rotation correlations are derived by
integrating the behavior throughout the
section and multiplying by the hinge length
[21, 23].
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RC frame structures may withstand excessive
collapse by creating two crucial load-resisting
processes on their members: Vierendeel
(arching) Action and Catenary Action. While
fiber components can successfully capture
such mechanisms in addition to the flexural
behavior of frame members, the usual
concentrated plastic hinge technique ignores

hinge spring hinge

Concentrated Plasticity: a, b

Plastic Nonlinear Finite length

hinge zone

those aspects [21]. As a result, the nonlinear
behavior of the structural load-bearing
components was simulated in this study
utilizing nonlinear fiber hinges (Figure 5.c),
one of the approaches of the distributed
plasticity approach.

O g ©F
— V LT
I i
Fiber Finite
section element

Distributed Plasticity: ¢, d, e

Figure 5 Beam-column nonlinear modeling approaches [21]

To incorporate fiber sections in SAP2000, the
sections were initially discretized using an
ideal fiber arrangement. The program
automatically allocated fibers to the center of
each reinforcement, as well as confined and
unconfined concrete that was meshed into
many square or rectangular sections. The
appropriate fibers were afterward assigned
the material characteristics of both concrete
and reinforcing bars. Finally, in a finite-length
hinge zone, the fiber hinges were specified as
half the section depth at both ends of the
beams and columns. Furthermore, concrete
and reinforcing steel constitutive material
models were built using the material models
provided in TEC-2018 [24].

First, a nonlinear static analysis scenario for
gravity loads was created using Eq. 1 from
UFC 4-023-03 [18]. In the equation, DL
refers to dead load, LL stands for live load,
and S represents snow load. That load
example was utilized to calculate the forces
existing in each deleted column at
equilibrium. It was also taken into account as
the starting condition for the column removal
analysis instance.

Sakarya University Journal of Science 27(6), 1322-1336, 2023

1.2DL +0.5LL +0.2S 1)
Column removal was executed in SAP2000
following the procedure prescribed by Demir
[13]. The column was removed on the 0.5th
second after the gravity analysis achieved
equilibrium. The total time of the removal
was set to 3 seconds. For the nonlinear
dynamic time-history load situation, the
direct integration solution approach was
applied. Depending on the first and second
periods of the building, a Rayleigh damping
of 2.5% was established. For the study, the
Newmark time integration approach was
used, using gamma and beta factors of 0.50
and 0.25, respectively. Finally, the P-delta
and large displacement options in the
software were enabled to account for the
geometric nonlinearity of the members and
catenary behavior on the surrounding beams
due to column removal.

According to UFC 4-023-03, for shear wall
removal, if the wall length is less than 2H, the
entire shear wall can be removed. If the wall
length is greater than 2H, then the shear wall
length to be removed should be 2H. H is the
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story height [18]. For shear wall removal, the
section of the wall to be removed was
assigned to a group. This group was removed
at 0.5 s after the model had achieved
equilibrium following the nonlinear static
case.

Both column and wall removal were
performed in this study. Three different
columns were removed at three different
heights: ground floor, middle floor, and top
floor, as prescribed by the GSA-2016. Three
shear walls were also removed at the three

building heights. In total, 18 removal
scenarios were investigated.
Acceptance  criteria  were  calculated

according to both TEC-2018 and ASCE-41,
depending on the plastic rotations observed at
the hinges. The three performance levels
prescribed are immediate occupancy (10), life
safety (LS), and collapse prevention (CP).

4. RESULTS AND DISCUSSION

The maximum vertical displacements and the
residual vertical displacements of the nodes
above the removed members for the 18
scenarios are summarized in Table 4. Figures
6-7 show a visual representation of the model
before and after column removal. The
removal of the edge column from the ground
floor was used as an example. The shear wall
removal scenario model illustration is shown
in Figures 8-9. Moreover, the following
naming convention was used: CR—Column
Removal, WR—Wall Removal, GF—Ground
Floor, MF—Middle Floor, and TF—Top
Floor.

Of the 18 damage scenarios, only two could
be considered significant in terms of overall
damage. Therefore, the fiber hinge plastic
damage results of these two damage scenarios
are shown in Figure 10-11. Since the damage
remains at an elastic level starting from the
8th floor and going up, fiber hinge damage
results are shown up to the 11th floor.

Sakarya University Journal of Science 27(6), 1322-1336, 2023

The vertical displacement time history plots
for the column and shear wall removal
scenarios are shown in Figures 12-25.

(" Deformed Shape (Column Removal) - Step 0, Time 0. |

Figure 6 3D illustration of column removal
scenario before removal for scenario CR-GF-
Edge

[ Deformed Shape (Column Removal) - Step 500; Time 5. ]

Figure 7 3D illustration of column removal
scenario after removal for scenario CR-GF-Edge
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Table 4 Results of the maximum and residual displacement of the node above the removed member

Scenario Di Maximum Residual Displacement (mm) Damage State
isplacement (mm)

CR-GF-Corner -37.47144 -36.5 Minimum Damage
CR-GF-Edge -32.5236 -31.3 Minimum Damage
CR-GF-Inner -36.38 -35 No Damage

CR-MF-Corner -35.1 -34 No Damage
CR-MF-Edge -24.73 -23.5 No Damage
CR-MF-Inner -25.85 -25 No Damage
CR-TF-Corner -36.18 -30 No Damage
CR-TF-Edge -17.89 -15.7 No Damage
CR-TF-Inner -17.9 -15 No Damage
WR-GF-PO1 -9.9117 -9 No Damage
WR-GF-P02 -3.2166 -3 No Damage
WR-GF-P08 -1.5073 -1.5 No Damage
WR-MF-PO1 -7.47 -6.5 No Damage
WR-MF-P02 -2.11 -2 No Damage
WR-MF-P08 -1.01 -0.95 No Damage
WR-TF-PO1 -17.21 -15.5 No Damage
WR-TF-P02 -0.77 -0.65 No Damage
WR-TF-P08 -0.17 -0.08 No Damage

Hinges were formed for only 2 out of the 18
scenarios: the removal of the corner column
(A1) at the ground floor and the edge column
(D1) at the ground floor. The maximum
displacement and residual displacement for
the node above the corner column were -
37.47mm and -36.5mm, respectively, and for

Sakarya University Journal of Science 27(6), 1322-1336, 2023

the edge column, they were -32.52mm and -
31.3mm, respectively.

For shear wall removal scenarios, the biggest
displacement was observed when wall P01
was removed at the ground floor, with a
maximum displacement of -9.9117 mm and a
residual displacement of -9 mm. The least
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displacement was observed when wall P08
was removed at the top floor, with a
maximum displacement of -0.17 mm and a
residual displacement of -0.08 mm.

The damage was assessed by comparing the
plastic rotations at the hinges formed to the
plastic hinge rotation values calculated
according to TEC-2018 and ASCE-41, which
give the rotation limits for the three
performance levels 10, LS, and CP.

The greatest damage was observed on a
perimeter beam in the CR-GF-Corner
scenario. The plastic rotation on the beam was
0.02808 rads, which falls under the collapse
prevention performance, which has a limit of
0.03446 rads for the given section, according
to the TEC-2018. The beam also falls under
the collapse prevention performance level
according to ASCE 41-17, which has a
rotation limit of 0.04606 rads for the given
section.

The slightest damage was observed when the
shear wall PO8 was on the top floor. The
maximum plastic rotation on the column near
the wall was 0.000012 rads, which falls under
the life safety performance level, with a
rotation limit of 0.02756 rads according to the
TEC-2018 and 0.02961 rads according to the
ASCE 41-17.

The most extreme case observed in both cases
was collapse prevention. No hinge
experienced any rotation above the collapse
prevention limit. No hinges were formed for
the rest of the column removal scenarios or all
the wall removal scenarios. No hinges were
formed on the columns for all 18 scenarios.

The low levels of damage observed are
consistent with the data found in the literature.
As the number of stories increases, the
progressive collapse response of the building
improves. Another possible reason for the low
damage levels could be the overdesign of the
structure. For example, in the two cases where
hinges were formed, the shear demand
capacity ratios were also checked. The
maximum demand observed was 32% of the

Sakarya University Journal of Science 27(6), 1322-1336, 2023

shear capacity. Since the sections are
generalized for each group, and the beam
cross section is the same on all floors, the
building might be overdesigned.

Since a flat plate system was used for this
building, it is possible that damage could have
occurred on the slabs. Estimating damage on
slabs is a different issue that was not
addressed in this study.

5. CONCLUSION AND
SUGGESTIONS

In this study, the progressive collapse
response of a tall building designed according
to the Turkish earthquake code was
investigated. A typical 40-story building was
used. Using SAP 2000, the alternate path
method prescribed in the UFC was
implemented using the nonlinear dynamic
procedure. A total of 18 scenarios were
investigated for column and shear wall
removal. After which, the displacement time
histories of the node just above the removed
member were plotted. In cases where hinges
were formed, the plastic rotations at those
hinges were compared to the rotation limits
from both the ASCE 41 and the TEC-2018.

The building used for this study was a tall
building designed according to TEC-2018,
and it showed an acceptable progressive
collapse response. The results show that the
stresses that occur in the structural elements
by the removal of columns and shear walls
remain at a limited level in the structural
elements and do not cause any distress to the
structural integrity. However, it might be
misleading to conclude that all tall buildings
designed according to TEC-2018 have a good
progressive collapse response. The results in
this study apply only to the building
considered. The same study has to be done for

different tall buildings with different
structural systems before a definitive
conclusion can be reached. In addition to

numerical studies, experimental studies are
also necessary before it can be established
without a shadow of a doubt that tall buildings
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designed according to TEC-2018 have a good
progressive collapse response.
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Thermoelectric Properties of Flexible Polyvinyl Alcohol/Poly (3,4-
Ethylenedioxy thiophene)/Titanium Carbide Ternary Composites

Volkan UGRASKAN ™

Abstract

The thermoelectric (TE) characteristics of polyvinyl alcohol/poly (3,4-ethylenedioxy
thiophene)/titanium carbide (PVA/PEDOT/TIC) composites were explored in this work. The
composite films with varying TiC weight ratios were made using the solvent casting process.
The homogeneous distribution of TiC particles in the composite structure was revealed by SEM
micrographs. The presence of TiC particles in the crystallinity of PVA/PEDOT was revealed
by XRD patterns. The electrostatic interactions in the composite structure were revealed by
FTIR-ATR studies. The electrical conductivity of PVA/PEDOT rose from 0.06 S/cm to 1.15
S/cm with the contribution of 5% TiC, while the Seebeck coefficient increased from 3.9 pV/K
to 98.8 uV/K with the contribution of 1% TiC, according to TE studies. The composite samples
exhibited a maximum power factor of 0.72 pW/mK?, which is 10* times greater compared to
PVA/PEDOQT.

Keywords: Thermoelectric, polymer, composite, polyvinyl alcohol, PEDOT:PSS, titanium
carbide

1. INTRODUCTION ZT=0S*T/x 1)

The demand for energy has grown in direct
proportion to the development of industrial
applications and the growing human
population [1]. Researchers have focused on
ecologically friendly and sustainable energy
sources. Given its environmental friendliness,
silent operation, and long operational life,
thermoelectric power production, which
converts heat directly into electricity, has
become an intriguing technology [2].

The performance of TE materials correlates
with a dimensionless figure of merit;

where S is the Seebeck coefficient, o is
electrical  conductivity, «x is thermal
conductivity, and T is absolute temperature.
An efficient TE material should, in theory,
have high 4, a low S, and low « [3].

Inorganic-based materials including
semiconductors, skutterudites, tellurides, and
different oxides have received the most
attention in TE research. These materials have
a high TE efficiency, however, their
expensive cost, element scarcity, low
mechanical flexibility, and severe toxicity
restrict their uses [4, 5].
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Flexible TE (FTE) materials have emerged as
intriguing alternatives because of their
conformability, which allows for effective
interaction with curved heat sources,
maximizing heat harvesting [6]. Organic TE
materials that are naturally flexible are great
candidates for FTE devices. Stiff inorganic
TE materials are additionally feasible to
create flexible TE devices by combining them
with adaptable substrates or deformable
interconnectors. Flexible organic/inorganic
composites/hybrids open up new avenues for
the fabrication of flexible thermoelectric
devices [7].

Conductive polymers offer tremendous
promise for usage in TE applications due to
their tunable o, low density, nontoxic
properties, abundance, simplicity  of
application, and low thermal conductivity [8].
However, due to the poor o of these polymers,
doping or secondary doping methods can be
used. Furthermore, one of the most popular
ways is the in-situ or ex-situ preparation of
conductive polymer-based composites with
suitable organic/inorganic components. The
introduction of inorganic-based TE materials
or carbon-based materials in this technique
improves TE capabilities by boosting energy-
filtering effects inside the flexible polymer
structure [6]. Because the x of conductive
polymers are weak and comparable, power
factor (PF= 65?) is usually used to indicate
their TE properties [9].

PEDOT:PSS, which has garnered plenty of
attention, is made up of exceptionally
conducting and hydrophobic PEDOT chains
and insulating and hydrophilic PSS chains
[10]. Since the substantial amount of
conjugation and outstanding planarity in
PEDOT:PSS backbones, it has better TE
features compared to other conducting
polymers [11].

Even though PEDOT:PSS/inorganic
composites have greater TE characteristics,
mechanical elasticity is restricted because of
inorganic TE materials' intrinsic brittleness. A
safe method is to use stretchy polymers such
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as polyvinyl alcohol (PVA), which may
drastically enhance elongation at break [12].
There are several studies on the TE properties
of PVA/PEDOT composites reported in the
literature [12-16]. However, to the the
author’s knowledge, there are no studies
reported on the TE properties of
PVA/PEDOT/TiC composites. TiC has a high
melting temperature, a high degree of
toughness, and excellent thermal and
chemical stability, and o, and is cost-
effective. According to Ozturk et al., the
contribution of TiC to PPy enhanced o from
0.8 S/cm to 160.2 S/cm, while the PF rose
from 0.0115 pW/mK? to 1.732 pW/mK?2 [17].
In this work, the TE properties of the TiC-
filled PVA/PEDOT:PSS ternary composites
were investigated.

2. MATERIALS AND METHODS
2.1. Materials

Table 1 and 2 list all of the substances and
instruments used in this work.

Table 1 The substances used in this work

Chemicals Source
Polyvinyl alcohol . .
(Mw ~47,000) Sigma Aldrich
3,4-

ethylenedioxythiophe Acros Chemicals

ne (EDOT) (97%)

Poly(sodium 4-
styrenesulfonate)
(PSS) (Mw ~70,000)

Ammonium
persulfate (>98.0%)

Titanium carbide
(99.99%, particle
size: <1 um)

Merck

Merck

Nanokar
Nanotechnology
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Table 2 The instruments used in this work

Instruments Model

FTIR-ATR Nicolet 1S10 Thermo
FTIR

UV-vis Shimadzu UV2600

SEM Zeiss EVO LS10

XRD Panalytical Empyrean

Electrical Entek Electronic, FPP

conductivity 470

Seebe_:c_k Entek Electronic

coefficient

2.2. Synthesis of PEDOT:PSS

The PEDOT:PSS synthesis was carried out
precisely as reported in the literature [19]. 1 g
of PSS was dissolved in 80 mL of distilled
water in the first phase. The solution was then
treated with 3.51 mmol of EDOT. To
polymerization was started with gently
addition of 20 mL aqueous solution
containing 7 mmol APS. For 16 h, the
reaction was performed at room temperature.

2.3. Preparation of PVA/PEDOT:PSS/TiC
Ternary Composites

First, in 10 mL of water, 0.1 g of ethylene
glycol and 1 g of PVA were dissolved. The
medium was then combined with 10 mL of
the synthesized PEDOT:PSS solution.
Finally, TiC was added to the medium at 1%,
3%, 5%, 7%, and 10% by mass in contrast
with PVA, and composites were formed
following homogenization. The composite
solutions were poured onto the glass substrate
using the solvent casting process and vacuum
dried at 60 °C. The polymer solution obtained
was filtered after the reaction.

3. CONCLUSIONS AND DISCUSSION

XRD patterns of PVA/PEDOT and the
composite were shown in Fig. 1. The
diffraction pattern of PVA/PEDOT revealed
two peaks at 26=19.4° and 40.8°, indicating
the semi-crystalline structure of PVA. This
might be owing to the occurrence of
substantial intramolecular hydrogen bonding
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in individual PVA monomer units and
intermolecular H-bonding between them [18].
The addition of PEDOT:PSS exhibited no
impact on PVA crystallinity, which might be
attributed to its weak crystalline structure.
Furthermore, the strong peaks found in the
diffraction pattern of the composite indicated
the crystalline structure of TiC and confirmed
the existence of TiC in the composite.

—— PVA/PEDOTI/TIC (3% TiC)

0004 —— PVA/PEDOT

7000 ~
6000
5000
4000 -

3000 -{

Intensity (counts)

2000 -

1000 <

T T T T T T T T
10 20 30 40 50 60 70 80
20 (deg.)

Figure 1 XRD patterns of PVA/PEDQOT and the
composite

SEM micrographs of PVA/PEDOT and the
composite were shown in Fig. 2. In the
micrograph of PVA/PEDOT, homogeneously
dispersed PEDOT particles were observed in
the PVA. The homogeneous distribution of
the particles has been realized in the
insulating PVA in such a way as to reduce the
free area in order to provide o [19]. In the
micrograph of the composite, it was
determined that the TIiC particles were
dispersed within the composite structure
without a significant  agglomeration,
contributing to the electrical properties of the
PEDOT molecules.

1 pm

Figure 2 (a) SEM micrographs of PVA/PEDOT
and (b) the composite

Fig. 3 depicted the FTIR-ATR spectra of
PVA/PEDOT and the composite. In the
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spectrum of PVA/PEDOT, the peaks
observed at 3207 cm™, 1430 cm™, and 1030
cm™ correspond to O-H stretchings, CH-OH
bending vibrations and C-O stretching
vibrations of PVA. The peaks observed at
1517 cm™ and 1301 cm™ were associated with
C=C and C-C stretching vibrations of the
thiophene ring whereas the peaks at 1166 cm-
1 and 1124 cm™ confirmed the presence of a
sulfonic acid group. Additionally, the
stretching vibration C-S bond in the
thiophene rings were obtained at 962 cm™,
and 880 cm™ [20, 21].

100 - —— PVA/PEDOTI/TIC (3% TiC)
—— PVA/PEDOT

Transmittance (%)

T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3 FTIR-ATR spectra of PVA/PEDOT and
the composite

When the composite's spectrum was
analyzed, it was discovered that it possessed a
spectrum similar to PVA/PEDOT, with
certain peaks shifting to lower wavenumbers.
This might be attributed to a rise in electron
density in the composite structure, as shown
by the change in electron density [22, 23].

UV-vis spectra of the samples were illustrated
in Fig. 4. The absorbance peaks of neutral,
polaron and bipolaron species are located in
the PEDOT structure at 1200 nm, 900 nm, and
600 nm, respectively. When the spectra of the
samples were investigated, peaks of polaron
species were identified around 900 nm. The
absence of a particular peak at 600 nm, on the
other hand, indicates that the neutral parts are
not dominant [24, 25]. Furthermore, the peaks
detected at around 225 nm exhibit m-m*
transitions, whereas the increased intensity of
the composite peaks is related to an increase
in the m-n* transition as a result of TiC
addition.
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. I —— PVA/PEDOT/TIC (10% TiC)

PVAIPEDOT/TIC (7% TiC)
A —— PVA/PEDOTITIC (5% TiC)
—— PVA/PEDOT/TIC (3% TiC)
24 —— PVAIPEDOTI/TIC (1% TiC)
—— PVA/PEDOT

T T T J
400 600 800 1000

Absorbance

Wavelength (nm)

Figure 4 UV-vis spectra of the samples

The TE properties of the samples were given
in Fig. 5. The o measurements were
conducted at 298 K. S measurements were
performed with the cold and hot ends of the
samples at 298 K-308 K. The ¢ and S values
of PVA/PEDOT were found as 0.06 S/cm and
3.9 wV/K, respectively. The o of the
composites was determined to increase up to
5% TiC by mass, following that the ¢ values
remained constant. The sample containing 5%
TiC yielded the highest ¢ value of 1.15 S/cm.
The rise in ¢ values is due to an increase in
crystallinity caused by the rearranging of the
PEDOT:PSS interfacial layers as a result of
TiC addition [26, 27]. Furthermore, as seen in
the FTIR-ATR study, the addition of TiC
increases charge carrier density, which is
another contributor to the increase in o.

According to the S measurements, the largest
S of the samples was 98.8 uV/K. The
inclusion of TiC may induce the filtration of
low-energy carriers while conveying high-
energy carriers in the PEDOT:PSS structure,
which is also known as the energy-filtering
effect [28]. The PF values of the samples
were calculated using the equation of PF=
0S?. Because the PF is equal to the square of
the S and the ¢, the composite containing 3%
TiC exhibited the greatest PF of 0.72
nW/mK2 These findings show that TiC size
has a substantial impact on the TE
performance of the composite films.
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Figure 5 TE properties of the samples
4. CONCLUSION

In the present study, the TE properties of
PVA/PEDOT/TIC composites were
investigated. The composite films containing
different weight ratios of TiC were prepared
by solvent casting method and their
characteristics were determined using SEM,
XRD, FTIR-ATR, and UV-vis analyses. SEM
micrographs showed the homogenous
distribution of TiC particles in the composite
structure. XRD patterns indicated the
contribution of TIiC particles in the
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crystallinity of PVA/PEDOT. FTIR-ATR
analyses showed the electrostatic interactions
in the composite structure. From TE analyses,
it was obtained that the ¢ of PVA/PEDOT
increased from 0.06 S/cm up to 1.15 S/cm
with the addition of 5% TiC while the S
increased from 3.9 pV/K 98.8 unV/K with the
addition 1% TiC. The highest PF of the
composite samples was obtained 0.72
uW/mK?2 which is 10* times higher compared
to PVA/PEDOT.
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Abstract

A large variety of new methods are being developed for fast and efficient solutions of nonlinear
boundary value problems. Some of these methods are, Adomian decomposition (ADM),
differential transform (DTM), least squares vector machines (LSSVMM), and multiple
variational iteration (MVIM). A natural question arises as to how efficient and simple to use
these newer methods are compared to classical methods. One of the simplest and widely
applicable classical methods is the collocation method. The overall performance of collocation
method and the newer methods are compared on a number of problems, which were previously
used to benchmark the newer methods. It is concluded that, at least for the problems considered,
the collocation method performs as successfully as the newer methods.

Keywords: Collocation method, nonlinear differential equations, boundary value problems,
approximate solution.

1. INTRODUCTION

Nonlinear ordinary differential equations are
encountered in many problems, including
modelling of the spread of diseases,
modelling some economical and virtually all
technical phenomena.

There are quite a few methods for solving
linear differential equations, but very few and
usually severely restricted ones for nonlinear
problems. The main reason for this is the non-

* Corresponding author: birkand@iuc.edu.tr (B. DURAK)

applicability of the method of superposition in
nonlinear problems, whereas, linear problems
are usually solved by superposing simple
solutions, called the superposition principle.
The case of linear equations with constant
coefficients is especially well understood and
developed.

Two of the most common methods for solving
equations with variable coefficients are,
employing a transformation to change the
problem into one with constant coefficients,
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and the other is the method of series
expansions. In some problems, both methods
are insufficient and in that case, finding the
solution at a discrete set of points by
numerical approximations is preferred.
Methods specific to equations with variable
coefficients sometimes are tried for nonlinear
equations. However, difficulty of
determining a suitable transformation, and the
complicated structure of the recurrence
relations needed in series solution method are
the main obstacles in applying these methods
to nonlinear problems. Clearly, efficient
numerical methods suitable for nonlinear
equations should be developed and used.

The Adomian decomposition method (ADM)
developed for nonlinear equations, is a
method used for both linear and nonlinear
differential equations and boundary value
problems in various disciplines [1]. Wazwaz
[2] noted that this method is simpler and more
effective than the Taylor series method.
Sanchez [3] applied the ADM to nonlinear
initial value problems.

Another method of interest for solving
differential equations of higher order
encountered in engineering and mathematics
is the Differential transform method (DTM).
This method was used by Kaya [4] for
investigating the vibrations of a rotating
Timoshenko beam. Gokdogan et al. [5] solved
some specific first and second order equations
of interest by using the same method.

Comparing the approximate solutions of
nonlinear differential equations obtained by
relatively new methods, to solutions obtained
by traditional or conventional methods is an
important aspect in the development of
progressively stronger and reliable toolbox of
methods for attacking various physical or
other phenomena modelled by differential
equations. Comparison of ADM and
Variational iteration method (VIM) by He [6]
and comparison of DTM, VIM and
Homotopy perturbation method (HPM) for
solving nonlinear vibration problems by

Sakarya University Journal of Science 27(6), 1345-1354, 2023

Ghafoori [7] can be shown as examples to this
approach.

There is a large and growing literature on the
solution of nonlinear boundary value
problems. Classical methods can be classified
as purely numerical methods that
approximate the problem with some type of
finite difference method and result in a
nonlinear difference equation, and another
group of methods generally called the
weighted residual methods. In weighted
residual methods, the approximate solution is
expressed as some combination of suitably
chosen basis functions and the combination
coefficients are found so as to minimize the
residual (error) in some way, when the
approximate solution is substituted in the
equation.

Variational methods can also be considered a
member of weighted residual methods. The
simplest of these is the collocation method
which simply makes the residual zero at a
chosen set of collocation points, resulting in a
system of algebraic equations for the
coefficients. The expectation is that the error
at points other than the collocation points
should not be much larger than zero. In fact,
there are convergence proofs for both classes
of methods.

The collocation method used in this study is
an efficient and reliable numerical method
that can be applied to the engineering
problems listed below and defined by
nonlinear equations.

1-) Such types of systems arise in the
mathematical modeling of viscoelastic and
inelastic flows, deformation of beams and
plate deflection theory [8].

2-) In physics and fluid mechanics, in the
solution of the Blasius boundary layer, which
describes the constant two-dimensional
boundary layer formed on a semi-infinite
plate held parallel to a constant unidirectional
flow [9].
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3-) It can be used in rocket motion, thin film
flow, heat transfer, dynamic programming,
flow problems on a rigid body [10], which
have been studied in the past years.

As a result, second and third-order boundary
value problems have been of enormous
attention over the last three decades, and so
many theoretical and numerical studies
dealing with such equations have appeared in
the literature.

2. DESCRIPTION OF THE METHOD

Method of weighted residuals (MWR) is one
of the most general methods in approximately
solving differential and other equations. This
method involves approximating the analytical
solution by linear combinations of suitably
chosen test or shape functions, the
coefficients of the linear combination being
the main unknowns to be solved [11]. In this
manner, the solution of the differential
equation is reduced to the solution of an
algebraic system of equations for the
coefficients. There is a variety of MWR
developed all of which give different
approximate solutions. Rather than finding a
transformation to solve the equation, using
some arbitrary points within the solution
domain to form an algebraic system is much
easier, even though some of the MWR
involve evaluating some simple integrals.

This means that MWR methods do not require
long and complex processing steps like
analytical solutions or other approximate
solutions. They need a simple algorithm to be
programmed. The systems of equations that
will obtain in the studied non-linear problems
can be solved by various existing numerical
methods.

The main difference between weighted
residual methods and finite element methods
is the choosing of the trial functions or shape
functions [12]. In addition, weighted residual
methods use trial functions defined over the
whole domain, while finite element methods
use shape functions defined on an element

Sakarya University Journal of Science 27(6), 1345-1354, 2023

with elements aggregated to cover the whole
domain. The method is asymptotically stable
for first order differential equations [13].

Amin et al. [14] developed Haar wavelet
collocation technique for solving non-linear
delayed integro-differential equations defined
for wireless sensor network and industrial
internet of things.

Originally developed for aerospace and
astrodynamic applications, direct collocation
methods have become very popular and
widely used in the context of trajectory
optimization and model predictive control.
These methods have proven to be powerful
tools for solving optimal control problems in
robotics [15].

Four representative methods and four (DTM-
ADM-LSSVM-MVIM methods have been
considered) example problems will be
considered in the following [16-20]. The
logic and application of these methods can be
found in the related publications. In the next
section, method of weighted residuals and
collocation method will be summarized for
nonlinear boundary value problems for
ordinary differential equations to set the
stage. And in the following sections,
collocation method will be compared with
each of the five methods.

2.1. Weighted residuals and Collocation
Method

Denoting the unknown function as y(x), a
general form of a second order nonlinear
problem can be written as

Mly)=0, a<x<b 1)
with the boundary conditions
Bly)=0 , x=ab (2

Here the solution domain is a <x <b. N
and B are some nonlinear ordinary differential
operators.
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The solution is expressed as a finite linear
combination of chosen (known) base
functions f, (x)

N

n=1Cnfn(X) ©)
The coefficients C, are free (unknown).
When substituted in the equation and the

boundary conditions, the result will be the
residual in the equation

y(x) =

R(x,Cy,Cy, ..., Cy) = M(ZN_1 Cufn (%)) #
0 , a<x<b (4)

and the residual in the boundary conditions

G(x' Cl! CZ! L CN) = B(Z%:l Cnfn(x)) *
0 , x=ab (5)
There are several possibilities for determining
the coefficients so that the residuals will be
minimum in some sense. A natural choice is
to make the square error minimum, i.e. define
total square error as

E(Cl, Cz, ""CN) = f:dex + Gz]x=(1 +

Gz]x:b (6)
and minimize it with respect to the free
coefficients

0E
—=0 ,

= =12..
6Cn n &

N (")

This results in a nonlinear system of algebraic
equations for C,, and involves a fair amount
of error-prone intermediary steps.

The collocation method uses suitably chosen
collocation points, including the boundaries

a=X1<xZ<"'<xN_1<xN=b

and equates the residulas to zero at these
points

R(x,, C1,Cyr e Cy) =0 , n=23,..,N —
1 (8.a)
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G(xl, Cl’ ""CN) = G(XN, Cl' ...,CN) =0
(8.b)

This gives a system of nonlinear algebraic
equations for C,,. When applied carefully, the
collocation method gives quick and correct
results.

2.2. Application of collocation method to
nonlinear differential equations

In this section, the solution of several
problems by collocation method, which were
previously solved by others using other
methods, will be given. The comparison of
collocation method with these newer methods
will be given altogether in the next section.

The following problem was solved in [16] by
the DTM.

y(x) - %yﬁ‘(x) -0
, , )
y@ = 3 y@) = 5

The exact solution is 2/(2+x). For
collocation solution, basis functions are
chosen as simple polynomials, N = 3

y(x) = Cy + Cyx + Cox? + C3x3 (10)
Applying the boundary conditions

2
y@) = 3 = C,+C,+C,+C,= —

) (11)
y@3) = = = C,+3C,+9C, +27C,= =

Solving Co and C;1 from (11) and substituting
in (10),

4 2
y(x) =[g+3(:2 +12(:3j+[—E—4C2 —13C3jx (12)

+C X2 +C,x°

Now that the boundary conditions are
satisfied, the residual of the equation
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R(x) = 2C, + 6xC,
—1(£+3C2 +X°C, + ><(—£—4C2 —1303j+1203 + x303]
2\5 15
(13)
Avre to be made zero at two points, which we

choose as x1=5/3, x»=7/3. This gives two
equations

5
R(;)=0
0.8+5.778C, ¥
= 2C, +10C, - 0.5| +1.667(-0.133—-4C, —13C,) | =0
+16.629C,
(14.9)
.
R(5)=0
= 2C, +14C,
0.8+8.445C, ’
~0.5| +2.334(-0.1333-4C, —13C,) | =0
+24.703C,
(14.b)

Since this is a nonlinear system of algebraic
equations, it may have real as well as complex
solutions. Of these solutions, the real ones
with the smallest absolute values will be
taken; this choice will be applied for the other
examples below also.  This gives the
coefficients as C,=0.080961, Cs= -
0.008039, and the approximate solution for
two collocation point is

y,(X) =—0.008x° +0.0809x2 —0.352x + 0.946
(15)

When polynomials of degree 4, 5 and 6 are
taken, going through the similar procedure,
the approximate solutions are found as

y,(X) =0.002x* —0.024x°
+0.129x* —0.414x +0.973

y,(X) = —0.0005x° +0.0072x" —0.0450x>
+0.1692x% —0.4514x +0.9872
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ys(x) =0.0001x° —0.0020x° +0.015x"

—0.0653x> +0.1982x* —0.4731x
+0.9938

(18)

The next example considered is a non-
homogeneous nonlinear problem

V) +y (x)=x*+2 0<x<1

yO=0 , y®=1 19)

This problem was solved using ADM by
Jafari [17] and using DTM by Ertiirk [18].
The exact solution is

y(x) = x* (20)

Taking the approximate solution as a third
order polynomial

y(X) =C, +C, x+C,x* +C,x° (21)

the boundary condition y(0) =0 gives
Co = 0, resulting in

y(xX) =C, x+C,x* +C,x° (22)

Applying the boundary condition y(1) = 1to
(22) gives

C,+C,+C,=1 (23)

Substituting (22) into (19) the residual can be
found as

R(x) = C/x* +C2x* +6xC,
+C3x* +C, (2X°C, +2x'C;)
+C,(2+2x°Cy)-2-x"

(24)

Residual R(x) now involves three unknown
coefficients; one equation is (23), and we
need two more equations. These two
equations are found by equating the residual
to zero at two arbitrarily chosen collocation
points. Taking the collocation points as 1/3
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and 2/3, the equations R G) =0 and
R (g) = 0 become

—2.0123+0.11C? +0.012C?
+C, (2+0.008C, )+C, (0.07C, +0.024C,) (25)
+2C, +0.001C2 =0

~2.197 +0.444C2 +0.197C2
+C, (2+0.26C,)+C, (0.59C, +0.395C, )
+4C, +0.087C2 =0

(26)

Solving the system (23), (25), (26) C; = 0,
C,=1 and C; =0, and the approximate
solution is
y(x) =x° (27)
which is the same as the exact solution, but
this is just a coincidence due to the exact

solution x?2 being chosen as one of the base
functions.

As another example consider the following
problem

v Y2 o
2X 28)
4 (
yh=1 , y(2)=§

which was also studied by Yanfei [19] using
the Least squares support vector machines
method. The exact solution is 2x/(x + 1).
Taking the approximate solution as

y(X) =C, +Cx+C,x* +Cx* (29)
Applying the boundary conditions gives

y=1 = C,+C,+C,+C,=1 (30.3)

y(2):% N C0+2C1+4C2+8C3=g (30.b)

which allows solving C,, C; in terms of C,
and C;

Sakarya University Journal of Science 27(6), 1345-1354, 2023

CO=§+ZCZ+3C3

C—E—SC -7C &
1737 3
Now the approximate solution becomes
y(X) :§+§+(2—3x+ X*)C,
(32)

+(6-7x+x°)C,

Evaluating the residual expression and taking
the collocation points as 4/3 and 5/3

4 5

R(x)) =R (3) = 0,R() =R (3) =0(39)

3 3

and solving the resulting algebraic system for
C, and C5 , the coefficients are

C, =0.24695
C, =1.06757

C, = —0.366843
i (34)
C, = 0.0523282

Thus the approximate solution of (28) is,
substituting (34) in (29),

y(x) =0.24695+1.06757x

35
—0.366843x* +0.0523282x° (35)

Utilizing three collocation points 5/4, 6/4 and
7/4 gives the approximate solution

y(x) =0.14688+1.34485x — 0.64964 x*

(36)
+0.17890x° —0.02099x’

As the last example, we consider the
following nonlinear problem with Robin
boundary conditions.

y"(X) =3(1+X+ y(x)°®, 0<x<1
L (37)
y'(0)-y(0) = - 5 yO+y@Q =1
Ghorbani [20] used MVIM to find the
solution. The exact solution is % —x—1.

Taking the approximate solution as
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y(x) = Z,CnX” (38)

involving ten collocation points (two of them
being the boundary points), the approximate
solution becomes

y(x) =0.04x° —0.12x° +0.19x’
—0.15x°® +0.12x* +0.03x*
+0.13x% +0.24x> —0.49x + 0.00003

(39)

3. RESULTS

The approximate and exact solutions of the
first problem (9) are compared in Table 1.
Where N denotes the number of collocation
points. Absolute errors for DTM are also
given in the table.

The nonlinear problems naturally lead to a
nonlinear system of algebraic equations
which are considerably harder to solve than
linear systems. It was observed that, of
possible multiple solutions of the nonlinear
system, the ones with the smallest absolute
values give very good approximate solutions.

Table 1 DTM and Collocation solutions of (9)

Absolute Errors in Collocation Solutions,

Eg. (9)
X Exact DTM Absolute Collocation ~ N=2 N=3 N=4 N=5
Solution Errorin Solution
DTM (N=2)
1.0 0.6666 0.6667 1.0x104 0.6666 1x10°16 1x10®  0.000 1x1016
1.1 0.6451 0.6479  2.7x103 0.6452 5x10 1x10*  2x10°  5x10°
1.2 0.6250 0.6305 5.5x103 0.6251 9x104 1x104 3x10°% 6x10°8
1.3 0.6060 0.6143 8.2x103 0.6061 1x103 1x104 3x10°% 5x106
1.4 0.5882 0.5992  1.1x1072 0.5883 1x1073 1x10%  3x10°  4x10°
15 0.5714 0.5850  1.5x107? 0.5715 1x1073 1x10%  2x105  3x10°
1.6 0.5556 0.5717 1.6x102 0.5556 9x10* 1x10* 2x10°® 3x10®
1.7 0.5405 0.5591  1.9x1072 0.5406 8x10% 7x105  2x10°  2x10°
1.8 0.5263 0.5471  2.1x1072 0.5263 7x10% 6x105  2x10°  2x10°
1.9 0.5128 0.5355  2.3x107? 0.5128 6x10% 4x10°  2x10°  1x10°
2.0 0.5000 0.5242  2.4x107? 0.5000 6x104 4x10°  2x10°  1x10°
2.1 0.4878 0.5131  2.5x107? 0.4878 5x104 3x10°  2x105  7x107
2.2 0.4761 0.5020 2.6x1072 0.4761 6x104 2x10°  2x105  2x107
2.3 0.4651 0.4909  2.6x107? 0.4650 6x104 4x10°  2x10°  2x107
2.4 0.4545 0.4796  2.5x10% 0.4543 6x10% 1x10®°  2x10°  6x107
25 0.4444 0.4679  2.4x10% 0.4442 6x104 1x10%  2x105  1x10°®
2.6 0.4347 0.4558  2.1x10%? 0.4344 6x10% 5x105  2x10°  1x10°
2.7 0.4255 0.4430  1.8x10% 0.4252 6x10% 7x10%  2x105%  2x10°%
2.8 0.4166 0.4296  1.3x10% 0.4164 5x10% 7x105  2x10°  3x10°
2.9 0.4081 0.4152  7.0x10%3 0.4080 3x10* 5x10°  1x105  2x10°%
3.0 0.4000 0.3999  1.0x10* 0.4002 2x10°16 2x1016  3x10716  3x1076
These results show that the collocation "

method is a powerful and simple to apply
method which can easily be adopted to other
types of equations such as fractional
differential equations.

The approximate and exact solutions of the
first problem (9) are compared in Table 1.
Where N denotes the number of collocation
points. Absolute errors for DTM are also
given in the table.
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Analytic Solution
— — =2 Collocation Point
* 3 Collocation Point

Figure 1 Comparison between the collocation and
analytic solutions for the third problem
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Table 2 Absolute Errors for various approximate

solutions of (28)

Absolute Errors in Collocation

Solutions, Eq. (28)

X N=2 N=3

1.0 2.22045x1016 2.22045x1016
1.1  5.78945x10* 8.53546x10°
1.2 7.12085x10* 7.94841x10°
1.3  6.50105x10* 5.30591x10°
1.4  5.49578x10* 3.3029x10°®
15 4.91793x10* 2.14438x10°
16  4.97229x10* 9.93213x10°®
1.7 5.36816x10* 9.03769x10°
1.8  5.40787x10* 3.33098x10°
19 4.05688x10* 4.40236x10°°
20  6.66134x1016 6.66134x1016

The last (fourth) example considered in this
study is (37). The collation solution of the last
problem is compared with other methods in
Table 2.

Table 3 Errors for various approximate solutions

of (37)
X OVIM SVIM PRESENT MVIM
STUDY

00 6.66x101 2.45x102% 3.12x10° 6.47x10°°
0.2 842x10t 3.03x102 2.91x10°5 7.98x10°®
0.4 1.14x10° 3.83x1072  2.78x107°  9.99x10°®
0.6 1.66x10° 491x1072  2.92x10°°  1.26x10°®
0.8 2.54x10° 6.07x1072  3.43x105 1.60x10°®
1.0  4.03x10° 6.21x1072  4.25x1075  1.88x10°®

The abbreviations OVIM, SVIM, and MVIM
in Table 3 are different versions of the
variational iteration method.

For the example differential equations
considered here, all approximate solutions
have been taken as polynomial expressions.
The coefficients in these approximate
solutions are the solutions of the algebraic
equations formed by the use of the boundary
conditions and the differential equation.
Looking at Table 1, it is seen that the two-
point collocation solution has a better absolute
error than the one in DTM [16].

Figure 1 and Table 2 show the decrease in
absolute error as the order of the approximate
solution polynomial is increased, which
means more unknown coefficients have to be

Sakarya University Journal of Science 27(6), 1345-1354, 2023

solved. The number of collocation points also
have to be increased; thus approximate
solution converges to the exact solution with
the increase of the number of collocation
points.

Looking at Table 3, it is seen that the
collocation solution is a better approximation
to the exact solution than both OVIM and
SVIM; and is comparable to MVIM.

If the boundary value problem is linear, this
gives a linear system of algebraic equations
for the unknown coefficients. For nonlinear
problems, the resulting nonlinear system of
algebraic equations may result in multiple
and/or complex solutions. In this case the
smallest real solutions need to be chosen. The
other solutions will give unacceptable errors.

The collocation method is not restricted to
polynomials as base functions. Depending on
the type of differential equation under
consideration, trigonometric, exponential and
many other different types of functions can be
chosen. The collocation points have to be
chosen within the solution domain, but they
do not need to be equidistant from each other.
Choosing equidistant points may be preferred
since it is simpler and easier to control.
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Determination of Pesticide Residues in Water Using Extraction Method
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Abstract

In this work organochlorine pesticides were first extracted from water using a solvent mixture
(hexane:dichloromethane) and the quantities were then determined using a GC-MS fitted with
an Electron lonization (EI) and Selective lon Monitoring (SIM) method. At the same time
changes in the recovery ratios of spike levels were seen ranging from 73.6% to 96.1%
(Chlorfenapyr). The recovery values that we found to be the lowest and greatest were 0.100 pg
L1 and 1.600 pg L respectively. We also noticed that the Bromophos-ethyl, Bromophos-
methyl and Chlorfenapyr pesticides had the lowest recovery efficiency. Additionally, the
important values of pesticides with double benzene rings were detected in the following

decreasing order: 4.4'-DDE > 4.4'-DDD > 0.p'-DDE > Chlorfenapyr > 2.4'-DDD.

Keywords: Residue, analysis, pesticide
1. INTRODUCTION

In recent years with the increase in birth rates
in many countries and continents, there have
been significant increases in population rates.
While there is not much increase in food
production, the food produced is insufficient
because the population growth increases
exponentially. According to the researches,
the gap between population growth, which
reduced the amount of agricultural land per
capita from 0.33 hectares to 0.19 hectares
between 1969 and 2015, and food production
is gradually widening [1]. Efforts are being
made to increase productivity in existing
agricultural areas. These investigations can be
divided into three categories: pest control,

yield-enhancing chemical (fertilizer, plant
hormones) and genetic modification [2].

Since the middle of the 20th century,
pesticides have been widely utilized in pest
control efforts around the globe. However, in
some residue studies conducted by Turkish
and other researchers, it is seen that pesticide
use may adversely affect human health [3],
and create health risks [4-5-6]. In addition, it
was predicted that the ecological balance was
disturbed by the pollution of soil and water
[7], among Turkish [8-9] and foreign
researchers. The World Health Organization
(WHO) has been estimated that pesticide
poisoning causes 346.000 deaths annually
[10-11]. Pesticide residue analyzes should be
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performed in order to determine the risks
arising from pesticide use.

Depending on the chemical structure of the
pesticides, several instrumental device and
techniques must be used to determined the
residues. The primary determinants of
analytic procedures are physical charateristics
(volatility, solubility, molecular size), as well
as chemical characteristics (acidic/basic,
neutral, and heat stability) For an
understandable analysis of their non-volatile,
non-thermally stable, and large molecule
structure, the researchers have preferred the
use of liquid chromatography in combination
with Ultra/Viole [12], conductivity, mass
spectrometry (MS) [13], and tandem mass
spectrometry (MS-MS) [14-15-16] detectors
for comprehensible.

For the residue analysis of volatile, thermally
stable, and small molecule structure, gas
chromatography (GC) in combination with
electron capture detector (ECD) [17],
nitrogen phosphorus detector (NPD) [18],
flame photometric detector (FPD) [19], MS,
GC was frequently employed in conjunction
with ECD, NPD, or FPD to assess the trace
level residue of pesticides in diverse matrixes.
However, the GC results were unable to
provide the required qualification. In light of
this, MS [20] and MS-MS have been
employed in GC since GC-MS offer a lot of
advantages over GC detectors for residue as
well as confirmation difficulties and lowering
the Maximum Residue Limits (MRL) to by
many nations [15-21-22]. Additionally, the
researchers can check the findings and
prevent drawing erroneous conclusions
thanks to the ion monitoring approach.
Additionally, it was capable of analyzing
many pesticides with the same retention time.
A user-friendly guidebook for the definition
and application of GC-MS analysis methods
was created by Thier et al. in 1992 [23].

The extraction process is crucial for the
pesticide analysis. Depending on the type of
pesticides and the extraction matrix, a broad
variety of organic solvents have been utilized.
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An analytical technique known as
QUEChERS (Quick, Easy, Cheap, Effective,
Rugged, and Safe) has become popular in
recent years for determining the quantities of
pesticide residue on matrices [14-20]. Despite
being a practical method, the detection limit
of the method is insufficient for the MRL
values of some pesticides; hence, different
extraction methods are pertinently applied for
the pesticides. According to [24], pesticide
was extracted from fruit-based soft drinks
using the solid-phase extraction (SPE) [22-
25] method. Additionally, some studies prefer
to utilize aceton remove pesticides from fruits
[26] while others use ethyl acetate as a solvent
for the extraction of pesticides from
vegetables [27].

The Quechers method to determine pesticide
residues in water samples [28], a rapid and
multiple analysis method that can be used to
determine pesticide residue levels in water
samples [29], the QUEChERS method to
determine herbicide residues in sediment and
water samples [30], QUEChERS and solid
phase extraction (SPE) methods for the
analysis of pesticide residues in water and
sediment [31], the residues of commonly used
pesticides in soil, surface and ground water
sources using QUEChERS and solid phase
extraction (SPE) methods [32],
organochlorine pesticide residues in sediment
and water samples using liquid extraction and
solid phase extraction methods [33],
conventionally, several techniques have been
performed for the extraction and analysis of
OCPs in environmental matrices.

For OCPs, the most commonly used
extraction methods are Soxhlet pressurized
liquid extraction and Soxhlet extraction
despite of some disadvantages such as over
solvent depletion and extraction time or cost
[33] and pesticides residues in drinking—use
water, drinking water, natural spring water
and natural mineral waters using analysis
method [34], fast, easy, cheap, effective,
robust and safe (QUECHERS) method for
extraction and cleanup of pesticide residues in
awide variety of matrices [35] have been used
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because of their speed, simplicity and low
solvent depletion.

In this study, it was aimed to successfully
extract organochlorine pesticides from water
using a solvent mixture (hexane:
dichloromethane). GC-MS equipped with
Electron lonization (EI) and Selective lon
Monitoring (SIM) method was used to detect
pesticide residues in the extracted water
samples.

2. MATERIAL AND METHODS
2.1. Material

All of the organochlorine pesticides (OCPs)
utilized in this study were purchased from
Sigma-Aldrich [35-36]. All chemicals and
solvents used were analytical grade. Sodium
sulfate (Na2SOs), sodium chloride (NaCl),
sodium hydroxide (NaOH), sulfuric acide
(H2SOg), dichloromethane and hexane were
purchased from Merck (Darmstadt, Germany)
Using a Brand Mark micro pipette (0-100 L),
the spikes were injected into organic-free
water. For the pesticide tests, a Gas
Chromatography-Mass-Mass  Spectrometry
(GC/IMSD 5977B, Agilent) with an HP 5MS
capillary column (30 mx0.25 mm, Agilent)
was used. For the concentration of pesticide
residue extracts, a rotary evaporator was used
at 40 °C and 150 rpm. until the desired
volume was reached [2-19-36].

2.2. Method

The chosen pesticides were extracted and
cleaned up from water samples using the
QUEChERS extraction method developed [8-
19-27-37-38]. A separatory funnel was filled
with 0.5 L of organic-free water before stock
standard pesticide solutions were added. The
separating funnel was violently shaken after
the spikes were vigorously shaken into it in a
volume ranging from 0 pL to 100 pL until
they reached the desired concentration levels.
With the help of 1.0 M H,SO4 and 1.0 M
NaOH, the pH was brought roughly to a
neutral value, and the contents were violently
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agitated once again. Then, 1 mL of saturated
NaCl solution was poured into the separatory
funnel prior to the pesticides being extracted
three times with 60 mL of a hexan-
dichloromethane solvent mixture (1:1,
volume:volume). The pesticide residue-
containing extract was dried with anhydrous
Na2SO4 and concentrated to 10 mL at 150 rpm
at 40°C. Six spike levels were recreated seven
times after repeating the aforementioned
technique. 1 pL of the 10 mL extract was
injected into the GC-MS using the GC-MS-
ChemStation Software to determine the
pesticide concentrations.

3.3.Analysis of Pesticides

The GC oven was kept at 110 °C for 2 minutes
before being elevated to 280 °C at a rate of 8
°C/min and kept there for 1 minute. The
temperatures of the ion source, interface, and
injection port were 280, 280, and 230 °C,
respectively.

Table 1 Amount of pesticides according to
guantification-retention time

Pesticide It Q1 Concentration
(nel™)
Bromophos- 1555 331 0.410
methyl
Bromophos-  16.82 97 0.268
ethyl
0.p'-DDE 16.84 246 0.552
4.4'-DDE 17.92 246 0.333
2.4-DDD 18.20 235 0.288
Chlorfenapyr 18.90 59 0.074
4.4'-DDD 19.35 235 0.239
The quantification of pesticides was

performed using the Electron lonization (EI)
and Selected lon Monitoring (SIM) mode.
Each pesticide (1 ngL™) was injected into the
GC-MS before SIM mode was used, and their
fragmentation and quantation ions were
determined (Table 1) [37-39-40]. The
amounts of pesticides in SIM mode were
calculated using Q: ions. As confirmation
ions, the additional ions from each pesticide
were used. When concentration of pesticides
was normalized based on S/N=6, for
pesticides the following operation was used.
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Table 2 Amount of pesticides according to

Table 4 For pesticides equations of calibrations

signal-noise Pesticide Equation
Pesticide S/IN Concentration Bromophos- C= 0.962x10° A+
Normalized methyl 10.130
(nel™) Bromophos- C = 6.224 x10° A + 9.209
Bromophos- 10.2 0.241 ethyl
methy! 0.p-DDE  C= 1.675x10° A +1.436
Brogﬁsros- 6.1 0.264 44-DDE  C= 2.973x10° A +1.315
. 24-DDD  C= 1.732x10°A +4.605
Z'E,EBE 23 8233 Chlorfenapyr C = 2.383 x103 A + 3.082
, , . " - -3
> 2-DDD 63 0.279 4.4-DDD C= 1862x10°A+7.212
Chlorfenapyr 6.0 0.074
4.4-DDD 79 0.199 4. RESULT AND DISCUSSION
c Using the previously described GC-MS
S/_NX6 = (N 1) software, a sufficient differentiation was

C:Concentration

Cn: Concentration normalized

S/N: Signal / Noise

and normalized concentration was obtained
and given Table 2.

For the quantitative assessments of pesticides,
a standard solution of each pesticide was
made in a hexane-dichloromethane mixture at
a concentration range of 39-5000 ug L™! and
examined three times using GC-MS. The
calibration graph of each pesticide plotted
against pesticide concentration using GC-MS
response was provided in Table 3, along with
each pesticide's regression coefficients.
Equations from these graphs were used to
compute the amounts of pesticides (Table 4)
[39-40].

Table 3 Standard ranges and regression
coefficients of pesticides

Pesticide Standard r?
Range
pgl™?
Bromophos-  5000-39  0.989
methyl
Bromophos-  5000-39  0.997
ethyl
0.p-DDE 5000-39  0.999
4.4-DDE 5000-39 0.994
2.4-DDD 5000-39  0.997
Chlorfenapyr  5000-39  0.994
4.4'-DDD 5000-39  0.996
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made in 19 minutes in the total ion
chromatogram  of the organochlorine
pesticides. All information was collected by
this analysis procedure. The findings of seven
separate investigations and their average
recoveries are shown in Table 5 for the six
distinct pesticide concentrations dependent on
water spike levels. According to Table 5, the
recovery ratios of spike levels range from
73.6%, the lowest, to 89.1%, the greatest.
Chlorfenapyr concentrations of 0.100 pgL™*
and 1.600 pgL™, respectively, yielded the
lowest and maximum recovery values. In
terms of 2,4'-DDD, 4,4'-DDE, bromophos-
ethyl, and bromophos-methyl, the recoveries
of the four pesticides spiked at the same
lowest concentration level, 0.300 ugL?, were
reported to be 0.261, 0.270, 0.244, and 0.246
ngL?l, respectively. The relevant recovery at
the same highest concentration level, 9.600
ngL?®, for the same four pesticides was
reported as 8.270, 8.407, 9.038 and 8.311
ngL® for the same order. The recoveries for
chlorfenapyr and 4.4'-DDD were calculated
to be 0.074 and 0.159 pgL?! at the lowest
spike levels of 0.100 pugL-1 and 0.200 pgL™,
respectively, while they were noted to be
2.757 and 2.647 ugL? at the highest spike
levels for these pesticides, 3.200 ugL™. When
the other spike levels were looked at, 4.4'-
DDD's recovery was found to be 0.159 pgL*
at 0.200 pgL™. O.p'-DDE recovery at 0.400
ngLtwas measured at 0.368 pgL™.
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One quantity ion was wused in this Table 5 Liquid-liquid extraction process
investigation since the quantitative analysis of Pesticide Spike Raver  Raver %
each pesticide was dependent on the ratio of pglt  pel™

Signal to Noise (S/N) > 6. S/N related to ~ Bromophos- 0300  0.246  82.1
pesticide concentration and quantity ions are methyl 0.600 0.49  82.7
shown in Table 2 for each pesticide (Qu). 1200 1082  90.1
Normalized  concentration  values  of 2400 2105 877
pesticides were obtained and Table 2 is given. 4800 4375 911

9.600 8.311 86.6
On the other hand, organic free water was ~ Bromophos- 0300  0.244  81.2

supplemented by adding pesticides before ethyl 0.600 0556  92.7
being extracted in order to determine the LOD 1200 1.054 879
values [36]. The limits of detection (LOD) for 2400 2225 927
each analyte were calculated based on 4800 4121 859
statistical analysis of the calibration curves 9.600 9.038 94.1
using equations (2) and (3). The average o0.p-DDE 0400 0.368 91.9
recoveries with standard deviations from 0.800 0.739 924
seven separate investigations utilizing the 1600 1483 927
same amount of continuous enrichment for 3.200 2.647 827
each pesticide are shown in Table 5. LODgxp. 6.400 5.605 87.6
can be determined using the standard 12.800 1187 92.7
deviations (o) of the lowest concentration of 4.4-DDE 0300 0270  90.1
pesticides, as indicated in Table 5., if the 0.600 0.496 82.7
concentration of  pesticide  (Cnormatized) 1.200 1.082 901
corresponding with S/N, 6 is considered as the 2400 2105 @ 87.7
detectable lowest concentration. 4800 4.121 8509

9.600 8407 87.6
I‘ODExp. = CNormaIized +30 (2 2.4-DDD 0.300 0.261 87.1

0.600 0543  90.6
o: The Std of replicates of recovery repeats 3288 ;8;2 ggé
of each pesticide at LOD level spike (7 1800 4450 937
repeats) can be calculated. 0600 8270 861

Using the standard deviation of the responses (Sy) Chiorfenapyr 0.100 0.074 3.6
of the curve and the slope of the calibration curve 0.200 0.192 96.1
(S) LODca. can also be measured using the 0.400 0350  87.6
equations given below. 0.800 0.693 86.6

1.600 1.426 89.1

S 3.200 2.757 86.1
LODe,. = 3-3(—y] 3) 4.4-DDD 0200 0159  79.6

S 0400 0370 924
S, : standard deviation of the responses (Sy) 8288 gggg ggi
of the curve for each pesticides 3'200 2.647 82.7
S: slope of the calibration curve for each 6.400 5'705 89.1
pesticides Finally, all results were given in ' ' :
Table 5.
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Table 5 Liquid-Liquid extraction process

(Continue)
STD %

LODcal
pel?
0.441

LODExp
pgl?t
0.299

Pesticide

Bromophos-
methyl

7.1
3.9
8.5
7.7
8.9
10.9
9.8
9.2
6.6
9.2
12.0
115
4.0
5.1
9.2
3.9
11.6
9.2
4.8
3.9
8.5
7.7
12.0
11.6
7.7
6.9
9.7
12.2
9.2
7.4
13.7
7.9
11.6
10.9
9.9
7.4
10.2
5.1
7.9
7.4
3.9
9.7

Bromophos-
ethyl

0.339 0.315

0.p'-DDE 0.170 0.412

4.4-DDE 0.180 0.309

2.4-DDD 0.259 0.322

Chlorfenapyr 0.238 0.104

4.4'-DDD 0.340 0.208

Table.3 displays the significant differences
between LODEyp. and LODca When they were
compared proportionally, varying from 0.3 to
3.2. While the LODexp. / LODcal ratios for a

Sakarya University Journal of Science 27(6), 1355-1366, 2023

group of pesticides that included Bromophos-
ethyl and 2.4'-DDD were calculated to be
around 1+0.2, the ratios shifted from 0.3 to
0.7 for 4.4-DDD, Chlorfenapyr and
Bromophos-methyl. For the pesticides 4.4'-
DDE and o0.p'-DDE, on the other hand, it was
seen that the relevant ratio altered from 1.7 to
3.2.

The calculated LODexp and LODcal were
tested experimentally. Table 2 showed that
LODexp and LODcal varied correspondingly
from 0.104 to 0.412 pg L-1 and from 0.170 to
0.441 pg L-1 for all the analyzed analyte or
compounds. These values are either in the
same order, Tankiewicz et al., (2013) (0.015-
0.13 for LOD [41], or better than those
obtained by other researchers such as Filho et
al., (2010) (0.02-0.3 pg L* for LOD) [42],
Lafuente et al., (2016) (0.05-1 pg L* for
LOD) [43].

The linearity of extraction methods on
recovery value corresponding to each
pesticide spike level was also investigated.
The slope of the line in the graph for each
pesticide plotted either as a percentage of
recovery or as a level of spike pesticides
represents the average recovery (Rave) in the
range of spike levels (Table 5) [39-40]. Table
5 shows that with 2.4°-DDD and Bromophos-
methyl, Rave values increased from 0.785
(78.5%) to 1.056 (105.6%). According to
Table.5, the extraction method recoveries for
Bromophos-ethyl were approximately 100%,

while the other recoveries were
approximately 80%.
For the relative recoveries, known

concentrations of the pesticides studied were
added to ultrapure water and the results were
compared and evaluated. Approximately the
same recoveries were obtained at the same
concentrations. The recoveries ranged from
82.1 % to 90.1% at 0.300 pg L* and from
86.1% to 94.1% at 9.600 pg L™ demonstrating
the suitability of the method used [44].

By using various extraction techniques,
several researchers have extracted pesticides
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from diverse matrixes, such as vegetables
[27-45]. When their recovery results were
compared to ours, which involved recovering
pesticides from vegetables using water, it was
discovered that some pesticides recovered
from water were more effective than those
recovered from vegetables. According to
research done with the same matrix and a
variety of pesticide solvent combinations, the
results were nearly identical.

Using quadrupole mass spectrometry (QMS)
and high resolution time-of-flight mass
spectrometry, Hayward et al. [46] reported
recovering certain pesticides from Ginseng
Root for three concentration levels in 2009
(TOF). For each pesticide, the average
recovery results indicated by slope could be
derived when their results were plotted as
recovery values vs spike levels. Due to their

Bromophos-methyl

Rec.=0.842 (+0.012) Sp. + 0.049
16 r? =0.989 12

Rec.(ugL™”)
©
[ ]
Rec.(ugL™)
o ©

w

Bromophos-ethyl

Rec. = 1.045 (+0.050) Sp.- 0.312
r? =0.997

hydrophobic nature, pesticides are more
appealing to plants or other matrixes than
water. As a result, these pesticides typically
have better recovery values from water than
they did in their original formulations.

This section compares the recovery levels of
pesticides at the lowest and greatest spike
levels. Figure 1 shows the graphs of
pesticides. While certain chemicals showed
no improvement, the spike levels changed
from the lowest to the highest and the
recovery % of the pesticides improved. The
improvement values for the pesticides of
Bromophos-ethyl, chlorfenapyr and 4.4'-
DDD, respectively, were 12.9%, 12.5%, and
9.5%, while the improvement values for the
other pesticides examined were smaller.

o,p'-DDE

Rec. = 0.816 (+0.003) Sp.+0.091
r? =0.999
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o &~ ®

o
o

0 5 10 15 0 3
Spike(ugL”)
4,4'-DDE

Rec.=0.831 (+0.013) Sp.+ 0.0618
r? =0.994 H
¥

12

Rec.(ugl™)
{ ]
Rec.(pgl™)

2,4'-DDD

12 1 Rec. = 0.785 (+0.009) Sp. + 0.103
r? =0.997

. . 0 5 10 15
Spike (ugL™) Spike (ugL™)

Chlorfenapyr

Rec .= 0.798 (0.038) Sp.+0.050
r? =0.994
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Rec. = 0.831 (+0.015) Sp. + 0.059
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Figure 1 Graphical representation of linearity for pesticides
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5. CONCLUSION

This study's objective was to extract
organochlorinated pesticides from water
using a solvent mixture (hexane:
dichloromethane) and determine how much
of them were present by utilizing a GC-MS
system with the Electron lonization (EI) and
Selective lon Monitoring (SIM) methods.
Seven pesticides were successfully analyzed
in 20 minutes, according to the results. The
recovery ratios of the spike levels were seen
to alter by 73.6% and 96.1%, respectively.
For Chlorfenapyr, the lowest recovery value
was found to be 73.6% at 0.100 ugL-1. For
the same insecticide, the greatest recovery
value was recorded at 114.0% at 1.600 pgL-
1. When the recovery rates of pesticides with
just a benzene ring were evaluated, it was
found that bromophos-ethyl was followed by
bromophos-methyl and then chlorfenapyr. On
the other hand, the sequence 4.4'-DDE > 4.4'-
DDD > o0.p'-DDE > Chlorfenapyr > 2.4'-DDD
was observed when the recovery efficiencies
of pesticides containing double benzene rings
were compared.
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Abstract

In this study, experimental modal analyses on shear frame models consisting of single and
multi-degree-of-freedom structure models were carried out to examine structural behavior. The
image processing technique is used for the tests on shaking tables, such as free vibration, simple
harmonic, and strong ground motion. An approach is proposed for image processing techniques
to consider the appropriate filter size. The experiments aimed to determine the displacements
at the floor levels and the dynamic characteristics of the structure models. To determine the
displacements and frequency responses, results obtained from three different methods, namely
the data obtained by accelerometers, image processing technique, and theoretical calculations,
were compared. It has been shown that the image processing technique is a good tool compared
to frequently used vibration measurements with accelerometers. It is advantageous because it
is easier to implement for laboratory experiments and less costly.

Keywords: Image processing, dynamic characteristics, shear frames

1. INTRODUCTION determine the dynamic characteristics of

structures (period, mode shapes, damping

The image processing technique has become
popular in determining parameters such as
displacement and stress distribution in many
engineering fields. It has become very
popular in the field of civil engineering. It is
also a cost-effective and easy-to-use method
compared to other experimentally preferred
methods. Stress distribution of fractures and
cracks can be examined in material sciences.
In a study on material mechanics, the thermal
deformation of steel beams at different
temperatures and times was determined by an
image processing technique [1]. Also,
structural engineering has been used to

* Corresponding author: edamci@iuc.edu.tr (E. DAMCI)

ratio) and the displacements and rotations at a
selected point. In a study, the static and
dynamic displacements of the Humber Bridge
in England were determined based on the
analysis of the images taken with a camera
capable of shooting up to 1000 fps
considering the roundel targets placed on the
bridge [2]. In recent studies, displacements at
selected points on the bridges were
determined with an image processing
technique, and it was mentioned that it gives
more accurate results and easier application
than the other methods [3-5].
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In a study to determine the deviations that
may occur in the horizontal direction of high-
rise buildings, the displacements were
obtained from the focal shifts of the cameras
placed parallel to a flexible steel column and
the changes in the camera angles in the
laboratory environment [6]. In the studies
performed with the 1image processing
technique, shaking table tests or pulse-
induced vibrations were conducted and
analysed, and the resulting displacements
were determined [7-9].

In addition, in studies where motion detection
systems are established, and the movements
of selected points are determined and
measurements using high-resolution cameras
to determine displacements, it is emphasised
that it is possible to perform better and lower
cost measurements than the vibration sensors
[10-15]. In the determination of
displacements, measurements have been
made using not only image processing but
also laser displacement sensors, and in an
examined comparative study, it has been
reported that the margin of error was
minimum [16]. Different image processing
techniques are used for operational modal
analyses and damage detection on small-scale
structure models in laboratory environments
[17]. There are also studies in which image
processing is used for structural health
monitoring [18-20].

2. MATERIALS AND METHOD
2.1. Properties of Shear Frames

The total height of the designed shear frames
is 75 cm, including a single-degree-of-
freedom (SDOF) model and a two-story
multi-degree-of-freedom (MDOF) model. In
order to reduce the column end rotations to
the degree that can be neglected at the floor
levels and to ensure that the system behaves
like an actual shear frame, to obtain a
relatively rigid floor, medium-density
fiberboard (MDF) plates 36 mm thick and
dimensions of 100 x 150 mm were used. In
order to minimise out-of-plane displacements

Sakarya University Journal of Science 27(6), 1367-1378, 2023

and to force the frame deflections in one
direction under desired vibrations, columns
are designed with aluminium sheets in a
thickness of 2 mm, where the width is 100
mm, and the height is 750 mm. Three holes
opened on the columns with 3 mm diameter
for wood screws were considered while
calculating the shear stiffness.

Test

2.2. Experimental and

Equipment

Setup

Both SDOF and MDOF shear frames were
subjected to 3 different tests. The first of the
experiments is the free vibration test, one of
the easiest-to-implement methods for
determining dynamic characteristics. Video
and acceleration recordings were taken during
free vibration tests by giving an initial
displacement to the top floors of the
structures. The models' dynamic
characteristics were determined by video
processing and vibration analysis and
compared with theoretical results.

Besides, using the model update technique,
the actual flexural rigidity of the columns is
also determined. Instead, two other
experiments were conducted to establish
forced vibration tests using a shake table [21]
for earthquake and harmonic motion
simulations. These experiments aim to
compare the theoretical results with the
displacement-time histories of the models
obtained by video processing under harmonic
and earthquake simulations.

For the experimental study, the setup given in
Figure 1 was established. In order to obtain
the vibration recordings, two accelerometer
devices built with an Arduino Nano board and
an MPUG6050 sensor are mounted to each
floor level (Figure 2). These accelerometers
are calibrated using Earth's gravity prior to
each experiment. The sensitivity of the
sensors is set to 2g and 4g ranges according to
the desired response of the structure model.
The sampling rate of the assembled system is
about 200 Hz, which is enough for obtaining
a smooth and dynamically sufficient
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acceleration-time history. Each record was
filtered using the SeismoSignal [22] software,
and the dominant frequencies were
determined by power spectrum. It must be
filtered for adequate accuracy in obtaining a
displacement-time history from acceleration
recordings. Several experiments conducted
with the MPUG050 sensor have shown that
using a Butterworth fourth-order band-pass
filter with 1 Hz low-cut and 20 Hz high-cut
values gives good results.

5 mm Black MEMS
White Background Accelerometer
| Lebs (MPUG6050)

SARSAR
Earthquake

Shaking
Table [21]

Figure 1 General view of the experimental setup

\ =2

Figure 2 Outside (left) and inside (right) views of
the low-cost Arduino-based accelerometers

For image processing, three 5 mm white LED
indicators with light intensity higher than the
environment are positioned to determine the
displacements at ground and floor levels. A
black background was used to facilitate

Sakarya University Journal of Science 27(6), 1367-1378, 2023

filtering the LEDs according to the
determined intensity threshold value. Sony
RX100-M5 model 4K and high fps camera is
used for video recordings.

2.3. Video Processing Technique

In the video processing process, Vvideos
recorded at 100 fps rate were converted to
pixel-time and displacement-time histories
with a program written in MATLAB [23].
Each video recorded for image processing
was divided into 100 frames per second, and
the individual LEDs' positions were
considered separately. White LEDs were
placed at the control points where
displacements were desired to calculate. In
order to track white LEDs more efficiently,
first, video frames with RGB images were
converted into grey-scale by using the B
component of RGB images and then binarised
by the Otsu

Thresholding Method with a specified
intensity threshold value (i=0.99). In the
binarisation process, the pixels below the
threshold value were converted to black, and
the ones above this value were converted to
white pixels. Also, if it exists to neglect
unrelated white pixels, the BW area open
filter was applied by a post process.
Following these processes, a median filter is
applied to smoothen the geometry of the
white LED pixel areas. As a result of this
process, only the LED lights were left in each
frame for tracking to obtain pixel-time data
(Figure 3). At this point, determining the
accurate median filter size is essential for
precise displacement tracking. For this
purpose, to determine the appropriate median
filter size in each frame for each LED, the
diameter (D) of the LEDs is observed and
calculated first. Choosing an odd limit value
of %D for each LED's filter size, each frame
was analysed for all odd numbers starting
from 3 to %D, and the centroid of the filtered
LEDs was calculated to condense white pixels
into one point for gathering the pixel-time
history of each floor in x-y coordinate system.
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Sample video frames considering these stages
for four different filter sizes are given in
Figure 4, and plotted centroids for all median
filter sizes are given in Figure 5. The nearest
point to the average of all coordinates is
calculated in each frame to estimate an

appropriate median filter size. Considering
these calculations for optimum median filter
size, the most frequent value of median filter
size was used for displacement tracking in all
frames (Figure 6).

Figure 3 Image processing steps: Original image
(left), Blue component (middle), filtered image
for the specified intensity threshold value (right).

Figure 4 Processing of a sample video frame for
median filter sizes 21, 31, 41, and 51 from left to
right, respectively.

After this optimisation process, using the
determined median filter size, pixel-to-
displacement data was also obtained by
measuring a known length of a structural
member from a video frame in pixels to scale
displacements in mm/pixel units. Finally,
pixel-time and displacement-time histories
were obtained by combining all frames in
1/100 sec divisions.
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2.4. Numerical Analysis Methods

The dynamic characteristics of the shear
frames are determined using a numerical
analysis with the lumped mass assumption,
considering the additional masses of the
accelerometers and the mounted LEDs. The
mass in the SDOF system is determined by
calculating half of the mass of the bare shear
frame, which is assumed to be concentrated at
the top floor with the addition of an
accelerometer and LED masses. For the
MDOF system, half of the mass of the bare
shear frame is concentrated at the mid-floor,
and Y of the total mass was considered at the
top floor with additional masses of
accelerometers and LEDs.

Another parameter affecting the natural
frequency is the shear stiffness given in
Equation 1. For the calculation of shear
stiffness, it is essential to correctly determine
the moment of inertia of the cross-section (1)
and the elasticity modulus (E) of the material.
Although there are slight differences in
actual, the modulus of elasticity is generally
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accepted as an average value determined by
the materials.

When calculating the column length, the clear
distance between the midpoints of the floor
alignments is taken as the length of the SDOF
system. Another point to be noted is the holes
opened at the mounting points for the floor to
be added. The inertia of the holes was
calculated and subtracted from the total
moment of inertia since it would cause a
decrease in shear stiffness (Equation 1). The
period T and natural frequency f, of the SDOF
system is calculated by Equations 2 and 3,
respectively.

12EI
= X 1
k=2x="5 1)
m
T =2rx.|— 2
" ﬂ‘/k )
1
f ==
ST 3)

The frequency of the shaking table in
harmonic loadings was determined by
considering theoretical calculations, and in
earthquake simulation, the Newmark Method
[24] is used. The time histories are compared
with relative root-mean-square error (relative
RMS error) using Equation 4. Values below
10% are accepted as excellent accuracy.

£y = \/(1/ N)Z:ﬂ(xa [n]_Xd [n])z
Jun) S (%, [y

Xa and Xq denote the achieved and measured
displacement  values, respectively, in
Equation 4. N is the number of data points
used to calculate the error.

x100 (4)

3. RESULTS AND DISCUSSION

This study performed free vibration and shake
table experiments for the given SDOF and
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two-story MDOF shear frames, and their
comparison with numerical analysis is
presented. Free vibration tests determined
natural frequencies, and models were updated
according to the experimental dynamic
characteristics.

3.1. SDOF Shear Frame

The total mass of the SDOF shear frame is
1.590 kg, whereas the additional masses of
the accelerometer and indicator LED are 70 g
and 7.5¢, respectively. In the analytical
calculation for determining the natural
frequencies, considering the moving top
floor, half weight of the shear frame and
additional masses on the top floor are taken as
lumped mass by 872.5 g.

The elasticity modulus of aluminium is taken
as 70 GPa, and the net moment of inertia,
excluding the screw holes, is 121.33 mm®.
With these values, the system's bending
stiffness (EI) and shear stiffness (k) are
calculated as 8.493100 Nm? and 0.279997
kN/m, respectively. By using Equations 1-3,
natural frequency of the shear frame is
determined as 2.851 Hz depending on the
lumped mass consideration at the top floor
and the shear stiffness of the two columns
(Table 1).

Table 1 Mechanical specifications of SDOF
experimental model

Story Total Shear Natural

height mass  stiffness  frequency
LImm] m[kg] k[kN/m] fn [HZ]

714 0.8725 0.279997 2.851
3.1.1. Free vibration tests
Synchronous  video recording  and

acceleration measurements are given in
Figure 7 and Figure 8. Dominant frequencies
are obtained as 3.080 Hz and 3.088 Hz from
the power spectrum, respectively. The
closeness of the results indicates that the
experimental frequencies obtained from the
free vibration tests are reliable.
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Figure 8 Acceleration-time graph of the SDOF
shear frame obtained by vibration analysis (left)
and calculated dominant frequency (right)

It was found that the difference between the
frequencies was around 7.5%, leading to an

error of about 14% in bending stiffness,
comparing the experimental and analytical
results (Table 2). Model updating is necessary
for reliable numerical analysis according to
the differences found in more than 5%. The
comparison is given in Table 2 in detail.
Damping ratios were determined from
experimental results by the logarithmic
decrement method for several cycles, and it
was accepted as 0.40% on average.

3.1.2. Harmonic loading

Forced vibration tests were performed to
determine the dominant frequency of the
SDOF system, also considering nonlinear
behaviour. Two  different  harmonic
excitations were chosen for loading. The first
test using the natural frequency of the shear
frame (3.08 Hz, p=1) was carried out with an
amplitude of 0.5 mm to prevent damage due
to amplification in the resonance state (Figure
9).

Table 2 Comparison of analytical and experimental results

Analytical Image_: Difference Vibratic_Jn Difference
Processing [%] Analysis [%]
Frequency [Hz] 2.851 3.080 7.44 3.088 7.68
Damping Ratio [%)] - 0.396 - 0.406 -
El [Nm?] 8.4931 9.9115 14.31 9.9631 14.75

The second test was carried out using an
amplitude of £5 mm at 5 Hz, which is 1.6
times the resonance frequency. In both
excitations, the harmonic response of the
shear frame was measured by LEDs placed at
the top floor level. Figures 9 and 10 show the
displacement-time  series  with  Power
Spectrums. The shear frame exhibited similar
responses for 3.08 Hz and 5 Hz excitation
frequencies.
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3.1.3. Earthquake simulation

In earthquake simulations, the ground motion
is scaled in order to comply with the shake
table's displacement limits. Where the stroke
limit of the table is +£75 mm, displacements of
the 10/18/1989 Loma Prieta earthquake [25]
were scaled to 1/15. The table performance
under the relevant earthquake motion was
evaluated by comparing the built-in linear
potentiometer signal in the simulator and the
data obtained via image processing.

Figure 11 presents the displacement-time
graphs obtained by the image processing, the
built-in linear potentiometer of the shake
table, and the scaled ground (desired) motion.
The comparisons between the time histories
carried out by relative RMS errors (rRMSe)
using Equation 4 are given in Table 3.

10

Displacement [mm]

0 0.5 1 15 2 2.5 3 35 4 4.5 5 55 6 6.5
Time [sec]

Figure 11 Comparison of recorded time histories
with 10/18/1989 Loma Prieta earthquake
simulation (Scale: 1/15)

Table 3 Comparison of table performance for
experimental results

Time series T”T‘e rRMSe
series [%]

Scaled

Ground < Shake table 6.73

Motion

Scaled Image

Grognd Processing 6.14

Motion

Shake table Image 5 5
Processing

Both the performance of the shaking table and
the displacement of the top floor level are
compatible with the theoretical calculations
for earthquake loading. Time-domain
analyses under the 1/15 scale of the 1989
Loma Prieta earthquake was performed using
the Newmark average acceleration method

Sakarya University Journal of Science 27(6), 1367-1378, 2023

and compared with the video recording
analysis. The results of the experimental and
numerical analysis are shown in Figure 12.

The relative RMS errors that are calculated
between the scaled ground motion-shake
table, Scaled ground motion-image
processing, and Shake table-image processing
are 6.73%, 6.14%, and 2.31%, respectively.
These differences below 10% are considered
negligible and indicate an excellent accuracy
between the time series. Some reasons for
differences between experimental and
numerical results are discussed,;

I. Manufacturing defects affecting the
model behaviour and the differences
between material properties taken into
consideration in numerical analysis,

ii. Time occurred in

lag earthquake

simulations due to electronic components
of the shake table [21],

iii.

iv.Errors due to centroid calculations of
LED tracking.

v 05 1 15 1 25 T?‘W[Sif:] s a5 s ss 6 s
Figure 12 Comparison of image processing and
time-history analysis obtained at the top floor
under 1/15 scale 10/18/1989 Loma Prieta

earthquake simulation
3.2. MDOF Shear Frame

Successful results were obtained with the
image processing technique in the single-
degree-of-freedom system. In order to
examine the performance of the presented
method in a multi-degrees-of-freedom
system, the existing SDOF model was
converted to a 2-degree-of-freedom shear
frame by adding an intermediate floor.
Similar to the SDOF system, the lumped
masses on the floors and the shear stiffness of
the frame were used in comparisons.
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Taking into consideration the columns,
additional masses (accelerometers, LED
indicators) and rigid floor, the lumped masses
of the floors and shear stiffness of the stories
are given in Table 4. Considering these
values, using MATLAB [23], Eigenvalue-
eigenvector analyses were performed to
determine the theoretical natural frequencies
and mode shapes of the MDOF system. As a
result of the analysis, the first mode frequency
was determined as 5.88 Hz, and the second
mode frequency was 14.68 Hz.

Table 4 Mechanical specifications of the MDOF
experimental model

Story Shear Modal
(i) | Height | Mass | stiffnes | frequenc
Mod Li mi S y
e [mm] | [ko] Ki f,
(n) [N/mm] [Hz]
1 357 |0.873| 261 5.88
2 357 | 0.674| 261 14.68

3.2.1. Free vibration tests

Similar to the SDOF system, a free vibration
test was carried out to determine the dominant
frequency of the MDOF system. In Figure 13,
the displacement-time graphs of the two
floors of the structure were obtained by image
processing and the dominant frequency was
determined as 5.932Hz, representing the first
mode. Due to low amplitudes of free
vibration, the second mode frequency was not
observed in the time domain. For the
determination of the second mode, forced
vibration tests were carried out, and the
results are given in Section 3.2.2.

3.2.2. Harmonic loading

Harmonic excitations of £2 mm @ 5.884 Hz
and =1 mm @ 16.455 Hz were applied to the
MDOF shear frame on the shake table,
determining the first and second mode
frequencies. Figures 14 and 15 give the
displacement-time histories of both tests
obtained by image processing. The mode
shapes and the resonance frequencies given in
Figures 16-19 are determined by

Sakarya University Journal of Science 27(6), 1367-1378, 2023

experimental modal analyses using the
transfer function. Figure 18 and Figure 19
show the comparison of the mode shapes. In
Figures 18a and 19a, the instant photos taken
from the video recordings, showing the
maximum lateral displacements, represent the
deformed shapes of the first and second
modes, respectively. Mode shapes calculated
by transfer function are given in Figures 18b
and 19b, whereas the theoretical mode shapes
obtained by eigenvalue-eigenvector analyses
are given in Figures 18c and 19c. The same
values are obtained between theoretical and
experimental modal analysis  results
(difference= 0.34%) for the first mode
frequency, where the experimental and
theoretical mode shapes have a negligible
difference of 0.92%. The second mode
frequencies have a difference of 7.61%,
where the difference between the mode
shapes is 0.36%.

Differences of less than 1% may be attributed
to one or more factors, such as image quality,
measurement frequency, and manufacturing
defects. Significantly, the difference in the
second mode frequencies can be eliminated
using the model update technique with the
shear stiffnesses that can be defined
separately for each story when the
experimental results are taken as a basis.

30
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10 1/ il
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Figure 13 The displacement-time graph and
power spectrum obtained by image processing
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Figure 15 Displacement-time histories at floor
levels (=1 mm @ 16.455 Hz ~1.12)
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Figure 16 Determination of the dominant @) (b) ()
frequency using transfer function Figure 18 First mode shapes. a) Video frame
(2 mm @ 5.884 Hz f~1) with maximum displacements, b) first mode

shape obtained experimentally, c) first mode
shape obtained theoretically.
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Figure 17 Determination of the dominant
frequencies using transfer function
(=1 mm @ 16.455 Hz p~=1.12)
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Figure 19 Second mode shapes. a) Video frame
with maximum displacements, b) second mode
shape obtained experimentally, ¢) second mode

shape obtained theoretically.
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4. CONCLUSIONS

Due to its versatility, image processing has
become a preferred technique for laboratory
experiments. Especially in tests conducted in
laboratory environments, LED tracking is an
easy-to-implement tool besides
instrumentation with other devices for
measurement. White LEDs with high light
intensity are ideal for image tracking and give
satisfactory results. The technique proposed
for determining each video frame's optimum
median filter size gives reasonable results.

Using this technique for educational and
research purposes without any
instrumentation, dynamic behaviour and
characteristics can be evaluated within the
error range of 10% compared to high-cost
laboratory equipment such as piezo sensors
and DAQ devices. This paper shows that, for
fundamental vibration analyses in structural
dynamics, the presented technique can be
easily used for determining the mode shapes

and dominant frequencies of MDOF
structural systems.
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Effect of Borophene on the Electrochemical Performances of Li7P3Su based All-
Solid-State Lithium Sulfur Batteries

Cagr1 Gokhan TURK ', Mahmud TOKUR™

Abstract

This study has investigated the effect of 2-dimensional (2D) beta borophene as a cathode
additive for all-solid-state lithium-sulfur batteries. The comparisons have been carried out
regarding the impact on ionic conductivity based on borophene content. Although the studies
of borophene's contributions in the literature on the anode component, this study focuses on the
cathode contribution for the first time. While MoS> has been selected as the cathode active
material, carbon black has been selected as the electrical conductor, and LizP3Si1 solid
electrolyte has been synthesized as an ionic conductor in all-solid-state lithium-sulfur cells.
Borophene has been synthesized from boron powder by the exfoliation method. As a cathode-
active material, MoS», containing sulfur, and its 2D material nature, eliminates many of the
disadvantages that sulfur exhibits when used alone. To investigate the effect of borophene on
ionic conductivity in all-solid-state lithium-sulfur cells, multicomponent composite cathodes
were prepared in (MoS: / Conductive Carbon / LizP3S11 + Borophene) overall compositions.
According to the results, the specific capacity of the cells is affected negatively, while the
stability of the cell is affected positively when increased the borophene amount.

Keywords: Energy storage, lithium sulfur battery, all-solid-state battery, borophene, Li7P3S11
solid electrolyte

1. INTRODUCTION

The escalating demand for energy usage has
had a direct impact on energy storage
technologies. As a result, battery researchers
are actively seeking novel materials. Notably,
the recent exploration of 2D materials holds
promise due to their enhanced diffusion rates,
attributed to their distinctive two-dimensional
surface structures. Graphene, one of the most
widely recognized 2D materials, has gained
popularity in next-generation batteries, owing

to its exceptional columbic efficiency and
augmented theoretical capacity (> 372 mAh g’
Y. In the realm of lithium-sulfur batteries, 2D
structures have emerged as essential
considerations.  Numerous studies have
demonstrated the ability of these structures to
effectively ~ immobilize  robust lithium
polysulfide species. For instance, the 2D
transition metal dichalcogenide ReS; has
exhibited potential in sequestering lithium
polysulfides, thus contributing to heightened
cycling stability in Li-S cells [1].
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Solid-state lithium-sulfur batteries hold the
potential to address many of the challenges
posed by conventional Li-S batteries such as
shuttle effect, polysulfide solubility, and safety
concern [2]. Their enhanced safety, improved
cycle life, and potential for higher energy
density make them a compelling choice for the
next generation of energy storage technologies.
However, it's important to note that solid-state
battery technology is still under development,

and there are challenges related to
manufacturing, cost, and performance that need
to be addressed before  widespread

commercialization [3].

Borophene allotropes began to be estimated
with the help of DFT simulations in the early
2010s, and towards 2015, they were
synthesized on the Ag (111) surface [4].
Previously, 2D versions of boron were studied
for other chemistry applications. These three
allotropes were first synthesized as 312, 3, and
stripped borophene. All these allotropes have
chemically active sites [5, 6].

Similar to other 2D materials, the synthesized
borophene has proven to be remarkably
intriguing and has emerged as a strong as a very
good candidate for next-generation battery
technologies due to its highly conductivity
structures [7-9].

DFT simulations show that all three allotropes
of borophene exhibit excellent anode
properties, with theoretical capacities of 1984
mAh g for B12, 1240 mAh g for %3, and 1239
mAh g for stripped borophene [10, 11]. hold
the potential for enhancing the performance of
lithium-sulfur  batteries.  Among  these
allotropes, 12, with its superior theoretical
capacity, stands out as one of the most
frequently employed in batteries and serves as
a focal point for more in-depth research [12].
Consequently, this allotrope is considered to be
one of the most suitable candidates (attributed
to its capacity and planar arrangement) for
utilization as a cathode additive in solid cells [4,
12, 13].

This study revolves around the synthesis of
Li7P3S11 solid electrolytes by utilizing Li.S and

Sakarya University Journal of Science 27(6), 1379-1388, 2023

P>Ss components. These electrolytes have
gained recognition as one of the most efficient
solid electrolyte options for lithium-sulfur
batteries within existing literature. However,
challenges arising from interface issues with
Li7P3S11 electrolytes have led to performance
setbacks in terms of ionic conductivity [14]. As
a solution, researchers have turned their
attention to exploring the impact of borophene
additives (via partial replacement of the solid
electrolyte) on the electrochemical cell's
stability.

MoS,, known for its unique and highly
advantageous hollow sandwich structure, has
gained widespread recognition for the
significant positive impact it makes on
enhancing both the ionic conductivity and
electrochemical stability of lithium-sulfur cells
[15]. This distinctive hollow sandwich structure
of MoS; consists of a layered S-Mo-S sandwich
structure reminiscent of graphite, held together
by van der Waals forces with an interlayer
distance of 0.62 nm [16-18]. This specialized
configuration ~ promotes the  seamless
accommodation and diffusion of lithium ions
and polysulfide species throughout the battery's
charge and discharge cycles, emphasizing
MoS,'s potential as a versatile material for
advanced energy storage applications.

Significantly, this structural framework
accommodates a substantial number of Li-ions,
thereby contributing to an impressive
theoretical lithium storage capacity of 670
mAh-g! [16-19]. This property not only
enhances the overall conductivity of the
electrode but also minimizes the undesired
trapping of polysulfides that often leads to
performance degradation in traditional Li-S
batteries. Given the exceptional characteristics
offered by 2D MoS,, it has been deliberately
chosen as a cathode-active material for our
study. By harnessing the inherent advantages of
MoS>'s hollow sandwich structure, we aim to
capitalize on its ability to mitigate common
issues associated with lithium-sulfur battery
systems.

This investigation, delving into the intricate
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interplay between the integration of borophene
and the cathode performance of lithium-sulfur
batteries, is poised to provide a fresh and
comprehensive perspective to the scientific
literature. This exploration not only leverages
the unique attributes of MoSy's structural design
but also expands our understanding of how
innovative materials like borophene can
synergistically interact with MoS,, potentially
unlocking new avenues for further enhancing
the efficiency and stability of advanced energy
storage systems.

2. EXPERIMENTAL STUDIES
2.1. Material

Molybdenum disulfide (MoSz), lithium foil,
boron powders, and acetone were procured
from Sigma Aldrich, Germany. For the
synthesis of Li7PsS11, intended for application
in All-Solid-State lithium-sulfur cells, lithium
sulfide (LiS, 99.98%, Sigma Aldrich,
Germany) and phosphorus pentasulfide (P2Ss,
99%, Merck, Germany) were employed as the
initial constituents. These materials were
meticulously  stored  within an argon
atmosphere, maintained within a glovebox.

Other components required for the all-solid-
state  lithium-sulfur cell, essential for
conducting  electrochemical tests, were
commercially sourced and utilized as-is.

2.2. Preparation of Li7P3S11 Electrolyte

A mechanical activation method was employed
to create the suitable Li7P3sS11 solid electrolyte.
Initially, Li>S and P2Ss (in a 70:30 molar ratio)
powders were mixed in a planetary ball mill to
attain an amorphous phase, subsequently
undergoing crystallization at an optimized
temperature. The chosen crystallization
temperature  directly impacts the ionic
conductivity of solid electrolytes.

Optimal temperature values were determined in
this study through heat treatments at varying
crystallization temperatures. In the mechanical
activation process, stoichiometric powder

Sakarya University Journal of Science 27(6), 1379-1388, 2023

quantities were placed in a 20-ball (10 mm)
zirconia pot and rotated intermittently at 400
rpm for 24 hours. The resulting ball-milled
glassy powders were then sealed in a quartz
tube and heated at 240-250-255-260-270 °C for
2 hours, with a heating rate of 10°C/min, to
identify —an  appropriate  crystallization
temperature. The complete synthesis process
was carried out within the glovebox to prevent
powder exposure to air.

2.3. Synthesis of Borophene Powders

Borophene powders were synthesized to
integrate the cathode into the lithium-sulfur
cells. Initially, 50 mg of boron powders were
homogeneously mixed for approximately 2
hours at room temperature using 50 ml of
acetone and agate. Subsequently, the mixture
was further stirred magnetically for an
additional 2 hours. This dispersion was then
transferred to an autoclave and maintained at
200 °C for 1 day. Following autoclave
treatment, the dispersion was allowed to cool at
room temperature for 6 hours, after which
ultrasonication was performed with 225 W
power. Subsequently, centrifugation was
carried out at 8000 rpm for 15 minutes to
separate the exfoliated particles.

2.4. Characterization of Prepared Materials

X-ray diffraction (XRD, Rigaku D-Max 200)
was performed to carefully examine the
crystallographic nature of synthesized Li7P3S11
and borophene powders, using Cu K-alpha
radiation in the region of 2theta of 10~90°. The
structural morphologies of the borophene
powders were investigated by field emission
scanning electron microscopy (SEM, FEI
FEG450).

2.5. Cell Assembling

The assembly of the cell proceeded as outlined
below. To fabricate the electrolyte pellet,
Li7P3S11 powders underwent an initial cold-
pressing step at a pressure of 360 MPa. The
cathode material was formulated by
amalgamating MoS;, Conductive Carbon,
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Li7PsS11, and borophene. This composite
cathode material was prepared with specific
weight loadings of 30%, 30%, 20%, and 20%wt
respectively. ~ The  synthesis  involved
consecutive ball milling phases, each spanning
10 hours. The objective of this approach was to
bolster the ionic conductivity and foster
improved interlayer contact between the
cathode material and the solid electrolyte. For
solid-state batteries, the incorporation of solid
electrolytes onto the cathode side is a pivotal
and customary procedure. Subsequently,
Lithium foil was employed as the anode
material, finalizing the cell construction.

2.6. Electrochemical Characterization

The electrochemical performance of the
produced composites was be investigated by
charge/discharge tests from in a custom-made
electrochemical test cells with a 0.3 mA cm
current density in the 50-3000 mV (vs. Li/Li")
range (MTI Model BST8-MA). The resistances
of the cells were investigated using the ac
impedance technique (EIS) with an amplitude
of 5 mV and a frequency range of 1000 kHz to
0.1 Hz, (Gamry Instruments Reference 600).

3. RESULTS AND DISCUSSIONS

Li7P3S11 can be prepared by many different
methods using Li>S-P2Ss [14]. It is known that
this solid electrolyte has an ionic conductivity
of over 10* S/cm at room temperature in
lithium-ion batteries. In this structure, 70 or
75% Li.S content is used in general, and
crystallographically amorphous structures are
obtained. These glassy powders are known for
their superionic conductivity (1.7 x10 S/cm)
properties. The most important factor is
whether  these solid electrolytes are
thermodynamically stable or not [20].

The XRD result of Li7P3S11 glass ceramic
synthesized by the mechanical activation
method as a solid electrolyte for lithium-sulfur
batteries is presented in Figure 1. The main
characteristic diffraction peaks (26 = 17.6°,
19.6°, 21.7°, 23.6°, 25.8°, and 29.6°)
corresponding to the typical LizPsS11 phase,
which is also in agreement with the literature
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and shows that the solid electrolyte LizP3S11
was produced successfully [21, 22].
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Figure 1 XRD analysis of Li;P3S11 Glass Ceramic

The crystallographic structures of boron
powders and borophene were characterized by
XRD and compared in Figure 2. The
characteristic peaks similar to those in boron
powder are also observed in borophene.
However, it can be said that the intensity of
the peaks in borophene is slightly weaker than
that of boron powders. This proves that the
obtained structure is protected even after
reduction. It is stated that the position of the
diffraction angle between 25° and 30° of
borophene is due to the distorted sp? hybrid
orbitals of boron atoms [23].

Researchers have investigated the structure of
B12 Borophene, and it has been determined
that a=2.92621A and b=5.06337A in its unit
cell. The structure is very unique and different
even from other allotropes. The 12
borophene has a  significant  void
concentration in its structure and seems to be
the most suitable candidate for battery
technology [24].
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Figure 2 XRD analysis of Boron and borophene
Powders

Figure 3 shows FESEM images of borophene
powders. It was determined that borophene
has a spherical fragmented structure. The
average particle size of the borophene
powders obtained is around 150 nanometers.

MoS: helps prevent the shuttle effect, which
is one of the biggest problems of liquid-based
lithium-sulfur batteries. It also enhances the
ionic conductivity performance due to its two-
layer structure. With 670 mAh g?, the
theoretical specific capacity of MoS; is much
higher than the active materials used in
lithium-ion batteries. MoS: layers are formed
by hexagonal covalent bonds (S — Mo - S). In
other words, molybdenum atoms are located
between the sandwich-like sulfur structure.
This study performed XRD and SEM analyses
to analyze the structural and morphological
properties of MoS; powders for using lithium-
sulfur cells.

4
fg'eﬁ "“L

Figu 3 aalsis of ophene owders

The crystal structure of MoS; was
characterized by XRD analysis in Figure 4.

Sakarya University Journal of Science 27(6), 1379-1388, 2023

The strongest peak is located at approximately
14° (002). In addition, the peaks at 33°, 39°,
and 5°, respectively, corresponding to (100),
(103), and (110) planes are observed for MoS;
nanolayers. The absence of (002) reflection
and the presence of narrow and sharp peaks
are attributed to a single-layer or few multi-
layer MoS; similar to other 2D materials [25,
26].

MoS»

Intensity (a.u.)

Y

10 20 30 40 50 60 70 80
Two-Theta (deg)

Figure 4 XRD analysis of 2D MoS; structure

The scanning electron microscopy (SEM)
image presented in Figure 5 illustrates the
fragmented and stratified structure of MoS;
powders. This hierarchical arrangement is
characterized by its dense and uniform
appearance, albeit exhibiting agglomeration.
The interlayer structure of MoS: holds
significant implications for enhancing battery
performance in liquid-based lithium-sulfur
batteries. By impeding the diffusion of
polysulfide species across its layers, the MoS>
interlayer plays a pivotal role in ameliorating
battery performance. When MoS; interacts
with lithium, a transformative process occurs,
leading to the formation of a distinct structure
(MoS; + 4Li* + 4 — Mo + 2Li2S).
Impressively, this configuration exhibits an
energy density nearly twice that of graphene
(372 mAh g%), underscoring its potential as a
high-capacity energy storage material [27,
28].

MoS; films, characterized by high-density
catalytically active edges, have emerged as a
central focus of research in both liquid and
solid-state sulfur batteries. Their ability to
accommodate substantial sulfur content
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within their structure contributes to their
prominence. In particular, the two-
dimensional MoS, configuration offers an
expansive surface area, notably within its thin
layers, which facilitates the provision of
additional active sites through the operation of
weak van der Waals forces. This design
confers stability to the cathode, effectively
reducing interlayer resistance between the
cathode and electrolyte. As a result, the
kinetics of electrochemical reactions during
cycling are enhanced, with implications for
improved  battery  performance.  The
amalgamation of these attributes underscores
the role of MoS; in the enhancement of
lithium-sulfur battery technologies, heralding
advancements in both energy storage and
electrochemical performance.

In order to examine the effect of borophene on
ionic conductivity in all-solid-state lithium-
sulfur batteries, multicomponent composite
cathodes were prepared in (MoS;, / Conductive
Carbon / Li7PsS11 + Borophene) overall
compositions. 30% MoS; active material and
30% carbon black conductive carbon amount of
the cathode combinations were kept constant to
investigate the effect of borophene on the
stability of solid electrolytes. The remaining
40% is Li7P3S11 + borophene mixture. Solid
electrolytes and borophene were mixed in
different amounts and added to the total cathode
amounts. In this way, it was observed more
clearly how borophene affects the ionic
conductivity of lithium-sulfur all-solid-state
batteries.

Figure 6 illustrates the Nyquist plots derived

Sakarya University Journal of Science 27(6), 1379-1388, 2023

from the analysis of multicomponent composite
cathodes. Within Nyquist measurements, the
interplay of ion transfer mechanisms at the
electrode/electrolyte interface during the
Faradaic process is reflected, giving rise to
distinct semicircular features evident in the
impedance profiles. It is pertinent to note that
the rapid pace of charge transfer processes can
obscure the characteristic ~ semicircular
impedance pattern, leading to a dominant linear
response. Additionally, the consistent and
undisturbed nature of the electrode-electrolyte
interface, lacking the irregularities necessary
for semicircular impedance responses, further
contributes to the prevalent linear behavior
observed in the plots [29].
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400 -
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Figure 6 Nyquist plots of multicomponent
composite cathodes

The Nyquist plot of the cathode composed
entirely of Li7PsS11 (100% LPS) reveals a
distinctive linearity at low frequencies,
indicative  of robust charge transfer
performance. In contrast, the cathodes with a
composite composition of 50:50 LPS and
borophene, as well as those constituted solely
of borophene (100% borophene), exhibit
diminished charge transfer performance. This
disparity in performance can be attributed to the
relatively lower ionic conductivity exhibited by
borophene compared to LizP3S11, thereby
influencing the charge transfer kinetics within
the respective electrode-electrolyte systems
[30].

According to the results, the specific capacity
of the cells was affected negatively when the
borophene amount increased. However, the

1384



Gagri Gékhan TURK, Mahmud TOKUR
Effect of Borophene on the Electrochemical Performances of Li7P3S11 based All-Solid-State Lithium Sul...

stability and cycle life of the lithium-sulfur cells
was improved. When Li7P3S11 electrolyte is
used 100% amount, the capacity of the cells
increases up to the 10th cycle then a decrease is
observed. This decrement continued gradually
until the 50" cycle and completely faded its
capacity at the end. The observed decrease in
capacity can be ascribed to the heightened
interfacial resistance evident between electrode
and LizP3S11 solid electrolyte. Intriguingly, the
derived diffusion coefficient governing this
interaction was found to be orders of magnitude
lower than the corresponding bulk diffusion
coefficient for Li7P3S11 [18].

When borophene is used in equal amounts
with Li7P3S11, a continuous increase in
capacity is observed from the 1% to the 50™
cycle. The increase in the specific capacity of
the cells is directly related to the gradual
activation. After the 50" cycle, the cell
protected its stability until the 100" cycle but
is not shown in Figure 7. This means that the
activation process is completed and reflects
the actual capacity of the cell after then.

350 4
6 300
=
<<
£ 250
=
G 200
a
G 150
Q
=
‘5 100
2
“ 50
0= T T T v T T T T T
0 10 20 30 40 50
Cycles
Figure 7 Electrochemical performance of lithium-
sulfur cells

Electrochemical stability is also observed
when borophene is completely substituted for
the solid electrolyte. However, the capacity is
observed as too low. It can be said that the
contribution of full borophene to ionic
conductivity is limited. According to the
experimental results, equally using solid
electrolytes and borophene contributes more
positively to conserving capacity among all
three combinations. But, in order to get more
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positive results, less amount of the borophene
should be researched and reported for further
studies.

4. CONCLUSIONS

Drawing from the comprehensive outcomes, it
is evident that higher concentrations of
borophene exert a discernible influence on the
solid electrolyte, precipitating a significant
decline in the cell's specific capacity. To
counteract this undesirable capacity reduction
and foster enhanced stability, a judicious
strategy involves incorporating borophene
into the solid electrolyte of lithium-sulfur
cathodes at more conservative proportions.
This approach aligns with the goal of
preserving the cell's capacity while bolstering
its overall resilience.

Moreover, the methodologies devised and
executed within the purview of this study are
characterized by  their  accessibility,
practicality, —and  applicability.  The
straightforward implementation of these
methodologies underscores their potential
relevance in a broader context. In this regard,
these findings hold promise in advancing
novel paradigms for electrochemical energy
storage, potentially serving as guiding
principles for the trajectory toward the
commercialization of all-solid-state lithium-
sulfur batteries.
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