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From the Editors

Dear Readers,

As the Journal of Innovative Engineering and Natural Sciences, we are excited to share with you a
recent development that fills us with joy and pride. In the rapidly advancing world of technology and
scientific research, we have taken an important step towards increasing the recognition of our journal in

Turkey and playing an active role on the international stage.

We proudly announce that the Journal of Innovative Engineering and Natural Sciences is now indexed
in TR Index, one of the prominent directories in Turkey. This achievement is considered a strong
reference to the quality and scientific impact of our journal. We extend our heartfelt thanks to all our

editorial board members, reviewers, and contributing authors for their invaluable contributions.

Adhering to our publishing principles of "academic discipline" and "ethical values," the Journal of
Innovative Engineering and Natural Sciences continues to fulfill its mission of providing an important
academic platform for researchers. Our primary goal is to offer scientific approaches and solutions to
the current issues in the fields of engineering and natural sciences and share these works swiftly with

academia and industry.

We take great pride in joining the ranks of distinguished national and international journals by taking this
significant step. The success of our journal continues to grow thanks to the contributions of our esteemed
readers and researchers. We look forward to sharing your valuable works in engineering and natural

sciences in our future issues.

With this update, we aim to enhance the quality and national recognition of our journal. We assure you

that we will continue to enlighten you by keeping up with the latest developments in the world of science.
Thank you for your participation, support, and interest.
Best regards,

Editors



Editorden

Degerli Okuyucularimiz,

Yenilik¢i Mihendislik ve Doga Bilimleri Dergisi olarak, sizlere biyuk bir heyecan ve mutlulukla duyurmak
istedigimiz guncel bir gelismeyi paylasmak istiyoruz. Gelisen teknoloji ve bilimsel arastirmalarin hizla
ilerledigi giinimuzde, dergimizin Tuarkiye'de taninirhgini artirmak ve uluslararasi arenada etkin bir rol

oynamak adina 6nemli bir adim atmis bulunmaktayiz.

Gururla duyuruyoruz ki, Yenilikgi Mihendislik ve Doga Bilimleri Dergisi artik Turkiye'deki énemli
dizinlerden biri olan TR dizinde yerini almigtir. Bu gelisme, dergimizin kalitesi ve bilimsel etkisi
konusundaki glgli bir referans olarak kabul edilmektedir. Bu basariyi elde etmemizde emegi gegen tim
yayin kurulu Gyelerimize, hakemlerimize ve katkida bulunan yazarlarimiza en icten tesekklrlerimizi

sunariz.

Yayin ilkelerimiz olan "akademik disiplin" ve "etik degerler" gergcevesinde, Yenilikgi Mihendislik ve Doga
Bilimleri Dergisi olarak, arastirmacilar icin énemli bir akademik platform sagdlama misyonumuzu
surdurldyoruz. Dergimizin temel amaci, mihendislik ve doga bilimleri alaninda yapilan arastirmalara
bilimsel yaklasimlarla ¢dézimler sunmak ve bu calismalari akademi ve sektdrle hizli bir sekilde

paylasmaktir.

Bu 6nemli adimi atarak ulusal ve uluslararasi segkin dergiler arasinda yer almaktan buydk gurur
duyuyoruz. Siz degerli okuyucularimizin ve arastirmacilarin katkilari sayesinde dergimizin basarisi
artarak devam etmektedir. Gelecek sayillarimizda da mihendislik ve doga bilimleri alaninda

yurattiguniz degerli calismalari paylasmanizi arzu ediyoruz.

Sizlere sundugumuz bu glincellemeyle, dergimizin kalitesini ve ulusal ¢apta taninirhigini artirmayi
hedefliyoruz. Bilim duinyasindaki yeni gelismeleri takip ederek sizleri aydinlatmaya devam edecegimizi

taahhit ediyoruz.
Katiliminiz, desteginiz ve ilginiz icin tesekkur ederiz.
Saygilarimizla,

Editorler
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Investigation of effect of chestnut sawdust on mechanical properties of epoxy matrix
composites
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ARTICLE INFO ABSTRACT

Article history: Composites have many important properties such as high specific hardness and strength, dimensional stability,
Received 10 Apr 2023 adequate electrical properties and excellent corrosion resistance. The composite industry is mostly dominated
Received in revised form 13 May 2023 by thermosetting resins such as epoxy, vinyl ester, unsaturated polyester, phenolic, polyimides. These resins
Accepted 23 May 2023 have many advantages such as their relative ease of processing, lower equipment cost for processing and lower

material costs. In this study, the effect of chestnut sawdust on the mechanical properties of epoxy matrix
composites was investigated. As the resin, thermosetting epoxy resin was preferred as the matrix. As a filler,
chestnut wood sawdust, which is produced as a natural waste by local furniture manufacturers, was used. The
sawdust was prepared up to 400 micron size and was added to the resin at rates of 5-10-15-20% by weight.
Sample preparation was terminated as the resin reached saturation with the addition of 20% sawdust. PTFE
material was preferred as the mould because of the very weak adhesion property of epoxy. The prepared
mixture was kept in the oven at 1800C for 3 hours to completely harden. Mechanical properties of the samples
such as tensile, hardness and impact were investigated. Examination of the broken surfaces was made with
SEM images. At the end of the study, it was determined that the addition of 10% by weight chestnut sawdust
increased the mechanical properties of epoxy composites. It was also understood from the SEM images that
there was a homogeneous mixture in the sample structure.

Auvailable online

Keywords:

Epoxy resin,

Chestnut sawdust,
Mechanical properties,
Natural filler

2023 JIENS All rights reserved.

1. INTRODUCTION

Composites are defined as a combination of two or more materials with a distinguishable interface. Composite
materials are widely used in many areas such as automotive, maritime, aviation, textile, defence industry.
Composite-based materials contain additives and fillers together with a polymer matrix. The most important
advantage of filling materials is that they reduce the cost significantly. However, it is known that it provides many

advantages with its contributions to mechanical properties [1-2].

Ceramic-based fillers are mostly used in composites. However, in recent years, the use of natural fillers and fibres
has been intensely preferred [3-8]. Natural fibres have attracted the attention of many researchers because they are
low cost, highly available, biodegradable and environmentally friendly materials [9]. However, the main
disadvantages of wood particles are their relatively low degradation temperatures, which weaken their adhesion
with hydrophobic polymers. However, wood fibres show very good mechanical properties [10]. At the same time,
the use of natural fibres and polymers from renewable resources has attracted increasing attention recently, mainly
due to environmental concerns and depletion of petroleum resources [11-12]. Natural fillers have relatively high
strength and hardness, as well as low cost, low density and low CO; emissions, and are biodegradable and
renewable. One of the natural fillers is wood sawdust. Wood sawdust are suitable for use in polymeric composites
due to its lightness, micro grain size, easy availability from local sources and natural waste [13-14].

*Corresponding author. Tel.: +90-216-777-3992; e-mail: ilyaskartal@marmara.edu.tr
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In this study, epoxy resin was preferred due to its widespread use as a matrix material. Epoxies have a wide range
of applications, from dental fillings to rocket shells [15-16]. The properties that allow such a wide variety of
applications are explained by the chemistry of the epoxy functional group as well as the curing reaction [17].
Functionally, this resin exhibits excellent properties due to its high crosslinking properties, adequate strength, low
curing shrinkage, increased fatigue and impact resistance, excellent thermal properties, chemical resistance and
dimensional stability. Epoxy/hardener ratios and ideal curing conditions are important to obtain the desired

properties of composite materials [18].

These new generation environmentally friendly materials with natural fillings are used in many areas as an
alternative to synthetic plastics. Products made of these materials, also called green composites, are used
extensively in the automotive, furniture, construction and packaging industries. As fibres and filling materials,
materials such as cellulose, nutshell, bamboo fibres, wheat stalk, chestnut are preferred intensely [4-5, 7]. In this
study, together with epoxy, waste chestnut sawdust will be used as filler. With the use of waste sawdust in
composite applications, it will be ensured that the environmental effects are reduced, the cost of composite
production is reduced, the amount of waste storage and gas emissions are reduced, and natural resources are

protected.

1. EXPERIMENTAL METHOD
2.1 Materials

In this study, waste chestnut wood chips obtained from local furniture manufacturers were used as natural filling
material. The chips were prepared in up to 400 micron sizes by passing through 400 micron sieves. Epoxy resin,
Epikot 828 (Shell Chemical, density 1.16 kg/liter), which is heavily preferred in composite applications, was
chosen as the matrix material. Epikot 828 is a medium viscosity liquid epoxy resin produced from bisphenol A
resin and epichlorohydrin. It is free of diluents, providing good pigment wetting and good resistance to filler
precipitation and high mechanical and chemical resistance properties in the cured condition. Epicure (Shell

Chemical) was used as epoxy resin hardener and benzyl dimethyl amine (BMDA-Aldrich) was used as accelerator.

2.2 Preparation of Samples

Chestnut wood sawdust in the size up to 400 micron was added to the epoxy resin at the rates of 5-10-15-20% by

weight. Since saturation was reached in 20% filled samples, no other samples were prepared.

The ratio of hardener used for epoxy resin is 1:1, that is, the same amount of hardener is used by weight of the
epoxy resin. In order to remove the air bubbles formed in the mixture of Epikot 828 and Epicure, it was kept in an
oven at 50 °C for about 20 minutes. In addition, 1% by weight of benzyl dimethyl amine (BDMA) was added as

accelerator. The mixture poured into the PTFE mould was cured at 180 °C for 3 hours to completely harden.

PTFE mould was used as open mold in this study. PTFE mould was preferred in order to easily separate the epoxy

from the mould due to its weak adhesion property.
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2.3 Mechanical Tests

The tensile test was applied in the Zwick brand Z010 universal type tensile test device according to the ISO 527
standard at a tensile speed of 5 mm per minute. The impact strength of the unnotched test specimens was used
with a 5.4 J 1zod hammer on the Zwick brand B5113.30 impact tester. The hardness test was carried out on the
Zwick brand Shore D tester. For SEM analysis, the samples were coated with a 10 A thick gold/palladium alloy.
The SEM test was performed with the Polaron SC branded device located in the Marmara University, Faculty of

Technology Laboratory.

I11. RESULTS AND DISCUSSIONS

Tensile test, 1zod impact test and hardness measurements were performed on composite samples. Tensile strength
values and % strain values are given in Table 1. The tensile strength value of the composite, which has a particle
reinforced polymer matrix structure, varies depending on the active load transfer between the matrix structure and
the particle reinforcements. Factors such as the particle additive ratio, the bond strength between the particles of

the fiber layer and the resin affect the strength at the same rate.

Table 1. Tensile strength and % strain values of samples

Filler Tensile Strength Strain
Rate, by weight (MPa) %
Pure Epoxy 36,9 2,1
5% 37,7 2,2
10% 40,1 2,2
15% 34 19
20% 28 1,8

The variation trends for the tensile strength of the samples were close to each other. It is also possible to see from
the graph in figure 1 that a partial increase in the tensile strength of the mixture is achieved with the increase of %
sawdust ratio in epoxy-chestnut wood chips mixture samples. The pure epoxy sample exhibited a low tensile
strength. However, due to the reinforcing effect of sawdust, the tensile strength values of the composites increased
partially. With the addition of 10% sawdust, the tensile strength of the pure epoxy was increased by 8%. With the

addition of sawdust after 10%, a decrease in tensile strength was observed in the samples.

This may be because the percentage of epoxy resin that firmly binds the composite is reduced. Another possible
reason may be that the weak interfacial bond between the polymer matrix and the filler content reduces the tensile
strength of the composite. It has been stated in the studies that the tendency to agglomerate with the increase in
the amount of sawdust or the insufficient hydrogen bond between the chip particles and the epoxy resin matrix

cause a decrease in the tensile strength [10, 18-20].

Shore D hardness value of the samples is given in figure 2. As in the tensile strength, the hardness values also
increased as the chip ratio increased, and decreased after 10% sawdust amount. In Figure 3, the variation of 1zod
impact strength with increasing sawdust ratio is given. A slight decrease in the impact resistance of the composite
was observed with the increase in the sawdust ratio by weight. The impact strength of the epoxy decreased by 20%
with the addition of sawdust. The reason for this is thought to be due to the fact that the sawdust filler is available

in very different sizes (up to 400 micron size) and structures.
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Figure 1. Variation of the tensile strength of the samples depending on sawdust ratio
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Figure 3. Variation of Izod impact strength of samples depending on sawdust ratio

SEM images of the samples are given in Figure 4. In Figure 4a, it is seen that there is a brittle fracture on the

fracture surface of the pure epoxy. The other SEM image figure 4b contains 10% chestnut sawdust. It is clear that
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the sawdust adheres well to the epoxy resin. There are chestnut sawdust in many different sizes and shapes in the
sample. As it can be seen from the images, it is seen that there are sawdust in the size of 10 microns, as well as in
the size of 400 microns. However, as the weight ratio of sawdust particles in the resin increased, agglomeration
was observed. This is thought to cause the formation of bubbles and pores that may interfere with the mechanical

properties of the composites.

It can be thought that 10% by weight of sawdust filled epoxy has good adhesion, and with the increase in the
amount of sawdust by weight, there may not have been enough epoxy resin to completely cover all cellulosic
surfaces. Thus, from these images, it can be understood why composites containing 10% by weight sawdust show
better mechanical properties than composites containing 20% by weight of sawdust. Similar observations in this

study were also observed in other studies [19, 21].

EHT = 15.00 kV Signal A= SE1 Date :30 Apr 2019
WD= 7.5mm Mag= 10.00K X Time :16:39:16

EHT=15.00 kV Signal A= SE1 Date :30 Apr 2019

WD= 7.0 mm Mag= 72X

Time :17:11:21

b.

Figure 4. SEM images of the fracture surfaces of pure epoxy (a) and 10% chestnut sawdust filled (b) samples
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IV. CONCLUSIONS

In this study, the use of chestnut sawdust as a filler in thermosetting epoxy-based composite material was
investigated. A slight improvement in tensile, hardness properties was observed as the chestnut sawdust filler
silently increased in the epoxy. According to the tensile test data, it was observed that 10% sawdust filler showed
a better strength than all other samples. There was also a partial increase in the hardness value. Impact test values
showed a partial decrease due to the different sizes of sawdust filling in the structure. When the data of all samples
were examined, it was understood from the SEM images that the sawdust ratio was ideal in the samples with 10%

sawdust filling and that the sawdust was homogeneously mixed in the structure.

At the end of the study, it has been determined that the addition of chestnut sawdust filler will reduce the amount
of heat-cured epoxy usage, which will reduce the cost to some extent and contribute positively to the mechanical
properties. However, it is clear that the use of natural fillings instead of synthetic fillings will contribute to the
solution of environmental problems. Therefore, it has been concluded that the use of chestnut sawdust as a filler

in thermosetting epoxy matrix composite material applications may be an appropriate decision.

REFERENCES

[1] Jose JP, Joseph K (2012) Introduction to Polymer Composites. In: Sabu T, Kuruvilla J, Kumar M, Goda K,
Sreekala MS (ed) Polymer Composites, First edn. Wiley, New York, pp 1-16

[2] Cakir Yigit N (2022) Alev geciktirici polimerlerin sentezine yonelik giincel yaklagimlar. Journal of innovative
engineering and natural science 2(2): 95-113. https://doi.org/10.29228/JIENS.63353

[3] Kartal 1 (2020) Effect of hornbeam sawdust size on the mechanical properties of polyethylene composites.
Emerging Materials Research 9(3):979-984.

[4] Kartal I, Nayc1 G, Demirer H (2019) Investigation of the Mechanical Properties of Chestnut/Hornbeam
Sawdust Filled Vinyl Ester Composites. European Journal of Science and Technology 16:723-728.

[5] Kartal I, Nayc1 G, Demirer H (2020) The effect of chestnut wood flour size on the mechanical properties of
vinyl ester composites. Emerging Materials Research 9(3):960-965

[6] Sengdr I, Cesur S, Kartal 1, Oktar FN, Ekren N, Inan AT, Giindiiz O (2018) Fabrication and Characterization
of Hazelnut ShellPowder with Reinforced Polymer Composite Nanofibers. ICNMA: 2018 20th International
Conference on Nanostructured Materials and Applications

[7] Kartal I, Nayc1 G, Demirer H (2019) Investigation of Mechanical Properties of Glass and Bamboo Fiber
Reinforced Vinylester Composites. Multidisciplinary Studies and Innovative 3(1):34-37.

[8] Demirer H, Kartal I, Yildirrm A, Biiyiikkaya K (2018) The Utilisability of Ground Hazelnut Shell as Filler in
Polypropylene Composites. Acta Phys. Pol. A 134:254-256.

[9] Ashori, A (2008) Wood-plastic composites as promising green-composites for automotive industries.
Bioresource Technology 99(11):4661-4667.

[10] Marcovich NE, Reboredo MM, Aranguren M1 (1996) Composites from sawdust and unsaturated polyester. J.
Appl. Polym. Sci. 61(1):119-124.

[11] Ridzuan MJM, Majid MSA, Afendi M, Azduwin K, Amin NAM, Zahri JM, Gibson AG (2016) Moisture
absorption and mechanical degradation of hybrid Pennisetum purpureum/glass-epoxy composites. Composite
Structures 141:110-116. https://doi.org/10.1016/j.compstruct.2016.01.030

72



Epoxy composites J. Innovative Eng. Nat. Sci. vol. 3, no.2, pp. 67-74, 2023.

[12] Vijayan D, Thiagarajan R. (2020) Influence of stacking sequence on mechanical and metallurgical properties
of ramiefareca laminates using B4C nano filled epoxy. Resin Journal of Natural Fibres 1-17.
https://doi.org/10.1080/15440478.2020.1848713

[13] Kamdem DP, Jiang H, Cui W, Freed J, Matuana LM (2004) Properties of wood plastic composites made of
recycled HDPE and wood flour from CCA-treated wood removed from service. Composite Part A: Applied
Science and Manufacturing 35(3):347-355. https://doi.org/10.1016/j.compositesa.2003.09.013

[14] Deka BK, Baishya P, Maj TK (2014) Synergistic effect of SiO2, ZnO and nanoclay on mechanical and
thermal properties of wood polymer nanocomposite. Journal of Thermoplastic Composite Materials 27(4):464-
480. https://doi.org/10.1177/0892705712452739

[15] Kartal 1 (2019) Investigation of Wear Properties of Toughened Epoxy Resin using Silane Terminated
Urethane. Acta Physica Polonica A 135(5):1100-1101.

[16] Kartal I, Boztoprak Y, Bilici MK, Cakir M (2006) Investigation of Wear Properties of Epoxy-Polyester
Mixtures. 13th International Metallurgy and Materials Congress

[17] Bilyeu B, Brostow W, Menard KP (1999) Epoxy thermosets and their applications. I: Chemical structures
and applications. Journal of Materials Education 21(5&6):281-286.

[18] Khan M, Abas M, Noor S, Salah B, Saleen W, Khan R (2021) Experimental and statistical analysis of sawmill
wood waste composite properties for practical applications. Polymers 13(4038):1-19.

[19] Lette MJ, Elhadji Babacar LY, Ndiaye D, Takasaki A, Okabe T (2018) Evaluation of sawdust and rice husks
as fillers for phenolic resin based wood polymer composites. Journal of Composite Materials 8(3):124-137
https://doi.org/10.4236/0jcm.2018.83010

[20] Huda MS, Drzal LT, Misra M, Mohanty AK (2006) Wood-fiber-reinforced poly(lactic acid) composites:
Evaluation of the physicomechanical and morphological properties. J. Appl. Polym. Sci. 102:4856-4869.

[21] Kumara R, Kumarb K, Sahooc P, Bhowmika S (2014) Study of mechanical properties of wood dust reinforced

epoxy composite. Procedia Materials Science 6:551-556.

73



J. Innovative Eng. Nat. Sci. vol. 3, no.2, pp. 67-74, 2023.

Epoxy composites

74



J. Innovative Eng. Nat. Sci., vol. 3, no. 2, pp. 75-88, 2023.
http://dx.doi.org/10.29228/JIENS.70259

Journal of Innovative Engineering
Q J I ENS and Natural Science

(Yenilikgi Miihendislik ve Doga Bilimleri Dergisi)

Original Paper journal homepage: https:/jjiens.org

Converting polyolefin fibres into CO> adsorbent by radiation induced grafting

Noor Ashikin Mohamad?®, “=/ Nur Afifah Zubair®®, ° Mohamed Mahmoud Nasef**”, “2) Teo Ming Ting®

#Malaysia-Japan International Institute of Technology, Universiti Teknologi Malaysia, Jalan Sultan Yahya Petra, 54100 Kuala Lumpur, Malaysia.
°Center of Hydrogen Energy, Institute of Future Energy, Universiti Teknologi Malaysia, Jalan Sultan Yahya Petra, 54100 Kuala Lumpur, Malaysia.
‘Radiation Processing Technology Division, Malaysian Nuclear Agency, 43000, Kajang, Selangor, Malaysia.

ARTICLE INFO ABSTRCT

Article history: Polyethylene (PE)/polypropylene (PP) bicomponent fibres were converted into three types of CO2 adsorbents
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incorporation of poly(GMA) having same degree of grafting (DG%) and their subsequently aminated samples
were verified by Fourier transform infrared (FTIR) and scanning electron microscopy (SEM). The
performance of the three adsorbents was evaluated with pure CO2 and N2 gases and their mixtures of different
ratios. The adsorbent with PEI showed CO; adsorption capacity of 1.03 mmol/g, which was increased to 1.43
mmol/g when it was substituted with EDA, whereas this value was raised to 1.69 mmol/g in the adsorbent
containing poly(VAm) at 30 bar and room temperature. Such CO2 adsorption capacity values were decreased
when CO2/N2 mixtures were adsorbed, and the decrease was more profound at lower CO2 content in all
adsorbents, but the performance of poly(VAm)-containing adsorbent remained superior. It can be concluded
that RIGC provides a versatile method to convert PE/PP fibres into highly selective CO2 adsorbents with NVF
grafting route is simpler and yield more efficient adsorbent for CO2 capture.
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I. INTRODUCTION

Polyolefins are a class of polymers that include materials like polyethylene (PE) and polypropylene (PP) with high
versatility making them one of the most popular plastics. Polyolefins are widely used in various industrial
applications including packaging materials, pipes and fittings, automotive parts, electrical insulation, textiles,
automotive parts, and consumer goods. This is due to their excellent chemical resistance, mechanical integrity
including toughness and resistance abrasion in addition to hydrophobicity and low cost [1]. One of the appealing
applications that has indeed been explored is the use of PE and PP fibres/nonwoven fabrics as substrates for
developing functionalized adsorbents for various environmental applications. This area has gained an ever

increasing attention as a means to mitigate rising levels of water and air pollution [2].

To develop SFA, specific ionic groups can be introduced to the surface of polymer substrates such as PE or PP
fibres/nonwoven fabrics using graft copolymerization that can be initiated using thermal initiation, plasma
treatment, redox initiation, photo-initiation in presence of UV and ionizing radiation [3, 4]. Of all methods,
initiation of graft copolymerization using ionizing radiation (known as radiation induced graft copolymerization
or RIGC such as y-rays and electron beam (EB), offers several advantages, including clean and environmentally
friendly approach because eliminating the detrimental residues and providing precise and uniform control over the

level of grafting and its homogeneity [5].
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RIGC method works on the principle of exposing polymer substrates to ionizing “radiation generates free radicals
by H abstraction from polymer backbone that initiate copolymerization when the irradiated substrates are brought
in contact with polar monomer molecules which can be performed with simultaneous grafting or pre-irradiation
grafting. The former method involves irradiation of the polymer substrate and the monomer together under
controlled conditions whereas in the latter one, the substrate is irradiated separately before being brought into
contact with the monomer under controlled conditions. The grafting yield can be easily optimized by controlling
the grafting conditions. Both grafting methods lead to formation of covalently bonded side chain grafts on the
substrate leaving capable of hosting ionic groups either by grafting of an ionic monomer or indirectly in a post
grafting reaction when a non-ionic monomer is used. These ionic groups have strong affinity that can enhance the
adsorption capacity of the material for targeted pollutants. For example, functional groups such as sulfonate
(-SO3H), carboxyl (-COOH), hydroxyl (-OH) or amino (-NH2) groups can be incorporated onto the surface

imparting ionic moieties [6].

The functionalized adsorbents based on PE and PP fibres/nonwoven fabric have several advantages. Firstly, the
large surface area and porous structure of these materials provide ample contact sites to adsorb pollutants.
Secondly, the presence of specific ionic groups increases the affinity between the adsorbent and target pollutants,
enhancing the adsorption efficiency. The use of PE and PP fibres/nonwoven fabric as substrates also allows for
easy handling, scalability, and potential reusability of the adsorbents. Particularly, these fibrous adsorbents offer
crucial advantages over traditional adsorbent beads in packed-bed columns, particularly in applications involving
high-pressure gas treatment, such as the removal of CO, from natural gas where the treated gas loses a great deal
of pressure. Additionally, these adsorbents eliminate the feed channelling taking place upon using adsorbent beads
in packed-bed columns [7]. The feed channelling refers to the phenomenon in which the fluid flow within the
adsorption column using beads becomes concentrated in specific areas while bypassing certain regions of the bed

causing an uneven feed distribution and contact time reduction leading to an inefficient adsorption process [8].

Many studies reported the development of various radiation grafted fibrous adsorbents with different functional
groups. Most of such adsorbents were dedicated for wastewater treatment applications involving removal of
various pollutants such as heavy metals, dyes, boron, arsenic, and oil spills [9-11]. However, less efforts were
exerted to develop selective radiation grafted adsorbents to mitigate air pollution by CO, capture [2, 12]. Indeed,
there have been some studies on using aminated electrospun nanofibrous substrates made of PP [13-15],
polyacrylonitrile (PAN) [2], PAN/polystyrene (PS) [16] for application in CO; capture by RIGC and subsequent
amine loading. Degrees of grafting (DG) above 100% were maintained in the adsorbent precursors to ensure having
sufficient sites to load the desired amine groups and eventually acquire higher adsorption capacities coupled with
faster kinetics than commercial resins. However, such nanofibrous adsorbents are facing challenges related to not
only poor mechanical stability and textural as well as geometric properties of the nanofibrous substrates but also

difficult scalability.

This work represents another part of our continuous efforts to prepare cost-effective CO, adsorbents in which three
fibrous adsorbents containing amine were prepared using different routes involving RIGC of glycidyl methacrylate
(GMA) and N-vinyl formamide (NVF) onto PE/PP bicomponent fibres in a form of nonwoven sheet followed by
amine immobilization and subsequent evaluation of the material for CO- capture. The PE/PP bicomponent fibres

were selected because they are cheap, nonpolar, hydrophobic and have radiation resistance. The properties of the
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obtained adsorbents were evaluated using various analytical techniques and the performance of the samples having
same degree of grafting (DG%) was tested for pure CO, and N, gases together with their mixtures at different

ratios.

Il. EXPERIMENTAL METHOD

The preparation of the adsorbents involves irradiation with electron beam (EB) followed by grafting of GMA or
NVF monomers and subsequent incorporation desired amine. All preparation were conducted under controlled
parameters. Details of chemicals used and preparation procedures, characterization and CO, testing are presented

below:

2.1 Chemicals and reagents

PE/PP fibrous sheets were obtained from Kurashiki Co., Japan. The GMA and NVF monomers were obtained
from Sigma Aldrich (Saint Louis, MO, USA). Ethylenediamine (EDA) (purity >99) was purchased from Merck
Millipore and was used without any further dilution. Polyethyleneimine (PEI) (purity 50 wt% aqueous solution,
branched) was purchased from Acros Organics and was further diluted with dimethylformamide (DMF) and
isopropanol both were of analytical grade and purchased from Merck Millipore. Deionized water (DI) was
produced by Barnstead Nanopure Diamond Lab Water Purification System (ThermoFisher) and was used for
washing all samples and preparation of 2 M NaOH solution required for hydrolysis reaction. Lastly, pure CO2
gas (99.8%), pure N2 (99.999%) and pure He gas (99.995%) were supplied by Alpha Gas Solution (Sdn. Bhd.,
Malaysia).

2.2 Grafting of monomers onto PE/PP fibres

PE/PP fibrous sheet was irradiated under vacuum in a sealed plastic bag by an EPS3000 electron beam accelerator
operating at an acceleration voltage of 1 MeV, beam current of 10 mA and dose per pass of 10 kGy to total doses
of 10 and 300 kGy. Grafting of GMA was carried out by placing the irradiated samples in an evacuated ampoule
containing deoxygenated monomer of desired concentration diluted with DI and 0.5 wt% Tween-20 and reaction
was allowed at 40 °C for 0.5 h. On the other hand, grafting of NVF on PE/PP was carried out in a similar manner
but in toluene solvent under conditions of 300 kGy absorbed dose and 70 °C temperature for 1 h. The grafted
samples were extracted and washed with methanol few times and rinsed under sonication overnight before drying
in a vacuum oven followed by weighing. The degree of grafting (DG%) in samples was calculated from the sample

weight gain as follows:

Wg-Wo
Wo

DG (%) = X 100% @

where, Wy and W, are weights of samples after and before grafting, respectively.
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2.3 Amination of grafted PE/PP fibres

PE/PP-g-poly(GMA) substrate was treated with pure EDA amine in round bottom flask. The reaction was carried
out at 83 °C under reflux for 24 h. Another sample of PE/PP-g-Poly(GMA) was treated with PEI solution diluted
with a mixture of DMF and isopropanol comprising 16% and 20% of the total volume. The reaction was performed
for 24 h at 90 °C under reflux. Finally, the amine functionalized substrates were removed and washed repeatedly
with DI water and ethanol before drying in a vacuum oven at 60 °C for overnight. The following equation was

used to calculate the amine percentage:

Amine content (%) = 22— "0) MV amine 100y, 2)
(Wq - Wo)/MWGma

where, MWgwa is the molecular weight of GMA (142.15) and MWoanine is the molecular weight of EDA (g/mol).
W, and Wy are the weights (g) of the PE/PP-g-poly(GMA) substrate before and after amination, respectively. The
Wo is the weight of pristine PE/PP polymer before grafting. The amine content in PE/PP-g-poly(GMA)/PEI and
PE/PP-g-poly(GMA)/EDA was found to be 24.3 and 23.2%, respectively.

PE/PP fibres grafted with poly(NVF) samples were fully converted into poly(VAm) group by hydrolysis with a 2
M NaOH solution. The reaction was performed on samples of known weights at 80 °C for 4 h under reflux
according to the procedure reported elsewhere [5]. The treated samples were removed and the excess NaOH was
washed with DI water 4 times and kept in ethanol for 24 h. The samples were removed and dried in a vacuum oven
(80 °C for 16 h) before their weights were determined. The amine percentage in the hydrolysed samples was
calculated taking the molar masses of NVF (71.08 g/mol) and VAm (43.07 g/mol) into consideration as reported

in our previous study [17]. The conversion of the formamide to amine was found close to 100%.

2.4 Characterization of samples

The three adsorbents that were denoted as PE/PP-g-poly(GMA)/PEI, PE/PP-g-poly(GMA)/EDA and PE/PP-g-
poly(VAm) were characterized using the Fourier transform infrared (FTIR, Nicolet iS50, ThermoFisher Scientific
Inc.) spectroscopy and measurements were in the range of 500-4500 cm™ using 32 scans with 4 cm™ resolution.
Scanning electron microscopy (SEM) images were recorded using the GEMINISEM 500 microscope (ZEISS

Microscopy) with the magnification of 500x to study the surface morphological changes of the samples.

2.5 CO, adsorption tests

The CO, adsorption capacity measurements were carried out using the magnetic suspension balance (MSB) named
as iSoOSORP® gravimetric analyser from RUBOTHERM (Germany). A blank measurement without any sample
was carried out to determine the volume of the container using He gas at room temperature after evacuation. Later,
the adsorbent sample was inserted in the sample container before it was pre-treated at 80 °C for 3 h under vacuum
and the actual weight and volume of the sample were determined using buoyancy mode prior to adsorption tests.

Finally, the adsorption measurements were carried out using pure gases of CO; and N, and their gaseous mixtures
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having 5, 10, 20, and 40 % CO; ratios at a total flow rate of 500 ml/min, a temperature of 30 °C and an ascending
pressure range up to 30 bar. The equilibrium sorption was achieved in about 50 min for every pressure reading.
The desorption steps for each adsorbent were carried to evaluate the remaining adsorption capacity and were
carried after each adsorption measurements were completed at 30 bars. The desorption process was performed by
depressurizing the vessel containing the adsorbent until reaching vacuum before heating to 80 °C for 4.5 h until no
weight loss was detected in the adsorbents. All adsorption/desorption cycles experiments were repeated 3 times

and the average values were reported.

I1l. RESULTS AND DISCUSSIONS
3.1 Grafted PE/PP fibrous samples

PE/PP fibres were grafted with GMA and NVF to provide precursors for hosting amine groups. Figure 1 shows
the variation of DG with the concentrations of GMA and NVF monomers while the rest of grafting conditions
were kept unvaried. As can be seen, the DG in both grafting systems was found to increase with the rise in the
monomer concentrations. For instance, the DG increased from 51 to 150% when the GMA concentration increased
from 2 to 8% in the emulsion medium as depicted in Figure 1a. On the other hand, DG increased from 44 to 130%
with the increase in NVF concentration in the range of 10-40% (Figure 1b). Such increasing trends in DG in both
grafting systems is going along with the literature and can be attributed to the increase in the monomer diffusion
and its availability in the grafting sites leading to more counts of initiation and propagations reactions [17-19]. For
comparison purpose, grafted PE/PP samples from GMA and NVF with 130% DG were chosen for further

functionalization with amine.
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Figure 1. Variation of degree of grafting with monomer concentration (a) grafting of GMA on PE/PP fibres under emulsion conditions of 10

kGy absorbed dose, 40 °C temperature and 0.5 h reaction time and (b) grafting of NVF on PE/PP fibres in toluene solvent under conditions of
300 kGy absorbed dose, 70 °C temperature and 1 h reaction time.
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3.2 Chemical and morphological changes in adsorbents

Figure 2 shows FTIR spectra of pristine PE/PP, PE/PP-g-poly(GMA), PE/PP-g-poly(GMA)/PEI, PE/PP-g-
poly(GMA)/EDA and PE/PP-g-poly(NVF), and PE/PP-g-poly(VAm) fibres. Compared to pristine PP/PE
characteristic peaks, the new peaks appeared at 751 (for C-O-C), 1161 (for C-O) and 1740 cm (for O-C=0) in
the spectrum b represent epoxy and ester features of poly(GMA) chains grafted to PE/PP fibres. The emergence
of —NH bands at 1658 and 1527 cm™ coupled with reduction in the intensity of ester related bands (spectra ¢ and
d) confirms the presence of EDA or PEI amines after the amination reaction [14]. The appearance of the new peak
at 1650 cm* provides evidence for the incorporation of poly(NVF) grafts into PE/PP that resembles the stretching
vibration of carbonyl group (>C=0) originated from amide group (spectrum e). This was coupled with N-H
stretching and bending vibration at 3280 and 1542 cm* together with -CN stretching vibration at 1270 cm™ from
amide. The conversion of the amide to primary amine after hydrolysis illustrated in the spectrum f was confirmed
from the complete disappearance of >C=0 at 1650 cm™ that was coupled with the presence of primary amine
features in the range of 1542-1650 cm™ and the peak at 3360 cm™ representing NH; group [5]. These results
confirm the incorporation of poly (GMA) or poly(NVF) grafts into PE/PP fibres and subsequent immobilization
of EDA or PEI and formation of poly(VAm).

I
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Figure 2. FTIR spectra of (a) pristine PE/PP substrate and grafted PE/PP with (b) poly(GMA), (c) PEI, (d) EDA, (e) poly(NVF), and (f)
poly(VAm).

Based on the changes in chemical composition of PE/PP after grafting and subsequent functionalization with
amine, the following three plausible mechanisms presented in Figure 3 can be suggested for the preparation of the
three adsorbents in the present study via grafting and amination.
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Figure 3. Schematic representation of reaction mechanisms for preparation of adsorbents containing- (a) PEI, (b) EDA and (c) poly(VAm).

Figure 4. SEM images of (a) pristine PE/PP, (b) poly(GMA) grafted PE/PP, (c) PE/PP-g-poly(GMA)/EDA, (d) PE/PP-g-poly(GMA)/PEI,
(e) poly(NVF) grafted PE/PP and (f) poly(VAm).
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The morphology of the adsorbents with respect to average fibre diameter (AFD) was investigated to verify the
changes accompanied grafting and amination. SEM images shown in Figure 4 portray the changes in the fibre
diameters after grafting, amination, and hydrolysis. The AFD of pristine PE/PP was 14.0 + 0.3 pm (Figure 3a),
which was increased after grafting with poly(GMA) to 19.3 + 0.2 um (Figure 3b). After amination with EDA and
PEI, the AFD was increased by ~52% and 13% reaching values of 29.3 £ 1.2 and 21.9 £+ 0.8 um, respectively
(Figure 3c and d). The AFD of PE/PP was also increased to 15.2 + 0.3 um after grafting with poly(NVF) and
further increased after conversion of amide to amine by hydrolysis reaching 22.0 £ 0.9 um (Figure 3e and f). These

morphological changes confirm monomers grafting and subsequent amination of the pristine PE/PP fibres [15].

3.3 Adsorption of pure CO; and N

Figure 5 (a-c) shows the adsorption isotherms of pure CO, and pure N, over the three adsorbents. The CO;
adsorption capacity increased with pressure rise on all adsorbents. On the other hand, N, adsorption seems to be
very tiny (negligible) at all pressures suggesting that the present adsorbents have low affinity towards N2. The CO;
adsorption isotherms seem to follow the type Il that suggest the CO, uptake took place not only by a monolayer
adsorption but also by multilayers adsorption with the pressure rise. For instance, the adsorbent with PEI showed
CO; adsorption capacity of 1.03 mmol/g, which was raised to 1.43 mmol/g when EDA was immobilized on
poly(GMA) grafted fibres at same pressure of 30 bar and room temperature. This value was further increased in
PE/PP adsorbent containing poly(VAm) to 1.69 mmol/g at the same conditions. The increasing capacity trend with
pressure is generally due to the increase in the diffusion of CO, gas prompting a wider access to amine groups in
all adsorbents [20]. The results suggest that poly(\VVAm)-bearing adsorbent outperformed the other two counterparts
originated from PE/PP-g-poly(GMA) fibres. This can be understood based on the amine content where the
adsorbent with poly(VAm) has approximately100% degree of amination following the conversion of the amide
into primary amine by hydrolysis with NaOH solution [17]. Moreover, the 63% lower performance of PEI-
adsorbent, which carries a substantial quantity of tertiary amines is significantly affected by presence of the bulky
structure of PEI immobilized in the adsorbent impeding CO, access to the amine sites and thus, the adsorbent
attains lower working capacity [21]. Furthermore, the 18% lower capacity of EDA-containing adsorbent than that
of poly(VAm)-containing adsorbent despite having two primary amines in its structure is most likely caused by
the lower degree of amination (23.2%) and low amine utilization efficiency. It can be concluded that RIGC of
NVF on PE/PP fibres provide a simpler rout that is more effective for conversion of PE/PP fibres into highly
selective adsorbent for CO; capture. It is noteworthy mentioning that the microfibrous adsorbents in this study are
perfroming better than the porous polyurethane (PU)/PS electrospun nanofibrous composite membrane that was
physically impregnated with PEI or trimethylamine (TMA) in adsorption of CO,. The former showed an adsorption
capacity of 0.71 mmol/g when loaded with 100% PEI whereas the latter attained 0.48 mmol/g adsorption capacity
upon loading with 100% TMA. Additionally, both types of nanofibrous composite adsorbents demonstrated an

adsorption isotherm of type | suggesting the presence of monolayer adsorption [22].
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Figure 5. Adsorption isotherms of pure CO, and pure N, over prepared adsorbents (a) PE/PP-g-poly(GMA)/EDA, (b) PE/PP-g-
poly(GMA)/PEI, and (c) PE/PP-g-poly(VAm).

3.4 Adsorption of CO2 and N, mixtures

Figure 6 shows the adsorption isotherms of CO./N, gas mixtures having composition ratios up to 40% on the
adsorbents. The EDA- and poly(VAm)-containing adsorbents were chosen based on their higher performance as
illustrated in Figure 6a. The CO; adsorption capacity at all CO; ratios was found to increase with the applied
pressure but attained values lesser than those of pure CO; adsorption. Similar trends with respect to pressure
dependancy and lower CO; adsorption capacities were observed for the three adsorbents when a mixture of CO2/N;
with a ratio of 40% CO, was used. This behaviour can be attribuated to the competitive diffusion between CO,
and N gases leading to a partial hinderance in the accessibility of amine groups for CO, molecules.

In Figure 6b, the PEI-containing adsorbent showed the lowest adsorption capacity values with CO./N, mixtures
compared to the other two counterparts in a way resembling the adsorption trend of pure CO,. Unlikely, the
poly(VAm)-containing adsorbent showed the highest adsorption capacity compared to its counterparts containing
PEI and EDA for all CO; ratios and pressure values. This further confirms the superiority of poly(VAm) adsorbent
compared to PEI- and EDA-containing adsorbents suggesting that the poly(VAm) adsorbent has a high amine
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utilization efficiency and high competitive adsorption capacity compared to other adsorbents in this study.
However, the CO, adsorption capacity of PEI- and EDA-containing adorbents was found to be lower than radiation
grafted dsorbents containing poly(GMA)/ethanolamine (EA) based on electrospun nanofibres of PP [13-15],
PAN/PS [16] and PAN [23]. This can be understood taking into account not only the greater surface area of
nanofibrous structure but also the higher DG and amine utilization efficiency in these adsorbents.
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Figure 6. Isotherms for adsorption of CO,/N, gas mixtures having composition ratio (a) the range of 5-20% CO, and (b) ratio of 40% CO, on
various adsorbents.

The stability of the three adsorbents were evaluated using several adsorption/desorption cycles as illustrated in
Figure 7. The three adsorbents showed negligible losses in their CO, adsorption capacity after 8 cycles suggesting
the presence of an excellent stability. This further confirms that the grafting step with RIGC was efficient in
covalently bonding the poly(GMA) or poly(NVF) side chain grafts to PE/PP fibrous backbone before
functionalization with amine. The trend of stability and regeneration of adsorbents in this study is similar to that
of tetraethylenepentamine-containing adsorbent prepared by RIGC of GMA onto PE/PP microfibres followed by
amination reported earlier [11]. Tetraethylenepentamine-containing adsorbent with optimized amination
efficiency based on grafted polyolefin microfibrous substrate for CO2 adsorption [12]. On the other hand, aminated
adsorbents with electrospun nanofibrous networks such as ethanolamine (EA)-containing PP scaffolds [15],
aminated (PEI and TMA) PU/PS nanofibers [22] and EA-containing PU/PAN nanofibers grafted with GMA [16]

along with its counterpart-based pristine PAN nanofibers [23] showed higher rate of loss in adsorption capacity
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compared to the marginal loss in the three adsorbents in the present study. This certainly, indicate that aminated

adsorbents based on microfibrous PE/PP have more practical advantages than nanofibrous counterparts.
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Figure 7. Variation of CO, adsorption capacity with number of adsorption/desorption cycles of three adsorbents.

IV. CONCLUSIONS

Three different adsorbents containing PEI, EDA, and poly(\VAm) for CO, capture were successfully prepared by
modification of PE/PP fibres with poly(GMA) and poly(NVF) grafts using RIGC followed by amination reactions.
The adsorption of pure CO, and its mixtures with N, at different ratios showed increasing trends with pressure
rise. The adsorption capacity of pure CO2 gas at room temperature and 30 bar was 1.03, 1.43 and 1.69 mmol/g for
PEI-, DEA- and poly(VAm)-containing adsorbents, respectively. Such values were reduced when various CO2/N;
mixtures of different CO- ratios were absorbed on the same adsorbents and the decrease is more profound at low
CO; content in the gas mixture suggesting that N partially blocked the access to some amine sites despite its low
affinity towards amine. All the adsorbents were proven to be highly selective to CO, and have excellent
adsorption/desorption stability. Finally, it can be concluded that RIGC provide distinctive tool for converting
PE/PP fibres into efficient adsorbents and poly(VAm)-containing fibrous adsorbent has the best CO, capture
performance. Hence, this adsorbent has a high potential for CO; capture from CO2/N, mixtures resembling post

combustion flue gas.
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MAKELE BILGISI OZET

Makale Gegmisi: Bu ¢aligmada, saf haloysit (HNT) ile tiyol ve vinil gruplariyla fonksiyonlandirilmis HNT nanodolgulari,
Gelis 31 Mayis 2023 stiren-biitadien kauguk (SBR) karigimlarina 3 phr olacak sekilde eklenerek farkli SBR nanokompozitleri
Diizeltme 14 Haziran 2023 hazirlanmig ve bu nanokompozitler reolojik, mekanik ve morfolojik olarak karakterize edilmistir. Hazirlanan
Kabul 20 Haziran 2023 nanokompozitlerin termal yaslanma prosesleri ve ¢apraz bag yogunluklari da HNT nanotiipleri varliginda

incelenmistir. SBR nanokompozitleri kiikiirt ile vulkanize edilmis ve pisme Ozellikleri doner kalip

Cevrimigi meveut reometresi ile belirlenmistir. Tiyol ile modifiye edilmis HNT nanodolgusu ile hazirlanan SBR

nanokompozitinin, saf HNT ve vinil modifiyeli HNT igeren nanokompozitlere gore daha fazla ¢apraz bag
yogunlugu igerdigi bulunmustur. Ayrica, saf ve fonksiyonlandirilmis HNT igeren tim SBR

Anahtar Kelimeler: nanokompozitlerinin, nanodolgu igermeyen kauguk karisimina kiyasla daha iyi mekanik dzellikler gosterdigi
Haloysit belirlenmistir. Bu sonug, SBR matrisinde bulunan HNT’nin takviye etkisini gostermistir. Ayrica, uygulanan
Kauguk termal yaslanma sonrasi SBR/HNT nanokompozitlerinin ¢apraz bag yogunluklar ile mekanik kuvvetleri
Nanokompozit artmistir. Bu durum ise 1s1 etkisiyle ilave ¢apraz bag olusumunu ifade eden post-cure etkisini dogrulamistir.

Stiren-biitadien kopolimeri
2023 JIENS Tiim haklar1 saklidir.

Preparation and mechanical characterization of halloysite containing styrene-butadiene rubber
nanocomposites

ARTICLE INFO ABSTRACT

Article history: In this study, different SBR nanocomposites were prepared by adding pure halloysite (HNT) and thiol- and
Received 31 May 2023 vinyl- modified HNT nanofillers to styrene-butadiene rubber (SBR) compounds at 3 phr. These
Received in revised form 14 Jun 2023 nanocomposites were characterized in terms of rheological, mechanical, and morphological properties. The
Accepted 20 Jun 2023 aging process and crosslinking density of the prepared nanocomposites were also investigated in the

presence of HNT nanotubes. The sulfur curing characteristics of SBR vulcanizates were determined by
moving die rheometer. It was found that the SBR nanocomposite including thiol- modified HNT had higher
crosslinking density than the other nanocomposites prepared with pure HNT and vinyl- modified HNT.
Also, all SBR nanocomposites containing pure and functionalized HNT showed better mechanical properties
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Keywords: compared to the reference sample without nanofillers. This result showed the reinforcement effect of HNT
Halloysite in the SBR matrix. In addition, the crosslink density and mechanical strength of SBR/HNT nanocomposites
Nanocomposite increased with thermal aging process. This confirmed the post-cure effect.
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I. GIRiS

Kauguk malzemeler gerekli mekanik, termal, optik, elektriksel ve kimyasal 6zellikleri saglamak i¢in farkl roller
oynayan ¢esitli katki maddeleriyle birlikte iki veya daha fazla elastomer icerebilen bir¢ok bilesen bulunduran
karmagik sistemlerdir. Vulkanize olmus elastomerler genellikle yiiksek mukavemet gerektiren yerlerde
kullanilirlar. Bu nedenle, mekanik dayanimlarini arttirmak ve artan yeniliklerle istenen 6zellikleri saglamak icin
kaucuk bilesimine farkli takviye maddelerinin eklenmesi gerekmektedir [1, 2]. Takviye-kaucuk etkilesimi,
hazirlanan kauguk kompozitlerin fiziksel 6zelliklerinin iyilestirilmesi i¢cin onemli bir parametredir. Kullanilan
takviyelerin ¢ogu mikron boyutunda mineraller veya karbonize organik bilesiklerdir. Takviye boyutunu
mikrometreden nanometreye indirerek elde edilen, nano boyutlu pargaciklarla giiclendirilmis nanokompozitler
tstiin 6zellikler sergilerler [3]. Son zamanlarda, kauguk esasli nanokompozitlerin gelistirilmesi biiyiik ilgi
gormektedir. Katmanl silikatlar, karbon nanotiipler, metal oksitler ve haloysitler gibi nano boyutlu dolgu
maddeleri kullanilarak hazirlanan kauguk nanokompozitler, esnekligin énemli bir gereklilik oldugu lastiklerde ve

teknik parcalarda yaygin olarak kullanilmaktadir [4, 5].

HNT, Al:Si>Os(OH)4:nH20 genel formiiliine sahip, dogal, nano yapili ve boru seklinde bir silika-aliimina kildir.
Silikon benzeri bir dis yiizeye ve tiipiin i¢inde aliiminyum benzeri bir yapiya sahip kaolinit katmanlarindan
olusan HNT nanotiipleri, karbon nanotiiplere kiyasla kolayca elde edilebilir ve ¢ok daha ekonomiktir [6]. Ayrica,
montmorillonit gibi diger silikat bazli kil minerallere benzer kimyasal yapilari nedeniyle, HNT’ler polimer
matris ile kimyasal veya fiziksel olarak kolayca birlestirilebilen potansiyel nanodolgu maddeleri haline gelmistir
[7]. Buna ek olarak, haloysitin biiyiik uzunluk-¢ap orani, takviye edici nanodolgu maddesi olarak kullanildig:
polimer ve kauguk nanokompozitlere ek faydalar saglar. Polimer/kauguk matrislere HNT ilavesi, gelistirilmis
mekanik, termal, alev geciktirici ve bariyer 6zelliklerine sahip nanokompozitlerle sonuglanir [8, 9]. Bu sayede
HNT, farkli termoplastik polimer ve SBR gibi kauguk matrislerde takviye dolgu maddesi olarak

kullanilmaktadir.

Stiren-biitadien kaugugu (SBR), stiren ve biitadienin kopolimeri olan ve polar olmayan sentetik kaucuk
tiirlerinden biridir [10, 11]. Ayrica SBR iyi hava ve nem direnci ve yiiksek dolgu yiikleme kapasitesi gibi degerli
Ozelliklerinden dolay1 agirlikli olarak lastik endiistrisinde ham madde olarak kullanilmaktadir [11-13]. SBR’nin
ozelliklerini gelistirmek icin kiiresel karbon siyahi ve silika, yiiksek yiikleme oranlariyla geleneksel takviye
dolgu maddeleri olarak uzun siiredir kullanilmaktadir. Ancak dolgu maddelerinin asir1 yiiklenmesi, kauguk
matrislerde topaklagmaya neden olur ve bu durum kauguk kompozitlerin yorulma performansi gibi mekanik
ozelliklerini olumsuz etkiler [14]. Bu nedenle, son yillarda nano boyutlu dolgular akademik ve endiistriyel
alanlarda daha fazla ilgi gormektedir. Nanodolgular yiiksek en-boy orani ve gelismis arayiiz uyumlulugu
sayesinde diisitk dolgu konsantrasyonlarinda bile kauguk nanokompozitlerin mekanik o6zelliklerinde Gnemli

gelismeler saglarlar [11].

Bu caligmada, saf HNT ve modifiye edilmis HNT nanodolgularinin SBR regetelerinde takviye edici olarak
kullanilmasiyla SBR nanokompozitleri ve ayrica nanodolgu igermeyen referans SBR kompoziti hazirlanmistir.
Homojen bir kauguk/HNT karisimi elde etmek, HNT ile kauguk makromolekiillerinin diisiik karisabilirligi
nedeniyle olduk¢a zordur ve bu durum HNT nanodolgusunun sagladig1 pozitif etkiyi azaltir [15]. Dolayisiyla,
hidrofobikligin ve SBR ile arasindaki etkilesimin artmasi amactyla HNT modifiye edilebilir [16]. Bu amagla

oncelikle farkli fonksiyonel gruplar iceren silan baglama ajanlariyla HNT modifikasyonu gergeklestirilmistir.
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HNT-Tiyol (3-merkaptopropil) trimetoksisilan ile modifikasyon sonucu, HNT-Vinil ise viniltrietoksisilan ile
modifikasyon sonucu elde edilmistir. Fonksiyonlandirma isleminin gergeklestigi FTIR analizi ile dogrulandiktan
sonra bu nanodolgular ile saf HNT’nin 3 phr olacak sekilde SBR regetelerine eklenmesiyle SBR
nanokompozitleri elde edilmistir. Capraz baglama maddesi olan kiikiirt, tiim kompozit regetelerde 1,5 phr olacak
sekilde kullanilmistir. Hazirlanan nanokompozitler ile referans numunesinin yapisal, reolojik, mekanik ve
morfolojik ozellikleri ile capraz bag yogunluklari incelenmistir. Ayrica, SBR nanokompozitlerinin termal

yaslanma siirecinden sonra 6zelliklerinde meydana gelen degisim de belirlenmistir.

1. DENEYSEL METOT
2.1 Malzemeler

Stiren-biitadien kaugugu (%27 stiren igerigine sahip, SBR 1502) Arlanxeo, Almanya firmasindan temin
edilmistir. Saf HNT nanodolgusu Sigma Aldrich, tiyol ve vinil modifikasyonu i¢in kullanilan silan baglama
ajanlar1 olan (3-merkaptopropil) trimetoksisilan ve viniltrietoksisilan ise Alfa Aesar firmalarindan satin
almmustir. Cinko oksit (ZnO), stearik asit (SA), 2,2,4-trimetil-1,2-dihidrokinolin (TMQ), n-izopropil-n'-fenil 1,4-
fenilendiamin (IPPD), ozon wax, tetrametiltiyuram disiilfiir (TMTD), N-sikloheksil-2-benzotiyazol siilfenamid
(CBS) ve kiikiirt (S) Rubber Chem, Tiirkiye firmasindan alinmis ve satin alindig1 sekliyle, ayrica bir saflagtirma

yapilmadan kullanilmistir.

2.2 HNT Modifikasyonu

Saf HNT, SBR matrisi ile arasindaki etkilesimin artmasi amaciyla tiyol ve vinil gruplari ile modifiye edilmistir.
Tiyol modifikasyonu i¢in (3-merkaptopropil) trimetoksisilan kullanilmis ve elde edilen nanodolgu HNT-Tiyol
olarak adlandirilmistir. Vinil fonksiyonlu haloysit sentezi i¢in ise viniltrietoksisilan kullanilmis ve elde edilen

nanodolgu HNT-Vinil seklinde isimlendirilmistir.

2.2.1. HNT-Tiyol ve HNT-Vinil sentezleri

Modifikasyon i¢in kullanilmadan 6nce 100 °C’de 1 giin kurutulan 2 g HNT, ultrasonik banyo ile 50 ml toluende
dagitilmis ve ardindan bu ¢ozeltiden 15 dk boyunda azot gaz1 gegirilerek inert ortam saglanmigtir. HNT-Tiyol
sentezi i¢in 0,021 mol (3-merkaptopropil) trimetoksisilan, HNT-Vinil sentezi i¢in ise 0,021 mol
viniltrietoksisilan eklenen bu ¢6zelti tekrar azot gazindan gegirilmistir. Daha sonra manyetik karistiricida 110
°C’de reflux edilerek 18 saat boyunca karigtirilmistir. Reaksiyon sonunda 6nce oda sicakligina sogutma, daha
sonra filtrasyon ve toluenle yikama iglemleri yapilmis ve alinan kat1 faz 60 °C’deki vakum etiiviinde 2 giin
kurutularak fonksiyonlandirilmig HNT nanodolgular elde edilmistir. Modifikasyonun basarili olup olmadig:

FTIR analizi ile dogrulanmustir.
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Sekil 1. HNT nin vinil ve tiyol gruplari ile fonksiyonlandirilmasi

2.3 SBR/HNT Nanokompozitlerinin Hazirlanmasi

Saf HNT, HNT-Tiyol ve HNT-Vinil nanodolgular1 kullanilarak hazirlanan SBR nanokompozitlerine ait regete
Tablo 1’de verilmistir. Kauguk hamur karigimlart 50 rpm motor hizina sahip laboratuvar tipi banbury
kullanilarak hazirlanmistir. Hamurlar1 hazirlamak igin 6ncelikle SBR banbury icinde 2 dk boyunca
kanistirilmigtir. Bu sekilde mastikasyonu yapilan SBR’nin bulundugu banbury’ye nanodolgu (saf HNT, HNT-
Tiyol veya HNT-Vinil) ilave edilerek 1 dk karistirilmistir. Ardindan ZnO ve stearik asit eklenerek 0,5 dk daha
karistirildiktan sonra TMQ, IPPD ve ozon wax ilave edilmis ve 0,5 dk daha karistirilmigtir. Son olarak TMTD ve
CBS hizlandiricilar ile pisirici olan kiikiirt eklenmis ve 1 dk daha karistirllmistir. Banbury icindeki 5 dakikalik
karigtirma prosesinden sonra yaklasik 80 °C sicakliktaki kauguk hamuru elde edilmistir. Verilen recetede
nanodolgu kullanilmadan hazirlanan 6rnek ise referans numunesidir. Hazirlanan nanokompozitler ile referans
hamurunun vulkanizasyon islemi, reometre egrilerinden belirlenen optimum pisme siireleri boyunca 160 °C
sicaklikta ve 150 bar basingta ¢aligsan bir hidrolik sicak pres ile 2 mm ve 6 mm kalinligindaki levha kaliplarda
yapilmistir. Vulkanize edilen kauguk karisimlarinin termal yaslanma prosesleri bir hava sirkiilasyonlu etiivde 70
°C sicaklikta 70 saat boyunca bekletilerek yapilmis ve yaslanma sonrasi numunelerin yapisal ve mekanik

ozellikleri ile ¢apraz bag yogunluklari incelenmistir.

Tablo 1. Saf HNT, HNT-Tiyol ve HNT-Vinil nanodolgulart ile hazirlanan SBR nanokompozit regeteleri

Malzeme icerik (phr) Malzeme icerik (phr)
SBR 100 IPPD 1

Saf HNT HNT-Vinil HNT-Tiyol 3 Ozon wax 1

Zn0O 5 TMTD 1

SA 2 CBS 1
T™MQ 1 S 15

2.4 SBR/HNT Nanokompozitlerinin Karakterizasyonu

Onemli pisme 6zellikleri ve reolojik parametreler bir déner kalip reometresi (MDR, Alpha Teknolojileri) ile

ASTM D5289 standardina gore belirlenmistir. Fonksiyonlandirilan HNT nanodolgular: ile hazirlanan kauguk
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kompozitlerin yapisal oOzellikleri Perkin Elmer Spectrum 100 model Fourier Doniisiimli Kizildtesi
Spektrometresi (FTIR) ile incelenmis ve ATR tnitesindeki germanyum kristal iizerine yerlestirilmis humunelerin
650-4000 cm™ araliginda IR spektrumlar: alinmustir. SBR/HNT nanokompozitleri ile referans numunesinin
mekanik 6zellikleri, Instron marka 3345 model universal test cihazi kullanilarak ASTM D412 standardina gore
ve 500 mm/dk ¢ekme hizi ile belirlenerek kopma dayanimi, kopmadaki uzama ve modiil degerleri 6l¢tilmiistiir.
Kauguk vulkanizatlarin sertlik dl¢timleri Zwick Roell durometre ile ASTM D2240 standardina uygun olacak
sekilde her numune i¢in 5 farkli 6rnek tizerinden yapilmistir. Kalict deformasyon testi ise ASTM D395
standardina uygun sekilde gerceklestirilmistir. Referans ve SBR/HNT vulkanizatlarinin ve tiim yaslandirilmis
numunelerin ¢apraz bag yogunluklari, toluende sisen orneklerin, denge ¢oziicii-sisme prensibine gore Flory-
Rehner esitliginin uygulanmasiyla belirlenmistir [5, 11]. Capraz bag yogunluklari hesaplanirken kauguk matris
ve toluenin yogunluklar1 [17], polimerin ve ¢oziicliniin hacim fraksiyonlar1 [18] ve polimer-¢oziicii etkilesim
parametresi [18-20] dikkate alinmistir. HNT igeren SBR nanokompozitlerinin taramali elektron mikroskobu
(SEM) analizi, FEI QUANTA FEG 250 SEM-EDX cihazi ile 80000 kat biiytitme ve 5 kV hizlanma voltajinda
gerceklestirilmistir. SEM analizinden oOnce, ¢ekme testinde kopan numune yiizeyleri altin piiskiirtme ile

kaplanmustir.

I11. BULGULAR VE TARTISMA
3.1 Reolojik Karakterizasyon

Saf HNT, HNT-Tiyol ve HNT-Vinil bulunduran SBR nanokompozitleri ile referans numunesinin 160 °C’de
belirlenen reometre egrileri Sekil 2°de verilmistir. Her bir 6rnek icin 3 kez reometre testi yapilmig ve nemli
reolojik parametreleri igceren ortalama sonuglar Tablo 2°de sunulmustur. Tiim nanokompozitlerin viskozite ile
orantili olan minimum tork (ML) degerleri olduk¢a benzerdir. Bunun yaninda, SBR/HNT-Tiyol Grneginin
maksimum tork (MH) ve pisme genligi (CE) degerleri en yiiksek iken, SBR/HNT-Vinil 6rneginin bu degerleri
en disiiktiir. Maksimum ve minimum torklar arasindaki farktan hesaplanan CE degeri, karigimin ¢apraz bag
yogunlugu ile yakindan ilgilidir. Dolayisiyla, HNT-Tiyol ile hazirlanan SBR nanokompozitin en yiiksek, HNT-
Vinil ile hazirlananin ise en diisiik ¢apraz bag yogunluguna sahip oldugu 6ngoriilmektedir. On pisme siiresi (ts)
HNT modifikasyonundan etkilenmemis ve hazirlanan tim SBR nanodolgulari i¢in benzer sonuglar alinmistir.
Optimum pigsme siiresi (too) ise MH ve CE’deki trendin aksine, SBR/HNT-Tiyol i¢in en diisiik, SBR/HNT-Vinil
igin ise en ylksektir. Capraz bag yogunlugu ile tgo degerlerinde gézlenen bu degisiklik, HNT-Tiyol’deki tiyol
gruplarinda mevcut olan kiikiirdiin vulkanizasyon reaksiyonuna katilarak ¢apraz baglanma saglayacak kiikiirt
miktarini arttirmasi ve reaksiyon mekanizmasini bu yonde degistirmesine atfedilebilir. Kauguk hamurlarinin
pismesini karakterize eden ve 6nemli reolojik parametrelerden bir digeri olan pigsme hiz indisi (CRI) ise Denklem

1’e gore hesaplanmaktadir.

100
CRI = ——— (1)

t90 - tSZ
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Tablo 2°de verilen CRI degerleri, HNT-Vinil igeren SBR karigiminin daha hizli ¢apraz baglandigini ifade
etmektedir. Bu karisimda, regetede bulunan kiikiirdiin vulkanizasyon reaksiyonunun erken agamasinda
tikenmesi ¢apraz bag yogunlugunu azaltan bir etkiye neden olmustur. Bu durum, SBR/HNT-Vinil i¢in

ongoriilen diisiik ¢capraz bag yogunlugunu dogrulamaktadir.

12 4
— T e e e T N e o f e — .
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.-—-"'—'_-—-—._._'_
, ‘/’/ -—_.-—-—--—--—h—.—
8 - "// -
E ', '/ m— Ref
= /
2 }.r / — SBRHNT-3
x ] o/l ! — SBRHNT-Tiyol-3
o ’ | —  SBR/HNT-Vinil-3
|2 I.I [
4 - ’-I. /
»
/ N
2 b
i I ,
|
. T
0 T I T T T T T T r I . . .
0 2 4 6 8 10 12

Zaman (dk)

Sekil 2. SBR/HNT nanokompozitlerinin reometre egrileri

Tablo 2. SBR/HNT nanokompozitlerinin reometre verileri

Ornekler ML MH CE e too CRI
(dNm) (dNm) (dNm) (dk) (dk) (dk)
SBR/HNT 0,70 10,29 9,59 1,63 3,32 59,43
SBR/HNT-Tiyol 0,63 11,86 11,24 1,35 2,64 77,80
SBR/HNT-Vinil 0,67 8,64 7,97 1,71 4,35 43,90

T T (a) _ (b)

Sekil 3. (a) Banbury’den ¢ikan SBR/HNT kauguk hamuru, (b) Reometreden ¢ikan SBR/HNT, SBR/HNT-Tiyol ve SBR/HNT-Vinil
ornekleri, (c) 2 mm ve 6 mm’lik levhalar seklinde preste basilarak vulkanize edilen SBR/HNT nanokompozitleri
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3.2 FTIR Karakterizasyonu

Oncelikle saf HNT, HNT-Tiyol ve HNT-Vinil nanodolgularinin FTIR karakterizasyonu yapilmis, modifiye
edilmis HNT’lerin FTIR spektrumlar1 saf HNT ninki ile karsilastirilarak modifikasyonun basariyla gergeklestigi
dogrulanmigtir. HNT-Tiyol nanodolgusunun FTIR spektrumunda S-H piki 2550 cm? ve C-H piki 2920 cm™
dalga boyunda tespit edilmistir [21]. HNT-Vinil nanodolgusunda ise 1620 ve 1425 cm''de C=C pikleri, 2970 ve
3050 cm™*’de ise C-H pikleri gdzlenmistir [21, 22].

SBR/HNT nanokompozitlerinin FTIR spektrumlar1 Sekil 4’te, referans 6rneginin spektrumlarina ait piklerin
dalga boylari ise Tablo 3’te verilmistir [13, 17, 23]. HNT de bulunan Si-O gruplarina ait bagin gerilme titresimi
HNT-Tiyol igeren kauguk nanokompozitinde 1094 cm™’de, saf HNT ve HNT-Vinil iceren nanokompozitlerde
ise 1101 cm™’de goriilmiistiir. Vulkanizasyondan sonra yapilan FTIR analizinde 1643 cm™’de pik gdézlenmemesi
vulkanizasyon prosesinin basarisint dogrulamaktadir. Bunun yaninda, yaslandirilmis SBR/HNT, SBR/HNT-
Tiyol ve SBR/HNT-Vinil nanokompozitlerinin FTIR spektrumlarinda sirastyla 1725, 1731 ve 1732 cm™ dalga
boylarinda goriilen C=0 karbonil pikleri oksidatif yaslanma prosesini dogrulamistir. SBR’nin ana zincirinde ve
yan gruplarinda gerceklesen termal oksidasyon sonrasi alkol, ester ve eter gibi oksijen bulunduran molekiiller

kolay bir sekilde olusabilmektedir [24].

Tablo 3. Referans numunesinin FTIR spektrumuna ait dalga boylari

Referans ornegindeki bag tiirii Dalga boyu (cm™)
O-H gerilmesi 3400-3450
C-H gerilmesi 2917 ve 2847
C=0 gerilmesi 1719
C=C gerilmesi 1638
C-H baginin asimetrik egilme titresimleri 1451
C-H bagimin simetrik egilme titresimleri 1396
C-O gerilmesi 1075
Biitadienin trans 1,4 —C=C faz dis1 deformasyonu 964
SBR’ye ait polistirenin C=C gruplar1 758
Aromatik =C-H diizlem dis1 titresimleri 694

3.3 Mekanik Karakterizasyon

Hazirlanan kauguk nanokompozitlerin vulkanizasyon ve yaslandirma sonrast ayri ayrt mekanik
karakterizasyonlar1 yapilmistir. Mekanik 6zellikleri incelemek amaciyla SBR/HNT nanokompozitlerine gekme-
kopma, sertlik ve kalict deformasyon testleri uygulanmistir. Bu testlere ait veriler 5 test sonucunun ortalamasi

alinarak standart sapma degerleri ile Sekil 5, Sekil 6 ve Sekil 7°de verilmis ve Tablo 4’te 6zetlenmistir.

Cekme testi sonucunda en iyi mekanik 6zellikleri gésteren SBR/HNT-Tiyol nanokompozitinin kopma dayanimi
(2,62 MPa), SBR/HNT nanokompozitinin kopma dayanimima (2,27 MPa) kiyasla %15 daha ytksektir.
SBR/HNT nanokompozitleri, kopma dayanimi 1,41 MPa olan ve nanodolgu kullanmadan hazirlanan referans
numunesiyle kiyaslandiginda ise, kauguk karigimina saf HNT eklenmesiyle mekanik dayanimda %61, HNT-
Tiyol eklenmesiyle ise %86°lik bir artis saglanmustir. Bu sonuglara gére HNT nanodolgusunun SBR matrisi ile
iyi etkilesim ve kauguk regetesi igin iyi bir takviye etkisi gostererek gelismis mekanik &zellikler sagladig:
sOylenebilir [5, 11]. SBR/HNT-Vinil nanokompozitinde ise diigiik ¢apraz bag yogunlugu nedeniyle mekanik
ozelliklerde beklenen artig goriilememistir. Buna ragmen saf HNT, HNT-Tiyol ve HNT-Vinil ile hazirlanan her
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Sekil 4. SBR/HNT, SBR/HNT-Tiyol ve SBR/HNT-Vinil nanokompozitlerinin hamur, vulkanizat (V) ve yaslandirilmig (A) durumlarindaki
FTIR spektrumlari

tic nanokompozitin de mekanik 6zellikleri HNT igermeyen referans numunesinden daha yiiksektir. Kopmadaki
uzama degerleri de kopma dayanimi ile benzer bir degisim trendi gostererek SBR/HNT-Tiyol i¢in en yiiksek
iken SBR/HNT-Vinil i¢in en disiiktiir. SBR/HNT-Tiyol nanokompozitinin kopmadaki uzamast SBR/HNT ye
gore %48,7, referans numunesine gore ise %81,3 daha yliksektir. Termal yaslandirma prosesinden sonra saf
HNT ve HNT-Tiyol ile hazirlanan SBR nanokompozitlerinin kopma dayaniminda artis oldugu goriilmiistiir. Bu
durum 1s1 etkisi ile ekstra capraz baglar olustugunu gdsteren post-cure etkisinin gergeklestigini

diistindiirmektedir. HNT-Vinil i¢eren kaucuk nanokompozitlerde ise post-cure etkisi gézlenmemistir.

Kaucuk tiiriine, ¢apraz bag yogunluguna ve dolgu miktarina bagh olan sertlik degerleri ve cekme testi ile
belirlenen modiil degerleri, SBR/HNT-Tiyol i¢in en yiiksek iken, SBR/HNT-Vinil i¢in en disiiktiir. Kauguk
nanokompozit regetelerine HNT-Vinil eklendiginde Shore A sertliginin oldukg¢a fazla diistiigli goriilmiistiir. Bu
sonug, HNT-Vinil nanodolgusunun reaksiyon mekanizmasini tamamen degistirdigini gostermekte ve ¢apraz bag
yogunlugunun azaldigmi ifade eden reolojik verileri dogrulamaktadir. Ayrica, polimerlerin modiilleri artan
rijitlik ile artmaktadir. Termal yaslandirma isleminden sonra, rijitlik artisina bagli olarak kauguk

nanokompozitlerinin sertlik ve modiil degerleri de artmistir [25-27].
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(a) Kopma Dayanimi (MPa) (b) Kopma Uzamasi (%)
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Sekil 5. SBR/HNT nanokompozitlerinin vulkanizat ve yaslandirilmis durumlardaki (a) kopma dayanimlari ve (b) kopmadaki uzamalari

a .
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Sekil 6. SBR/HNT nanokompozitlerinin vulkanizat ve yaslandirilmig durumlardaki (a) %50 gerilme modiilleri, (b) Shore A sertlikleri ve (c)
%100 gerilme modiilleri

Saf HNT ile tiyol ve vinil fonksiyonel gruplarina sahip HNT nanodolgulari ile hazirlanan SBR
nanokompozitlerin kalici deformasyon testleri ASTM D395 metot B’ye gore gergeklestirilmistir. Bu test,
nanodolgunun, kauguk karigimlarinin kalict deformasyonu {izerindeki etkisini ve uzun siireli sikigtirma
sonrasinda elastik 6zelliklerdeki degisimi belirlemek igin oda sicakliginda 22 saat ve 70 °C’de 70 saat olacak
sekilde yapilmustir. Sekil 7°de goriildiigii gibi her iki kosulda gerceklestirilen test sonrast SBR/HNT-Tiyol en
diisiitk, SBR/HNT-Vinil ise en yiiksek kalict deformasyon degerlerini sergilemistir. Yiiksek kalici deformasyon
degerleri ve azalan elastik Ozellikler, reometre verilerinden de Ongérildigi iizere SBR/HNT-Vinil

nanokompozitinin disiik ¢apraz bag yogunlugunu dogrulamaktadir.

97



J. Innovative Eng. Nat. Sci., c. 3, s. 2, $5.89-102, 2023. Kauguk nanokompozitler

5 -
a
(a) | (b)
4
30
3 4
®
3 :[ * 20 -
M SBR/HNT I = SBR/HNT
) 2,41 SBR/HNT-Tiyol 10 4 SBR/HNT-Tiyol
B SBR/HNT-Vinil 14,07 = SBR/HNT-Vinil
o 0
Kalici Deformasyon 22 saat, oda sicakhg Kalici Deformasyon 70 saat, 70°C sicaklik

Sekil 7. SBR/HNT nanokompozitlerinin (a) oda sicakliginda 22 saat, (b) 70°C sicaklikta 70 saat yapilan kalic1t deformasyon testi sonuglart

Tablo 4. Vulkanizasyon ve yaslandirma sonrast SBR/HNT nanokompozitlerinin mekanik 6zellikleri

) Kopma Kopmadaki %50 Gerilme %100 Gerilme Sertlike Kalicl
Ornek Dayanimi® UzamaP Modiilii® Modiilii® (Shore A) Deformasyon®
(MPa) (%) (MPa) (MPa) (%)

SBR/HNT 2,27+0,17 351+23 0,67 +0,02 1,01 +£0,04 41,8+0,8 2,69 + 0,06
SBR/HNT (A)? 2,30+0,15 324 +20 0,69 £+ 0,06 1,04 £ 0,09 44,0 + 0,7 21,73 £ 1,03
SBR/HNT-Tiyol 2,62 +£0,28 522 +30 0,72 £ 0,04 1,12+£0,10 446=+1,1 2,41+0,.25
SBR/HNT-Tiyol (A)? 2,68 +0,26 463 + 35 0,77 0,05 1,22+ 0,09 46,0 + 1,6 14,07 £ 2,32
SBR/ HNT-Vinil 2,13+0,10 259 + 50 0,66 = 0,05 0,97+0,18 252+1,28 4,56+ 0,40
SBR/HNT-Vinil (A)? 2,06 + 0,40 307 + 70 0,59 + 0,09 0,87 +0,20 33,0+2,0 37,59 + 5,80

(A): Yaslandirilnug 6rnekler; "ASTM D412ye gore; CASTM D2240%a gore; YASTM D395’ gore.

3.4 Capraz Bag Yogunlugu (CLD)

SBR/HNT nanokompozitlerinin vulkanizasyon ve yaslandirma sonrasi ¢apraz bag yogunluklari, Flory-Rehner
yaklagimi uygulanarak ve her numune icin 3 kez tekrarlanarak hesaplanmis, ortalama sonuglar standart sapma
degerleriyle Sekil 8 ve Tablo 5’te verilmistir. Buna gore, tiyol fonksiyonlu HNT ile hazirlanan SBR
nanokompoziti en yiiksek capraz bag yogunluguna sahip iken, vinil fonksiyonlu HNT ile hazirlanan
nanokompozitin en diisiik ¢apraz bag yogunluguna sahip oldugu belirlenmistir. Bu sonug, reometre ve mekanik
karakterizasyon verileriyle tutarlilik sergilemektedir. Ayrica, yaglandirma sonrasinda SBR/HNT ve SBR/HNT-
Tiyol orneklerinin ¢apraz bag yogunluklari artmig, SBR/HNT-Vinil 6rnegininki ise azalmistir. Bu sonug ise,
SBR/HNT-Vinil vulkanizatlarinda post-cure etkisi olmadigini ancak diger iki nanokompozitte bu etkinin

gergeklestigini kanitlamistir.

Capraz Bag Yogunlugu

4
5
=
[} Ikanizat
E vulKkaniza'
9 2
>

1

0

SBR/HNT SBR/HNT-Tiyol SBR/HNT-Vinil

Sekil 8. Vulkanizasyon ve yaslandirma sonrast SBR/HNT nanokompozitlerinin ¢apraz bag yogunluklari
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Tablo 5. Vulkanizasyon ve yaslandirma sonrasinda SBR/HNT nanokompozitlerinin ¢apraz bag yogunluklar

Ornek Adi CLD degeri (mol/cm®)
SBR/HNT 3,076 £ 0,19
SBR/HNT (A) 3,330+ 0,25
SBR/HNT-Tiyol 3,330+ 0,33
SBR/HNT-Tiyol (A) 3,696+ 0,21
SBR/HNT-Vinil 0,912 + 0,46
SBR/HNT-Vinil (A) 0,770 + 0,42

4(A): Yaslandirilmis 6rnekler

3.5 Morfolojik Karakterizasyon

SBR/HNT nanokompozitlerinin morfolojik karakterizasyonu, orneklerin ¢ekme testinden sonraki kopma
yiizeylerinden alinan SEM gorintiileri ile yapilmigtir. Sekil 9°da verilen SEM analizi sonucunda nanodolgu
dagilimi net sekilde gozlenemese de boyutlar1 154,5-337 nm arasinda degisen HNT nanotiiplerinin SBR
matrisindeki varlig1 kanitlanmigtir. Ancak daha 6nceki karakterizasyon yontemleri ile birlikte analiz edildiginde,
saf ve tiyol ile fonksiyonlandirilmig HNT nanodolgularmin vinil fonksiyonlu HNT’ye gore nispeten daha

homojen dagildig1 sonucuna varilabilir.

(a)

(b)

Sekil 9. (a) SBR/HNT, (b) SBR/HNT-Tiyol ve (c) SBR/HNT-Vinil nanokompozitlerinin diisiik ve yiiksek boyutlardaki SEM goriintiileri

IV. SONUCLAR

Bu ¢aligmada, SBR matrisi i¢in nano boyutlu bir takviye dolgusu olarak HNT kullanilmigtir. SBR ile nanodolgu
etkilesimini arttirmak amaciyla HNT, tiyol ve vinil gruplariyla modifiye edilmis ve saf HNT, HNT-Tiyol ve
HNT-Vinil nanodolgularmim SBR  karisimlarindaki etkisi incelenmistir. Nanokompozitlerin  kiikiirt

vulkanizasyonu karakteristikleri reometre ve ¢oziicii-sisme Ol¢limleri ile belirlenmistir. Capraz baglanma
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derecesini ifade eden CE degeri, SBR/HNT-Tiyol nanokompozitinde en yiiksek iken SBR/HNT-Vinil’de en
diistiktiir. Bu durum HNT-Tiyol nanodolgusundaki tiyol gruplarinda bulunan kiikiirdiin reaksiyon mekanizmasini
degistirerek capraz bag olusumuna katki saglamasi ve bunun neticesinde ¢apraz bag yogunlugunu arttirmasi
olarak yorumlanabilir. Mekanik karakterizasyon sonucunda SBR/HNT-Tiyol nanokompozitinin kopma
dayaniminin SBR/HNT nanokompozitine kiyasla %15, referans 6rnegine kiyasla ise %86 daha yiiksek oldugu
hesaplanmigtir. Dolayisiyla, HNT-Tiyol nanodolgusu ile SBR matrisi arasinda iyi bir etkilesim oldugu ve
HNT’nin iyi bir takviye etkisi gostererek gelismis mekanik ozellikler sagladigi belirlenmistir. Benzer sekilde
SBR regetesine HNT-Tiyol eklenmesiyle kopmadaki uzama degeri SBR/HNT’ye kiyasla %48,7, referans
numunesine kiyasla ise %81,3 oraninda artmistir. Reolojik ve mekanik karakterizasyon sonuglarindan
ongoriildiigii tizere Flory-Rehner yaklasimi ile hesaplanan CLD degerleri SBR/HNT-Tiyol igin en yiiksek
SBR/HNT-Vinil igin ise en diigiiktiir. Ayrica, termal yaglandirma prosesinden sonra SBR/HNT ve SBR/HNT-
Tiyol nanokompozitlerinin kopma dayanimlar1 ve CLD degerleri artmistir. Bu durum, bu nanokompozitlerdeki

post-cure etkisini dogrulamaktadir.
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I. INTRODUCTION

Recently, Electronic textiles (E-textiles) based on piezoelectric properties have gained tremendous attention based
on the piezoelectric effect with the ability to convert mechanical energy into electricity and vice versa. poly
vinylidene fluoride (PVDF) as a Polymeric Piezoelectric Materials (PPM) have many advantages over Ceramics
Piezoelectric Materials (CPM) such as flexibility, low processing cost, biocompatibility, high chemical resistance
and other properties. To improve the piezoelectric performance of PVDF for sensor application, the amount of
electroactive crystalline phases, specially the B-phase with the largest spontaneous polarization, should be
enhanced [1-5].

Various studies showed that the incorporation of piezoelectric nano materials was found to be efficient for
improving the piezoelectric properties of PVDF-based nanofibrous mat. Examples include nano-clay [6], zinc
oxide (ZnO) particle [7], Co-doped ZnO [8], Metal Organic Frameworks (MOFs) [9] and TiO, [10] which their

piezoelectric enhancing effect has been shown, recently.

Recently, porous crystalline materials consisting of organic ligands and metal ions, called Metal-organic
frameworks (MOFs), linked through coordination bonds have been attended. These nanostructures have attracted
a lot of interest in a wide range of applications [11-14] Due to their superior unique structural features including

high porosity, tunable pore size, specific surface area and versatile performance. [15, 16]. Zeolitic imidazolate
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frameworks (ZIFs) are a category of MOFs with the same structures to zeolites. They have are built upon 4-
connected nets of tetrahedral units, wherein metal ions, such as Zn?* or Co?*, are linked through N atoms in diatopic
imidazolate anions. Between the ZIFs, Zeolite Imidazolate Framework-8(ZIF-8), which is a type of albite zeolite

with a nanoporous structure, is a regular representative of ZIFs [17].

Electrospinning is a simple, scalable, and widely used technique for fabricating nanofibers, it has been
Multipurpose and used for several applications [18, 19]. Owing to the high voltage which will be applied to the
electrospinning solution, caused the -CF,/-CH molecules to align. Molecular -CF,/-CH: dipoles tend to be aligned
[19]. According to this case, no additional polarization process is needed to increase the f§ phase value of PVDF
nanofibers [1]. For example, Hasanzadeh et al. [1] produce PVDF nanofiber containing Graphene-ZnO. Their
result show an increase in the B phase value of PVDF nanofiber containing the above composite from 51.08% for
pristine PVDF nanofiber to 62.36%. In another research, Hadavi Moghadam et al. [2] fabricate a piezoelectric
sensor based on PVDF nanofiber containing MOFs, exactly UIO-66, according to the XRD and FTIR results
amount of the P crystalline phase is enhanced in the presence of MOF during electrospinning from 64% for raw
PVDF to 67% for PVDF-5 wt % MOF. In this work, the synthesis and characteristics of (ZnO@ZIF-8) composite
and PVDF, PVDF/(ZnO@ZIF-8) nanofibers were studied.

I1. EXPERIMENTAL METHOD / TEORETICAL METHOD
2.1 Materials

Zinc oxide (ZnO, 99.0%), 2-methylimidazole (2-MIM) and, (Zn(NOs)..6H-0, 98%) were obtained from Merck
Co. (Germany), Poly(vinylidene fluoride) (PVDF) (Mw =350,000 g/mol) was obtained from Kynar Co. (USA)
and N,N-dimethylformamide (DMF, Mw=73.09 g/mol, 99.0%) was obtained from Neutron Pharmachemical Co.

(Iran) and used without any further purification.

2.2 Synthesis of ZnO@ZIF-8

Core-shell ZnO@ZIF-8 composite was synthesized by a modified method that described by Zhan et al. [20]. In a
typical experiment, 0.164 g 2-methylimidazole (2-MIM) was dissolved in 15 mL N, N-dimethylformamide
(DMF), and the solution was pre-heated at 70 °C. After that, 0.140 g of ZnO powder was added into 5 ml deionized
water and stirred for 15 minutes then ZnO suspension wasadded to the pre-heated solution. After that, three drops
of anionic soap were added to the above mixture for the emulsifying role. Then the mixed suspension was heated
at 70 °C with stirring for 5 h. The ZIF-8 powder was synthesized as in the previous works with a slight change
[11-14].

2.3 Synthesis of ZnO@ZIF-8

A 25 wt % solution of PVDF in DMF was prepared and then stirred for 12 h at 50 °C. Different percent of
composites (1,3,5,10 wt %) was added to the prepared solution, followed by another 12 h stirring and finally
sonicated for 20 min to obtain a homogenous mixture. PVDF/(ZnO@ZIF-8) nanofibers fabrication done by an

horizontal electrospinning machine (Nano-Azma, Iran). Table 1 shows the electrospinning solutions condition.
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The mixture solutions were filled into 5mL syringes (22-gauge needle). The flow rate of the device was 0.2 mL/h.
A DC high-voltage power supply (25 kV) was applied between grounded collector (12 cm spinning distance) and
the needle tip. A rotating drum (2000 RPM) with traverse mode used to collect the nanofibrous mat. The
electrospinning process was done at 28% relative humidity and 27 °C temperature for 4 h. The parameters of

electrospinning were obtained based on a series of trial-and-error experiments.

Table 1. Electrospinning conditions of PVDF/(ZnO@ZIF-8) nanofibrous mat

Composite amount Applied voltage Spinning distance Volume flow rate Drum speed
(wt%) (kV) (cm) (mL/h) (rpm)
0 25 12 0.2 2000
1 25 12 0.2 2000
3 25 12 0.2 2000
5 25 12 0.2 2000
10 25 12 0.2 2000

2.4 Characterizations

The morphology of fabricated composite and nanofibers were studied by field-emission scanning electron
microscopy (FESEM) (MIRA 111, TESCAN). measuring the diameter of nanofibers done by Digimizer software .
in FESEM images to determine the diameter distribution. crystalline characteristics of the synthesized composite

and nanofibers were evaluated by X-ray diffraction (XRD).

I1l. RESULTS AND DISCUSSIONS
3.1 Characteristics of (ZnO@ZIF-8) Composite

The formation of a layer of perfect ZIF-8 shell over the core is a vital step in the fabrication of a core-shell ZIF-8
based structure. Generally, the core had to be modified with some organic groups or ZIF-8 seeds to facilitate the
formation of ZIF-8 over the core. As shown in Figure 1, the surface of the ZnO core was closely packed with

hexahedron ZIF-8 nanocrystals, showing that a layer of ZIF-8 shells had grown well on the core.

The X-ray diffraction (XRD) patterns of ZIF-8, ZnO, and ZnO@ZIF-8 powders are depicted in Figure 2. XRD
analysis plays a crucial role in characterizing the crystalline structure and crystallographic planes present in the
synthesized powders. ZnO crystals exhibited characteristic peaks at 26 values of 31.8°, 34.5°,36.42°, 47.5°, 56.6°,
62.8°, and 69.1°, corresponding to the (100), (002), (101), (102), (110), (103), (200), (112), and (201) planes,
respectively. On the other hand, the XRD pattern of ZIF-8 demonstrated a crystalline structure with distinct peaks
at 20 values of 7.3°, 10.3°, 12.8°, 16.5°, 18.1°, 19.7°, 22.2°, 24.6°, 25.7°, 26.8°, 28.9°, and 29.8°, corresponding
to the (011), (002), (112), (013), (222), (123), (114), (233), (224), (134), (125), and (044) planes, respectively.
These findings are consistent with previously reported works [11, 12, 14] which provide valuable insights into the
crystalline characteristics of ZIF-8. Importantly, the XRD pattern of the ZnO@ZIF-8 composite revealed the
presence of characteristic peaks corresponding to both ZIF-8 and ZnO. This observation confirms the successful
formation of the desired core-shell structure, as reported in similar studies [21, 22]. The agreement between the
experimental results and previous findings strengthens the validity and reliability of the synthesized materials.

Overall, the XRD analysis provides valuable information on the crystalline properties and crystallographic planes
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of the synthesized powders, supporting the successful synthesis of ZIF-8 and the formation of the core-shell
structure in the ZnO@ZIF-8 composite.

SEM MAG: 15.0 kx Det: InBeam
WD: 6.00 mm BI: 7.00 | 2 pm
View field: 13.8 ym |Date(m/d/y): 02/09/23

Figure 1. FESEM image of (ZnO@ZIF-8) composite
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Figure 2. X-ray diffraction pattern of ZnO, ZIF-8 and (ZnO@ZIF-8) powders
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3.2 Size and Morphology of Nanofibers

Figure 3 shows the PVDF and PVDF/(ZnO@ZIF-8)-10% electrospun nanofibrous mat surface morphology and
diameter distribution. Both of the nanofibers show a uniform diameter distribution and an interconnected network
of random fibers with smooth surfaces. Figure 3a the PVDF nanofibers exhibited a bead-free uniform morphology
with an average diameter of 253 nm. According to Figure 3b by the addition of composite crystals to the PVDF
nanofibers, the surface of the nanofibers, is wrapped with a layer of composite particles. Furthermore, the 10 wt%
of composite in the PVDF solution reduced the average diameter of nanofibers to ~233 nm. Figure 3¢ and Figure
3d shows the normal distribution that in the raw PVDF sample, the dispersion of the data is more than that of the
PVDF/(ZnO@ZIF-8)-10% sample.
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Figure 3. FESEM image and diameter distribution histogram of (a,c) PVDF and (b,d) PVDF/(ZnO@ZIF-8) nanofibers, Respectively

3.3 Phase Analysis

Both of the nanofibrous specimens exhibit the main diffraction peaks of PVDF at 18.8° and 20.5°, which
correspond to the a and B-phases, respectively [23]. Figure 4 that refers to XRD analysis of PVDF/(ZnO@ZIF-8)
nanofibrous specimen, shows main diffraction peaks signed as * and #, which are in good agreement with MOF

and ZnO, respectively.

It can be seen that the B-phase peak intensity (20 = 20.5°) in the patterns for the PVDF/(ZnO@ZIF-8) nanofiber
increased as the composite content was prolonged up to 10 wt.%. The incorporation of (ZnO@ZIF-8) composite

into the PVVDF nanofibers is deduced to be favorable for stretching the PVDF polymer chain and transforming the
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a-phase into the B-phase. Moreover, both components of the composite (ZnO and ZIF-8) can be effective as a
nucleation agent in increasing the B-phase of PVDF/(ZnO@ZIF-8) nanofiber because of their metallic component
that is Zn*? [24-26]. In comparison with other research conducted in this study, our results, like others, confirm
the increase in the amount of B-phase from the XRD and FTIR results for the sample containing the composite

compared to the raw sample.
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Figure 4. X-ray diffraction of PVDF and PVDF/(ZnO@ZIF-8)-10% nanofibers

IV. CONCLUSIONS

In this study, a successful synthesis of the core-shell (ZnO@ZIF-8) composite was achieved, and its characteristics
were thoroughly investigated. Furthermore, electrospinning was employed to fabricate nanofibrous composites of
polyvinylidene fluoride (PVDF) and PVDF/(ZnO@ZIF-8) with a composite loading of 10%. The analysis of the
fabricated nanofibers revealed the production of uniform and bead-free structures. Moreover, the incorporation of
the (ZNO@ZIF-8) composite into the PVDF polymer solution resulted in an increased amount of the [ crystalline
phase and a reduction in nanofiber diameter. These findings suggest that the composite addition enhances the
crystalline properties of PVDF nanofibers and improves their structural characteristics. The fabricated nanofiber
mat holds great potential for various applications, including E-Textiles, flexible sensors, and wearable devices.
The uniformity and improved characteristics of the nanofibers make them suitable for these applications.
Furthermore, based on the obtained results, it is anticipated that the incorporation of this composite can enhance
the piezoelectric properties of PVDF nanofibers, opening up possibilities for their utilization in piezoelectric-based
applications. Overall, this study successfully synthesized the core-shell (ZnO@ZIF-8) composite and
demonstrated its positive impact on the fabrication and characteristics of PVDF nanofibers. The findings contribute

to the development of functional nanofiber materials for various technological applications.
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ABSTRACT

The compatibilizing effect of B-cyclodextrin end-functionalized polystyrene (3-CD-PS) on immiscible
PCL/PS blends has been studied using 2D NOESY NMR and DSC techniques. The 3-CD-PS was obtained
via copper(l)-catalyzed azide-alkyne click reaction (CUAAC) of mono azide functional B-CD (B-CD-Ns) and
low molecular weight PS as a compatibilizer. The preparation of inclusion complexes based on B-CD
and PCL (equimolar ratio) was investigated, aiming to reduce the interfaces of PCLand PS and compatibilizer
the immiscible PCL/PS mixture. Compatibilization was visually observed when turbid PCL/PS solutions

became clear upon heating and extended stirring. Several solutions were prepared with PCL/PS contents
ranging from 100/0, 70/30, 50/50, and 30/70 (wt%) with B-CD-PS contents (equivalent to PCL moles) by

Keywords: solution casting technique. The 30/70 PCL/PS blend containing stoichiometric 1:1 inclusion complex of -
Compatibilization CD and PCL showed significant changes in DSC analysis. Moreover, 2-fold and 4-fold B-CD-PS
Solution casting (stoichiometric 2:1 and 4:1 B-CD:PCL) were tested to 50/50 PCL/PS blends to observe the amount of
CuAAC compatibilizer for obtaining good miscibility.

Inclusion complexation .
2023 JIENS All rights reserved.

1. INTRODUCTION

Polymer blends have been used as a cost-effective, high-performance polymeric material and have become an
essential science topic. Polymer blends are physical combinations of two or more polymers to form a new material
with different physical properties. In these mixtures, most polymers do not mix homogeneously with each other
and undergo phase separation [1, 2]. Compatibilizers can be used in the blending and stabilization of immiscible
polymers. Compatibilizers create a homogeneous mixture by decreasing the interfacial tension in the mixture and
increasing the adhesion between the two homopolymer phases. The compatibilizer is a block copolymer or graft
copolymer of the monomers that make up the mixture. When such compatibilizers are used, one of the components
is soluble in the co-solvent, and the other is insoluble and plays a surfactant-like role [3-5]. Polymer blends are
generally prepared in two ways. The first way is the solvent-casting method, which is a method that is easily
applied in the laboratory. According to this method, after the polymers are dissolved in a solvent in which both are
soluble, they are mixed, the solvent evaporates, and the mixture is obtained as a film. The second method is the
melt mixing method, usually done in extruders. In this method, all components are mixed by heating above their

glass transition temperature (Tg) [6, 7].

Polystyrene (PS) is a standard thermoplastic polymer with atactic, amorphous, inexpensive, stiff, easily shaped,
and good electrical and moisture resistance. Due to the benzene ring in its structure, its Ty is in the range of 90-

100 °C. Due to this Tq value and its amorphous structure, it is considered a challenging and transparent material at

*Corresponding author. Tel.: +90-226-815-5958; e-mail: nese.cakir@yalova.edu.tr
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room temperature. Above the softening temperature, it readily melts and is susceptible to processing by injection
molding or extrusion [8, 9]. Polycaprolactone (PCL) is a hydrophobic and semi-crystalline biodegradable
polyester. Its melting point is around 60 °C, and its glass transition temperature is around -60 °C. It is easily shaped
and shows high mechanical strength [10, 11]. Kim et al. investigated the thermal and rheological properties of
PCL/PS mixtures using differential scanning calorimetry and scanning electron microscopy. They explained that
when low molecular weight PS is used in the mixture, the mixture is partially soluble in each other, and when high
molecular weight PS is used, the mixture does not dissolve in each other [12]. Numerous combinations of
immiscible PCL/PS mixtures have been made and investigated in the literature, focusing on their phase separation
and separation morphology. These studies generally examined how the PS blocks are arranged within the crystal
structure of PCL at low or high critical solution temperatures. By varying the composition of the mixture, the film's
thickness (if applicable), the polydispersity of PS, and the molecular weight, researchers observed changes in the
phase separation and surface morphology of the formed mixtures [13-16]. Ho et al. have proposed an exciting way
to make PCL/PS blend as miscible blends. They said PCL mixed homogeneously when melted with PS-b-
polyethylenepropylene (PEP) copolymer, not PS. Polarized light microscopy, transmission electron microscopy,
and small-angle X-ray scattering were employed to study the morphology of the PCL/PS-PEP mixture [17].

Cyclodextrins (CDs) are a group of cyclic oligosaccharides comprising six to eight glucose units connected by
glycosidic bonds. They are specified as a-, B-, and y-CD, correspondingly. CDs exhibit a truncated cone shape,
with primary hydroxyl groups on the narrower side and secondary hydroxyl groups on the wider side. It is known
that these compounds form inclusion complexes with many molecules [18-20]. Harada et al. investigated for the
first time the inclusion complex formation of polydimethylsiloxane (PDMS) with o-CD, B-CD, and y-CD. As a
result of the study, PDMS was observed to form complexes with B-CD and y-CD, whereas no complexation
occurred with a-CD. They explained that such complexes would create a new way to obtain new organic and
inorganic materials and functional supramolecular structures [21]. The same working group investigated the
formation of inclusion complexes with a-CD, B-CD, and y-CD for polycaprolactone (PCL) and found that complex
with B-CD in moderate yield [22]. Some papers proposed new types of compatibilizers based on CD-based
polymers to form inclusion complexes [23-25]. For instance, Balik et al. used star polymers containing y-CD core
and PS arms as compatibilizers in the chloroform solution of PS/PDMS. Compatibilization was observed with the
turbid solution becoming clear as CD-star was added. The coupling mechanism explained that the CD core
complexed with PDMS, and the resulting complex increased its solubility with PS in the CD-star polymer. Thus,
insoluble PDMS blocks were transformed into smaller, more stable micelles. 2D ROESY NMR demonstrated the
complexation of the CD core with PDMS. To explore the impact of compatibilization, modifications were made

to the PDMS molecular weight, concentration, and CD-star concentration, aiming to examine their effects [26].

Herein, we synthesized B-CD end-functionalized PS (B-CD-PS) to use it as a compatibilizer for immiscible PCL/PS
blends. The 1:1 inclusion complexation was driven by B-CD and PCL by host-guest interaction and confirmed by
2D NOESY NMR. The miscibility behavior of resultant B-CD/PCL complexation occurring in PCL/PS blends
reduced the interphase of polymers. This paper used morphological and thermal measurements and visual analysis
to investigate the miscibility of PCL/PS blends.

112



PCL/PS blends J. Innovative Eng. Nat. Sci. vol. 3, no.2, pp. 111-126, 2023.

11. EXPERIMENTAL METHOD
2.1 Materials

Polystyrene (PS) (average M,=35.000 g/mol) and polycaprolactone (PCL) (average M,=45.000 g/mol)
homopolymers were purchased from Aldrich. B-cyclodextrin (>97%, Aldrich), tetrabutylammonium fluoride
(TBAF, 1 M in THF, Aldrich), and CuBr (99.9%, Aldrich) were used as received. NN,N’ N’ ,N’’-
pentamethyldiethylenetriamine (PMDETA, Aldrich) was distilled over NaOH prior to use. Dichloromethane
(CH.Cly) was purchased from Aldrich and used after distillation over P2Os. Tetrahydrofuran (THF; 99.8%, J.T.
Baker) and N,N-dimethylformamide (DMF, 99.8%, Aldrich) were all purchased from Aldrich and used as received.
The mono-6-deoxy-6-azido-B-cyclodextrin (B-CD-N3) was synthesized according to our previously published
procedure [27]. 3-(Trimethylsilyl)prop-2-ynyl 2-bromo-2-methylpropanoate and a-silyl protected alkyne

polystyrene (a-silyl-alkyne-PS) were prepared according to literature procedures [28].

2.2 Instrumentation

'H NMR measurements at a frequency of 500 MHz were conducted using CDCl; as the solvent and Si(CHs)4 as
the internal standard, employing an Agilent VNMRS 500 instrument. 2D NOESY measurement was performed
on an Agilent VNMRS 500 instrument in DMSO-ds as the solvent. Conventional gel permeation chromatography
(GPC) measurements were performed using an Agilent instrument (Model 1100) equipped with a pump, refractive
index (RI), and ultraviolet (UV) detectors. The GPC system utilized a series of four Waters Styragel columns
(guard, HR 5E, HR 4E, HR 3, HR 2) with dimensions of 4.6 mm internal diameter and 300 mm length, packed
with 5 um particles. The effective molecular weight ranges for the columns were 2000-4,000,000, 50-100,000,
500-30,000, and 500-20,000, respectively. Elution was carried out using THF as the mobile phase at a flow rate of
0.3 mL/min at 30 °C, while toluene was employed as the internal standard. FT-IR spectra were obtained with an
Agilent Technologies Cary 630 FTIR instrument over the range of 4000-500 cm*. DSC scans were carried out by
using a Seiko DSC-7020 under a nitrogen atmosphere as the purge gas. The samples were heated from 25 °C to
300 °C (heating rate: 10 °C/min) with a weight of about 3-5 mg. Optical microscope micrographs were taken by
using YAMER at 10X magnification.

2.3 Preparation of Compatibilizer

2.3.1 Hydrolysis of a-silyl protected alkyne polystyrene (a-Silyl-Alkyne-PS) and preparation of alkyne-end
functionalized PS (Alkyne-PS)

The protective silyl group of a-silyl-alkyne-PS (1.5 g, 0.75 mmol, My neo =2000 g/mol) was removed using TBAF
(1.1 mL, 3.75 mmol) dissolved in THF (20 mL). The reaction mixture was stirred at room temperature for 2 hours,
followed by concentration under reduced pressure and precipitation in methanol. The resulting polymer was then
dried under a vacuum at 40°C for 24 hours. The *H NMR analysis (in CDCls, 8) revealed peaks at 7.5-6.5 (ArH),
4.4 (CHBr), 4.1 (C[equiv]CCH:0), and 2.0- 0.9 (CH2 and CH).
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2.3.2 CuAAC click reaction of Alkyne-PS with f-CD-N3 (-CD-PS)

In a Schlenk tube containing a magnetic stirring bar, Alkyne-PS (1.3 g, 0.67 mmol, My theo =1930 g/mol) and B-
CD-N3 (1.16 g, 1.00 mmol) were dissolved in DMF (10 mL). To ensure protection from air, CuBr (0.143 g, 1.00
mmol) and PMDETA (195.0 pL, 1.00 mmol) were added under a nitrogen flow. The reaction tube was degassed
by three cycles of degassing using FPT (freeze-pump-thaw) method and was then placed in an oil bath set to a
constant temperature of 60 °C for a period of 2 days. When the reaction was completed, it was dissolved in CH2Cl;
(no need to remove the DMF) and passed through an alumina column to eliminate copper catalysts. Next, the
mixture was evaporated until completely dry, and then redissolved in CH2Cl,, and precipitated in methanol. The
blueish solid was subjected to washing with (10 mL x 2) and methanol (10 mL) to remove any excess 3-CD-Ns.
Finally, the white precipitate was dried in a vacuum oven at 40 °C for 24 hours. Yield = 1.48 g (74 %). The 'H
NMR spectrum (in CDCls, 3) displayed peaks at 7.79 (br, CH of triazole), 7.4—6.4 (ArH), 5.70 (br, 14H, OH-2,3),
5.01-4.83 (m, 6H, H-1), 4.55-4.48 (br, 6H, OH-6), 3.76-3.50 (br, 28H, H-3,5,6,6"), 3.49-3.23 (br, 14H, H-2,4
overlapping with H,0), 2.0- 1.1 (CH, and CH).

2.4 Preparation of Solution-Cast Films

Solutions containing PS (average M»,=35.000 g/mol) and PCL (average M;=45.000 g/mol) both with and without
B-CD-PS were prepared at a total solids concentration of 20% (w/v) in THF/DMF (4:1) mixture. The solutions
were vigorously stirred using a Teflon-coated magnetic stir bar in an appropriately sized beaker, and the beaker
was covered to minimize solvent evaporation. The magnetic stirring was conducted at 60 °C and 350 rpm for 1
day. Solution casting was performed in a glass petri dish. To establish controlled evaporation, a glass dish was
placed over the films and sealed along the edges using a paper towel to prevent solvent evaporation and eliminate
bubble formation. After controlled evaporation, the films were first dried in a fume hood for up to a week, followed

by additional drying in a vacuum oven at 40°C for one day.

111. RESULTS AND DISCUSSIONS

To begin with, we synthesized and characterized the B-CD-PS to investigate its miscibility behavior in immiscible
PCL/PS blends. Mono azide functional B-cyclodextrin (B-CD-N3) was prepared according to our previously
published paper [26]. The preparation of silly protected polystyrene (a-silyl-alkyne-PS) was well described by
Durmaz [27] and the same route was adopted to synthesize a-silyl-alkyne-PS via atom transfer radical
polymerization (ATRP). Subsequently, the deprotection of a-silyl-alkyne-PS was successfully achieved using

TBAF, resulting in the formation of the corresponding alkyne-PS as outlined in Scheme 1.

\ (o] (0]
—si—=— Br __TBAF, THF = Br
/ m 2h, R.T. m

a-silyl-alkyne-PS Alkyne-PS

= v =Y

Scheme 1. Synthetic pathway for the deprotection of trimethyl silyl group ((CH3)sSi-).
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The absence of the signal at 0.18 ppm, attributed to (CH3)sSi-, provided confirmation of the structure of alkyne-
PS, as depicted in Figure 1.

(o]
=1 b_Br
- o ma
Alkyne-PS O O
P~

b a

e e
a
\ b o
—Si———~ <_Br
/ o m-1 a,
a-silyl-alkyne-PS

=7 Qg

T T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5 00 05
ppm

Figure 1. *H NMR spectra of a-silyl-alkyne-PS (bottom spectra) and alkyne-PS (upper spectra) in CDCls.

A single-peaked GPC trace and a low-molecular-weight distribution were observed for a-silyl-alkyne-PS and

alkyne-PS, which aligned with the theoretical molecular weight (Mneo) Values as presented in Table 1.

Table 1. The results of polymers used in the synthesis of compatibilizer

s s MM, (o
a-Silyl-Alkyne-PS? 2080 2310 111 2000°
Alkyne-PS 1450 1970 1.35 1930¢
B-CD-PS 3060 4980 1.62 3090°

& [M]o:[1]o:[CuBr]:[PMDETA] = 200:1:1:1; polymerization process was conducted at a temperature of 110 °C.
® Determined through conventional GPC, calibrated with respect to linear PS standards in THF at 30 °C.

€ Mnheo = ([M]o/[1]) X conversion % x molecular weight (MW) of monomer + MW of initiator.

9 Mhntheo = Mitheo OF a-silyl-alkyne-PS (2000) — M., of trimethy! silyl group.

& Mn theo = SUm of ESI-MS of B-CD-Nj3 (1160 g/mol) and M e, Of the alkyne-PS.

As a compatibilizer, B-CD-PS is simply prepared from copper(l) catalyzed azide-alkyne click reaction (CUAAC)
of alkyne-PS with B-CD-Ns concurrently in the CuBr/PMDETA in DMF at 60 °C for two days (Scheme 2). 1.5
equiv. of B-CD-Nsto that of alkyne-PS was used in the reaction. Again, unreacted p-CD-N3zwas eliminated from
the reaction mixture by employing a dissolution-reprecipitation method and washing with water and methanol,

respectively.
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0 N3
= Br £ CuBr, PMDETA Br
b !
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Alkyne-PS @
’-/'\./—— B.o

Scheme 2. Synthetic route for the synthesis of B-CD-PS as a compatibilizer

The synthesized B-CD-PS was subjected to characterization using *H NMR and GPC techniques. In the *H NMR
spectrum, distinctive signals corresponding to the PS and B-CD segments were observed at 7.4-6.4 (ArH) and
5.70-3.23 ppm (methylene protons and hydroxyl groups of the B-CD ring). The peak at 7.79 ppm was attributed
to the proton of the 1,2,3-triazole ring. The integration ratio of these peaks, compared to the aromatic hydrogen
protons of PS at 7.4-6.4 ppm and 1-positioned CH peaks of B-CD at 5.01-4.83 ppm, was found to be 16.86:1. This

ratio indicates a high click efficiency (74%) in the formation of B-CD-PEG, as determined using the theoretical

molecular weight (Mneo) Value of alkyne PS for the calculation (Figure 2).
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Figure 2. *H NMR spectrum of B-CD-PS in DMSO-ds at room temperature

GPC measurement was taken to see the change in molecular weight after the click reaction (Figure 3). According
to GPC, M,: 3060 g/mol (PDI: 1.62) was found, as listed in Table 1. The B-CD-PS exhibited a noticeable shift

towards the higher molecular weight region; however, a necked chromatogram was obtained. It is more appropriate
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to use DMF instead of THF in the analysis of such CD-based polymers. THF may not have shown steady flow
through the column because it is not a suitable solvent for CDs.

——— Alkyne-PS
-~ B-CD-PS

25 30 35 40 45 50

Retention Time (min)

Figure 3. Evaluation of GPC traces of alkyne-PS and p-CD-PS, monitored using an RI detector in THF at 30 °C

Additionally, the efficiency of the click reaction was confirmed using FT-IR spectroscopy. From the FT-IR spectra
taken before and after the CUAAC click reaction, it is seen that the azide peak of B-CD-N3 (2100 cm™) disappeared

after the click reaction (Figure 4). These FT-IR findings further prove the successful click reaction and the
complete removal of the excess f-CD-Ns.
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Figure 4. FT-IR spectra of 3-CD-Nj (blue) (a) and p-CD-PS (pink) (b)
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Several solutions were prepared with PCL/PS contents ranging from 100/0, 70/30, 50/50, and 30/70 (wt%) with
B-CD-PS contents (equivalentto PCL moles). Table 2 shows the compositions of PCL/PS blends with the
compatibilizer (B-CD-PS) used in this work. The total solids concentration was 20% (w/v) in THF/DMF (4:1)

mixture. The amount of B-CD-PS in the blends excludes the total mass of the PCL/PS amounts.

The compatibilizing effect of adding -CD-PS to solutions of PCL and PS in the THF/DMF mixture can be seen
in Figure 5. PCL and PLA were solubilized in THF (in different glass containers) and kept under stirring (350
rpm) and once completely dissolved, both solutions were mixed, and B-CD-PS in DMF was added by droplets
during stirring. The blends with different compositions were carried out by magnetic stirring at 60 °C for one day.
Upon preparation, all solutions exhibited turbidity; however, they gradually became clear (indicating

compatibility) after being stirred for one day at 60 °C, as depicted in Figure 5.

Table 2. Composition of blends initially containing various amounts of 3-CD-PS (equal moles of PCL to 3-CD-PS)

Composition of PCL/PS B-CD-PS (mg) PCL (9) PS (9)
100/0 68.6 1.0 -
70/30 48.1 0.7 03
50/50 343 0.5 05
30/70 20.6 0.3 0.7

Polymer blends were performed in a glass petri dish by a solvent-cast technique. To control the evaporation
process, the solutions were subjected to a controlled two-day evaporation by covering the films with a glass dish,
which was sealed along the edges using a paper towel to slow down solvent evaporation and prevent bubble
formation. Subsequently, the films were dried in a fume hood for a period of up to one week, followed by an
additional drying step in a vacuum oven at 40 °C for one day. Photographs are shown in Figure 6 of the appearance
of a polymer blend with and without 3-CD-PS. As is easily observed, polymer blends without compatibilizers are
white and opaque, and polymer blends with compatibilizers are yellowish and transparent. In addition, all blends
which contain more PS are brittle and breakable. However, all blends which contain more PCL are flexible and
easily removable from glass Petri dishes. The observed characteristics of the films suggest variations in their

morphology.

The presence of an inclusion complex between $-CD and PCL was verified using 2D NOESY NMR, a technique
commonly employed by researchers to investigate localized interactions within cyclodextrins. Figure 7 shows the
2D NOESY NMR spectrum of the 1:1 mixture of PCL and 3-CD-PS, obtained using the same solution preparation
steps to confirm the formation of the inclusion complex. The hydrophobic PCL block has gone through the
hydrophobic cavity of B-CD to yield an inclusion compound. In this particular sample, the concentration of PCL
and B-CD-PS is relatively low, leading to weak interactions between them, evident in the rectangular region of
Figure 7a. Upon magnification of this region in Figure 7b, the proton signals of B-CD-PS can be discerned above
the noise and exhibit cross-peaks with the methyl groups of PCL. Notably, cross-peaks arise from dipolar
interactions between the signals at 4.5-5.9 ppm, assigned to protons located in the cavities of B-CD (such as C2,
C3 secondary hydroxyl group, primary C6 hydroxyl group, and 1-H protons), and the signals at 3.8-3.5 ppm,
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attributed to methylene protons adjacent to oxygen atoms on PCL. These cross-peaks confirm that methyl groups

have been deeply embedded in the cavities of B-CD via host-guest interactions.

— g
1 30/70 PCL/PS

Figure 6. The appearance of solvent-cast films prepared with different ratios of PCL/PS with and without compatibilizer
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Figure 8 presents the DSC thermograms of the individual components that constitute the solution-cast films. The
homopolymer PCL (average M,=45.000 g/mol) used in these samples shows a sharp melting point (Tr) 60.2 °C.
The homopolymer PS (average M,=35.000 g/mol) exhibits T4 of 17.9 and T 66.6 °C. The DSC analysis of 3-CD-

PS shows no distinctive features except for the T associated with the PS arms at 17.8 °C.

While the literature reports [5] the T4 of PCL to be around -61.5 °C, we did not measure the Ty of PCL in this
particular experiment. Therefore, no crystallization peak associated with PCL is observed in our findings.
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Figure 7. a) 2D NOESY NMR spectrum of 1:1 mol/mol of PCL/B-CD-PS solutions in DMSO-ds at room temperature, b) Magnified view of

the rectangular circle in a)

Figure 8 presents the DSC thermograms of the individual components that constitute the solution-cast films. The

homopolymer PCL (average My,=45.000 g/mol) used in these samples shows a sharp melting point (Tm) 60.2 °C.
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The homopolymer PS (average M,=35.000 g/mol) exhibits T4 of 17.9 and T 66.6 °C. The DSC analysis of 3-CD-

PS shows no distinctive features except for the T4 associated with the PS arms at 17.8 °C.

While the literature reports [5] the T4 of PCL to be around -61.5 °C, we did not measure the Ty of PCL in this

particular experiment. Therefore, no crystallization peak associated with PCL is observed in our findings.
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Figure 8. DSC thermograms of the constituent elements comprising the solution-cast films are depicted, with the curves being vertically

displaced for better visibility

DSC scans of a series of PCL/PS (30/70, 50/50, and 70/30) blends with and without various amounts of 3-CD-PS
are shown in Figure 9. A significant change in the T4 value was observed for the 30/70 PCL/PS blend. The T4 of
the 30/70 PCL/PS blend shifted to 21°C and 30.5 °C (with B-CD-PS) (left graph (2)) from 18.8 °C (without 3-CD-
PS) (left graph (1)). In addition, in another series of PCL/PS blends, the T4 values were slightly changed. Tms of
PCL were observed to undergo slight alterations in the presence of B-CD-PS. This may be attributed to forming a
crystalline structure that differs from the previous system. Figure 9, the right graph, shows the results of the cooling
cycle from DSC analysis for all samples. The PCL crystallization of the 3-CD-PS containing 30/70 PCL/PS blend
significantly declined to 14 °C from 24.6 °C with an exothermic peak. It is possible to conclude that adding 3-CD-
PS as a compatibilizer causes changes in some of the thermal properties of the 30/70 PCL/PS blend. Specifically,
the addition of B-CD-PS does not significantly impact the glass temperature or the melting temperature, as

anticipated.

The amount of compatibilizer (B-CD-PS) added to PCL/PS blends for miscibility was also investigated. The films
of 50/50 PCL/PS blends and 2-fold and 4-fold B-CD-PS contents are clearly in Figure 10a. When B-CD-PS is
increased, more homogenously mixed film is obtained. Moreover, from DSC cooling thermograms of 50/50
PCL/PS blends, show that T, of PCL is remarkably decreased due to the inclusion complexation of B-CD:PCL
(Figure 10b).
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Figure 10. a) Appearance of solvent-cast films prepared with 50/50 PCL/PS blend with 2-fold and 4-fold 3-CD-PS. b) DSC thermograms of
50/50 PCL/PS blend with 2 fold and 4 fold of B-CD-PS

The surface morphology of 50/50 PCL/PS blends containing various amounts of 3-CD-PS was studied through an
optical microscope to observe the miscibility of blends. The casting films were subsequently hot pressed for 3 min
at 195 °C under the pressure of 5 Mpa between Teflon sheets to produce film samples of uniform thickness (~50
um). Figure 11 presents the optical microscope micrographs of 50/50 PCL/PS blends with different ratios of -
CD-PS at 10X magnification to evaluate the morphological surfaces of the blends. Figure 11a has significant phase
separation on the surface. Figure 11d seems to have one uniform phase. Figure 11c showed better homogeneously
dispersed droplets than Figure 11b. The morphologies of these binary blend films changed depending on the
amount of B-CD-PS as compatibilizer. Additional techniques such as scanning electron microscopy (SEM) or
atomic force microscopy (AFM) may be employed to get information about the nanoscale or detect slight phase

separations for further studies.
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Figure 11. Optical microscopy micrographs of 50/50 PCL/PS blends a) without B-CD-PS, b) equimolar B-CD-PS to PCL, c) 2-fold of B-CD-
PS to PCL, and d) 4 fold of B-CD-PS to PCL

IV. CONCLUSIONS

Compatibilization of PCL and PS in THF/DMF (4:1) is achieved by the addition of B-CD end-functionalized PS
(B-CD-PS) (equimolar to PCL) by solution-cast technique. The B-CD-PS was obtained via CUAAC click reaction
of mono azide functional B-CD (B-CD-Ns) and previously synthesized PS via ATRP. The 1:1 inclusion
complexation was driven by B-CD and PCL by host-guest interaction. The process of compatibilization is visually
evident as the initially cloudy solutions become clear when heated and stirred for an extended period. The
mechanism underlying compatibilization is attributed to the threading of the f-CD-PS by PCL, which reduces the
interfaces between different components. This threading phenomenon of the B-CD ring by PCL is supported by
evidence obtained from 2D NOESY NMR analysis. A significant change in the T4 value was observed for the -
CD-PS containing a 30/70 PCL/PS blend. In addition, PCL crystallization was significantly shifted for the same
blend. Moreover, the amount of compatibilizer (B-CD-PS) added to PCL/PS blends for miscibility was also
investigated. The films of 50/50 PCL/PS blends with 2-fold and 4-fold 3-CD-PS contents gave homogenously
mixed films via optical microscope observations. The morphological properties showed that the PCL/PS mixtures
were miscible when the amount of B-CD-PS was increased. In conclusion, for inclusion complexation 1:1 (-

CD:PCL mole ratio is enough; however, 3-CD can be increased for good miscibility of blends.

ACKNOWLEDGMENT

The author is grateful to Prof. Dr. Giirkan Hizal, Prof. Dr. Umit Tunca, and Prof. Dr. Hakan Durmaz to provide
the laboratory facilities during the synthesis of the compatibilizer (3-CD-PS).

This study was supported by Yalova University Scientific Research Unit (Project No: 2019/AP/0020).

REFERENCES

[1] Rameshwaram J, Yang Y-S, Jeon H (2005) Structure—property relationships of nanocomposite-like polymer
blends with ultrahigh viscosity ratios. Polymer 46 (15):5569-5579. https://doi.org/10.1016/j.polymer.2005.05.033
[2] Ajitha A, Thomas S (2020) Compatibilization of polymer blends, Compatibilization of Polymer Blends,
Elsevier, 640.

[3] Holsti-Miettinen R, Seppdld J, Ikkala O (1992) Effects of compatibilizers on the properties of
polyamide/polypropylene blends. Polymer Eng Sci 32(13):868-877. https://doi.org/10.1002/pen.760321306

[4] DeLeo C L, Velankar S S (2008) Morphology and rheology of compatibilized polymer blends: Diblock
compatibilizers vs crosslinked reactive compatibilizers. Journal of Rheology 52(6):1385-1404.
https://doi.org/10.1122/1.2995857

123


https://doi.org/10.1016/j.polymer.2005.05.033
https://doi.org/10.1002/pen.760321306
https://doi.org/10.1122/1.2995857

J. Innovative Eng. Nat. Sci. vol. 3, no.2, pp. 111-126, 2023. PCL/PS blends

[5] Koning C, Van Duin M, Pagnoulle C, Jerome R (1998) Strategies for compatibilization of polymer blends.
Progress in Polymer Science 23(4):707-757. https://doi.org/10.1016/S0079-6700(97)00054-3

[6] Patricio T, Bartolo P (2013) Thermal stability of PCL/PLA blends produced by physical blending process.
Procedia Engineering 59:292-297. https://doi.org/10.1016/j.proeng.2013.05.124

[7] Wang H, Dong W, Li Y (2015) Compatibilization of immiscible polymer blends using in situ formed janus
nanomicelles by reactive blending. ACS Macro Letters 4(12):1398-1403.
https://doi.org/10.1021/acsmacrolett.5b00763

[8] Lokensgard E (2016) Industrial plastics: theory and applications: Cengage Learning.

[91 Zhang Y, Huang Y, Mai K (2005) Crystallization and dynamic mechanical properties of
polypropylene/polystyrene blends modified with maleic anhydride and styrene. Journal of Applied Polymer
Science 96(6):2038-2045. https://doi.org/10.1002/app.21658

[10] Lv Q, Wu D, Xie H, Peng S, Chen Y, Xu C (2016) Crystallization of poly (e-caprolactone) in its immiscible
blend with polylactide: insight into the role of annealing histories. RSC Advances 6(44):37721-37730.
https://doi.org/10.1039/C6RA07752H

[11] NaY-H, He Y, Shuai X, Kikkawa Y, Doi Y, Inoue Y (2002) Compatibilization effect of poly (e-caprolactone)-
b-poly (ethylene glycol) block copolymers and phase morphology analysis in immiscible poly (lactide)/poly (e-
caprolactone) blends. Biomacromolecules 3(6):1179-1186. https://doi.org/10.1021/bm020050r

[12] Chun Y, Kyung Y, Jung H, Kim W (2000) Thermal and rheological properties of poly (e-caprolactone) and
polystyrene blends. Polymer 41(24):8729-8733. https://doi.org/10.1016/S0032-3861(00)00263-9

[13] Shabana H, Olley R, Bassett D, Jungnickel B-J (2000) Phase separation induced by crystallization in blends
of polycaprolactone and polystyrene: an investigation by etching and electron microscopy. Polymer 41(14):5513-
5523. https://doi.org/10.1016/S0032-3861(99)00713-2

[14] Ma M, He Z, Yang J, Wang Q, Chen F, Wang K, Zhang Q, Deng H, Fu Q (2011) Vertical phase separation
and liquid-liquid dewetting of thin PS/PCL blend films during spin coating. Langmuir 27(3):1056-1063.
https://doi.org/10.1021/1a104003p

[15] Ma M, He Z, Li Y, Chen F, Wang K, Zhang Q, Deng H, Fu Q (2012) Surface phase separation, dewetting
feature size, and crystal morphology in thin films of polystyrene/poly (e-caprolactone) blend. Journal of Colloid
Interface Science 387(1):262-269. https://doi.org/10.1016/j.jcis.2012.07.087

[16] Silva L I, Montoya Rojo U M, Riccardi C C (2017) Phase separation and segregation morphology of PCL/PS
blends: Quantitative effect of the crystallization temperature, composition, and molecular weight of PS. Polymer
Engineering Science 57(10):1062-1072. https://doi.org/10.1002/pen.24480

[17] Ho R-M, Chiang Y-W, Lin C-C, Bai S (2002) Block copolymer self-assembly induced compatibilization of
PCL/PS— PEP blends. Macromolecules 35(4):1299-1306. https://doi.org/10.1021/ma011381j

[18] Harada A, Takashima Y, Yamaguchi H (2009) Cyclodextrin-based supramolecular polymers. Chemical
Society Reviews 38(4):875-882. https://doi.org/10.1039/B705458K

[19] Poulson B G, Alsulami Q A, Sharfalddin A, EI Agammy E F, Mouffouk F, Emwas A-H, Jaremko L, Jaremko
M (2022) Cyclodextrins: structural, chemical, and physical properties, and applications. Polysaccharides 3(1):1-31.
https://doi.org/10.3390/polysaccharides3010001

[20] Cakir Yigit N, Hizal G, Tunca U (2022) Synthesis of multiarm star block copolymer based on host-guest
inclusion complexation. Journal of Innovative Engineering and Natural Science 2(1):1-16.
https://doi.org/10.29228/JIENS.54191

[21] Okumura H, Kawaguchi Y, Harada A (2001) Preparation and characterization of inclusion complexes of poly
(dimethylsiloxane)s with cyclodextrins. Macromolecules 34(18):6338-6343. https://doi.org/10.1021/ma010516i
[22] Kawaguchi Y, Nishiyama T, Okada M, Kamachi M, Harada A (2000) Complex formation of poly (g-
caprolactone) with cyclodextrins. Macromolecules 33(12):4472-4477. https://doi.org/10.1021/ma992103b

[23] Busche B J, Tonelli A E, Balik C M (2010) Morphology of polystyrene/poly (dimethyl siloxane) blends
compatibilized with star polymers containing a y—cyclodextrin core and polystyrene arms. Polymer 51(6):1465-
1471. https://doi.org/10.1016/j.polymer.2010.01.019

[24] Balik C, Tonelli A, Libert R (2012) Compatibilization of polymer blends with star polymers containing a
gamma-cyclodextrin core and polystyrene arms. APS March Meeting Abstracts 2012:Q48. 005.

[25] Sharma D, Dhingra S, Banerjee A, Saha S, Bhattacharyya J, Satapathy B K (2022) Designing suture-proof
cell-attachable copolymer-mediated and curcumin-f-cyclodextrin inclusion complex loaded aliphatic polyester-
based electrospun antibacterial constructs. International Journal of Biological Macromolecules 216:397-413.

[26] Busche B J, Tonelli A E, Balik C M (2010) Compatibilization of polystyrene/poly (dimethyl siloxane)
solutions with star polymers containing a y-cyclodextrin core and polystyrene arms. Polymer 51(2):454-462.
https://doi.org/10.1016/j.polymer.2009.11.069

[27] Cakir N, Hizal G, Becer C R (2015) Supramolecular glycopolymers with thermo-responsive self-assembly
and lectin binding. Polymer Chemistry 6(37):6623-6631. https://doi.org/10.1039/C5PY00939A

124


https://doi.org/10.1016/S0079-6700(97)00054-3
https://doi.org/10.1016/j.proeng.2013.05.124
https://doi.org/10.1021/acsmacrolett.5b00763
https://doi.org/10.1002/app.21658
https://doi.org/10.1039/C6RA07752H
https://doi.org/10.1021/bm020050r
https://doi.org/10.1016/S0032-3861(00)00263-9
https://doi.org/10.1016/S0032-3861(99)00713-2
https://doi.org/10.1021/la104003p
https://doi.org/10.1016/j.jcis.2012.07.087
https://doi.org/10.1002/pen.24480
https://doi.org/10.1021/ma011381j
https://doi.org/10.1039/B705458K
https://doi.org/10.3390/polysaccharides3010001
http://doi.org/10.29228/JIENS.54191
https://doi.org/10.1021/ma010516i
https://doi.org/10.1021/ma992103b
https://doi.org/10.1016/j.polymer.2010.01.019
https://doi.org/10.1016/j.polymer.2009.11.069
https://doi.org/10.1039/C5PY00939A

PCL/PS blends J. Innovative Eng. Nat. Sci. vol. 3, no.2, pp. 111-126, 2023.

[28] Durmaz H, Dag A, Erdogan E, Demirel A L, Hizal G, Tunca U (2010) Multiarm star block and multiarm star
mixed-block copolymers via azide-alkyne click reaction. Journal of Polymer Science Part A: Polymer Chemistry
48(1):99-108. https://doi.org/10.1002/pola.23765

125


https://doi.org/10.1002/pola.23765

J. Innovative Eng. Nat. Sci. vol. 3, no.2, pp. 111-126, 2023. PCL/PS blends

126



J. Innovative Eng. Nat. Sci., vol. 3, no. 2, pp. 127-136, 2023.
http://dx.doi.org/10.29228/JIENS.70020

Journal of Innovative Engineering
J IENS and Natural Science

(Yenilikgi Miihendislik ve Doga Bilimleri Dergisi)

Original Paper journal homepage: https:/jiens.org

Development of reactive digital printing process for cellulosic fabrics

Halil Ibrahim Turgut®*, 2 Ash Balgak Girgin? and '/ Ozlem Yarar?

2Harput Tekstil San. ve Tic. A.S.-R&D Center, Bursa and 16140, Turkiye.

ARTICLE INFO ABSTRACT

Article history: In this study, the development processes of reactive digital printing for cellulosic fabrics are discussed. In the
Received 12 May 2023 study, viscose fabric qualities were evaluated with the same content and different impregnation process
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Accepted 05 July 2023 tests, after digital printing application under the same conditions. In addition, print patterns were visually

examined. It has been determined that the visual quality of the fabrics with one pass impregnation is better
than two passes impregnations and the test results have similar values for all samples. Viscose fabric qualities,
with one pass application, were tested by applying different recipes and the optimum recipe was determined
by making a cost analysis and sustainability aspect. It was determined that the wet rubbing fastness values
were low. Fabric pH test results were determined to be in the range of 5.5-7.5, as expected. Washing, water,
and perspiration fastness values were determined to be in the range of 4-5 as expected.
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I. INTRODUCTION

The foundations of digital printing technology date back to 1878. The continuous ink jet printing method, which
is widely used in today's printing technology, was invented by Sweet in 1965. It was developed by Hertz in 1967.
Another important step in this field was taken in 1979 when HP and Canon found DOD (drop-on-demand)
technologies. This invention has enabled the printing of dots in the desired color at the desired point [1]. Inkjet
printing systems have had an extremely important area of use in offices, homes, and the advertising sector in the
last 20 years. This technology, which developed primarily in the direction of printing on paper in the 1980s, has
advanced considerably, especially with the developments in dye chemistry, digital printing is widely used in the
textile industry today. Since the first systems used in production had a very low resolution (12—-20 doi), they were
only used for printing suitable products such as carpets and blankets, where the patterns are of low resolution.
Since the early 1990s, high resolution inkjet printing systems have been used for printing on fabrics. Although the
first applications were for sample purposes, today there is a trend towards printing in smaller quantities. Most
recently, Reggiani Company launched a machine with a speed of 150 m?hour [2]. Digital printing technology is
applied in the textile industry, which provides green production processes with smart equipment and saves a lot of
water. The products produced with this technology in the textile sector have high quality and high resolution [3].
The printing process on the fabric can be finished in a short time, it is not limited to the pattern size, and it provides
repeatability advantages. Another advantage is fast production, sensitivity, and no waste paint released into the
environment [4]. In recent years, the application of digital inkjet printing on textiles has attracted increasing
attention at both the academic and industrial levels due to its flexibility, cleanliness, versatility, and

competitiveness [5-7]. Reactive printing ink is most commonly used in digital printing for cellulose-fiber fabrics
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such as cotton and linen. But reactive dye is very easy to hydrolyze. Dye fixation rate and color strength are low
during steaming. Hydrolyzed reactive dyes in wastewater can also pose an environmental hazard [8-13]. The
viscosity of digital printing inks is low. For this reason, without applying printing paste, the penetration of the
printing ink into the fabric cannot be controlled, and it spreads on the fabric surface. This prevents the acquisition
of clear patterns. Therefore, printing paste is required as a pre-treatment in digital printing. With digital printing

paste, thickeners, fixing agents, and auxiliary materials are applied to the fabric [14].

The pastes used in digital printing are prepared like the printing pastes used in conventional printing. Since digital
printing is not widespread yet, it is not preferred for expensive long-length prints. Digital prints are commonly
made on cotton, viscose, and polyamide fabrics in the textile sector. Therefore, reactive and acid dyestuffs are used
in printing, and printing pastes of these dyestuffs are prepared [15].

Covalent bonds between the dye and the cellulose are created by reactive dyes reacting with each other in an
alkaline environment. Sodium bicarbonate is often recommended because is affordable, provides adequate
pretreatment, and stabilizes print paste while causing the least amount of hydrolysis. Oxidizing agent is used for
avoid the risk of reduction, and decolourisation, of the dye during steaming. Urea is mainly used to swell cotton
fibers during the steaming process. It also acts as a moisture absorbing agent. Urea accelerates the transfer of dye

to cotton fiber and urea also reduces yellowing of cotton under warm, dry alkaline conditions [16-20].

Printing pastes; contain monomers that can cause air emissions, such as ammonia, formaldehyde, methanol,
alcohols, esters, aliphatic hydrocarbons, acrylates, vinyl acetate, styrene, and acrylnitrile. In addition, reactive

printing pastes can contain up to 150 g/kg of urea. Urea causes eutrophication in wastewater.

It has been observed that digital printing is cleaner than rotary screen printing in terms of depletion of natural
resources and the environmental effects of acidification. The environmental impact of rotary printing (such as the
Global warming effect, eutrophication, ozone depletion, and photochemical oxidation) increases, as the number of
colors used in rotary screen printing increases [21]. Complex multi-color printing patterns make digital printing
more advantageous. In addition, optimization of the digital printing preparation process and reducing its

environmental load have been recognized as important work areas.

Digital and conventional printing pastes are prepared differently. In conventional printing, it is difficult to measure
the amount of dye applied to the fabric. More dye is used than necessary to ensure sufficient dye penetration into
the fabric. For this reason, the dyestuffs used in general are fixed at a rate of 65-70% in fabric. In digital printing,
the amount of dye applied to the fabric can be precisely controlled, and the fixation rates are over 90%. In
conventional printing, thickeners and carriers are used in printing paste for both reactive and disperse dyes. After
the dyeing process, these substances are removed from the fabric by washing. These chemicals are not used in
digital printing [22, 23] While there is an optimized recipe for rotational printing, the digital printing recipe needs

to be optimized at the plant.

Harput Tekstil has invested in a digital printing machine both to gain a place in the clothing market and to build
up a sustainable alternative to the rotary printing process. With this investment, both an alternative printing method

in small quantities and an environmentally friendly process that generates less waste have been reached. Since the
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digital printing machine investment was made for the first time in this study, the need for process optimization

before and after digital printing in the enterprise was determined, and this need was met with recipe optimizations.

The aim of this study is to reduce the amount of chemicals released into the environment and reduce the process
cost by optimizing the paste content and amount in the digital printing process. In this study, the reactive digital
printing process was optimized with paste impregnation studies before reactive digital printing, and the cost has
been reduced. Reactive digital printing applications were carried out by working on three different preferred
qualities. In addition, with the optimizations made, the amount of chemicals in the paste recipe has been reduced,

and the process's environmental load has been reduced.

I1. EXPERIMENTAL METHOD
2.1. Materials

Paste auxiliary chemicals (touching and color efficiency enhancer, thickener, reduction inhibitor) were supplied
from Setas. Sodium bicarbonate, sodium sulfate, and urea chemicals were supplied by Ozan Kimya. Viscose fabric
qualities were supplied from the company's own resources. Printing design was chosen for reactive digital printing,

and recipe optimization was carried out for paste impregnations. The paste recipe is given in Table 1.

Table 1. Quantity of Chemicals in Digital Paste Recipe

Chemicals Quantity (g/L)
Sodium bicarbonate 35
Paste Auxiliary Chemicals (3 different chemicals) 36
Urea 200
2.2. Method

Viscose fabrics have been made ready for the digital printing process by applying one or two layers of paste
impregnation. Visual quality control, pH, washing fastness, rubbing fastness, water fastness, and perspiration
fastness tests were performed on fabrics that were digitally printed at the same conditions. Fabrics were compared
after application. After the paste impregnation applications, different sustainable paste recipes were determined, a
cost analysis was performed, and the most suitable paste recipe was determined. Old and new paste recipes were
applied to different commercially preferred cellulosic fabric qualities. In addition, fabric qualities were compared
by pH, washing fastness, rubbing fastness, water fastness, and perspiration fastness tests.

2.3 Characterization

The pH value was calculated, according to the TS ISO 3801 test standard. Color fastness to rubbing was determined
according to the ISO 105-X16:2016 test standard. Color fastness to perspiration was determined according to the
TS EN 1SO 105-E04 test standard. Color fastness to water was determined according to the TS EN ISO 105-E01
test standard. Color fastness to washing was determined according to the TS EN 1SO 105-CO06 test standard. Paste

impregnation applications were carried out in a stenter machine at 120 °C at a speed of 40 m/min. Digital printing
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applications were carried out at 90 °C at a speed of 5 m/min. After digital printing, viscose fabrics were fixed at

1200 kg of steam and 102 °C for 12 minutes then washing and drying processes occured.

111. RESULTS AND DISCUSSIONS
3.1. Fabric Analysis

At first, three different cellulosic fabric analyses, which are more preferred in the market, were made (Table 2).
The process was optimized with paste applications on viscose fabric quality before digital reactive printing.
Viscose fabrics are made ready for digital printing application by impregnating the paste once and twice in the
stenter machine. Front and back side images of viscose fabric qualities with digital reactive printing are given in

Figure 1.

Table 2. Fabric Analysis

30/1 Viscose 50/1 Poplin Cotton + Elastane
115 (g/m?) 108 (g/m?) 144 (g/m?)
Densit; Densit; Densit
Yarn Type (w/cmgl Yarn Type (W/cmil Yarn Type (w/cmgl
Weft Ne 30/1 Viscose 21 Ne 50/1 Cotton 32 Ne 30/1 Cotton 23
Warp  Ne 30/1 Viscose 26 Ne 50/1 Cotton 56 Ne 421;55;?120” * 53
Plain Plain Twill

3.2. Paste Impregnations

As aresult of the paste impregnations, it has been determined that there is a difference in handle and color between
the viscose fabric qualities. When we look at the fabrics that have been impregnated twice, it has been determined
that the applied dyestuff has more transitions to the back surface, but in visual quality control, the colors are more
dull and the handle is harder. In addition, it has been observed that the colors of the fabrics that have been

impregnated with the paste at one time are more vivid, and the handle is softer and more draped.

3.3. Test Results

After digital reactive printing applications, the visual quality control, pH, washing fastness, rubbing fastness, water
fastness, and perspiration fastness tests were performed, and paste impregnations were compared. Washing
fastness, perspiration fastness, and water fastness test results are given in Table 3. In this context, the fastness test
results of the sample fabrics, which were applied once and twice, were almost the same and also desired values.

The visual quality of one and double pass impregnation studies is similar.

Wet and dry rubbing fastnesses and pH values of viscose fabric qualities are given in Table 4. The pH test range,
which is determined as the acceptance criterion for garments according to DIN EN/ISO 3071 is between 4 and 7.5,
and the pH value of the sample fabrics was determined as 5.5-5.6 in the tests. In lighter tones, the wet rub test was
3-4 and the dry rub test was 4-5, while the pH was 6-6.5. In this study, the rubbing fastness values of cellulosic

fabrics were compared over dark colors. Other fastness values were higher for all colors.
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Figure 1. The front and back side images of digital printed fabrics (a) Front side image of one pass application (b) Front side image of two
passes application (c) Back side image of one pass application (d) Back side image of two passes application

Table 3. Fastness test results of 30/1 viscose fabric qualities

Wool Acrylic Polyester Polyamide Cotton Acetate
Fastness to Washing

One pass 5 5 4-5 5 4-5 4

Two passes 5 5 4-5 4-5 4-5 4-5
Fastness to Perspiration (Acid)

One pass 5 5 4-5 4-5 4-5 4-5

Two passes 5 5 4-5 4-5 4-5 4-5
Fastness to Perspiration (Alkali)

One pass 5 5 4-5 4-5 4-5 4-5

Two passes 5 5 4-5 4-5 4-5 4-5

Fastness to Water
One pass 5 5 4-5 4-5 4-5 4-5
Two passes 5 5 4-5 4-5 4-5 4-5

Table 4. Wet and dry rubbing fastnesses and pH values of 30/1 viscose fabric qualities

Wet Rubbing Fastness Dry Rubbing Fastness pH
One pass 2 3-4 5.6
Two passes 2 4 55

With the paste impregnation study, it has been determined that impregnations with one paste are more suitable for
digital printing processes. For comparison of viscose qualities with different cellulosic fabric qualities,
comparisons were made on three different fabric qualities preferred in the garment sector. Fastness tests and pH
tests were carried out to compare the fabric qualities with reactive digital printing under the same conditions.

Rubbing fastness test results and pH values are given in Table 5. Washing, water, and perspiration fastness test

131



J. Innovative Eng. Nat. Sci. vol. 3, no.2, pp. 127-136, 2023. Reactive digital printing

results are given in Table 6. Reactive digital print images of viscose, poplin, and cotton fabric qualities are given

in Figure 2.

Table 5. Rubbing fastness test results and pH results

Fabric Quality Wet Rubbing Fastness Dry Rubbing Fastness pH
Viscose 2 4 6.9
Poplin 2-3 3-4 6.5
Cotton + Elastane 1-2 34 6.9

Wet color fastnesses are at least one point lower than dry color fastnesses, especially in dark tones, consistent with
studies on reactive digital printing on cellulosic materials in the literature [24].

Figure 2. Reactive digital printing images of viscose, poplin and cotton fabrics (a: front side, b: back side)

According to visual quality control, the best performance with the most vivid color tones was seen in viscose
fabric. The lowest performance was seen in poplin due to the paste passing to the back side of the fabric.

Table 6. Washing, water and perspiration fastness test results

Wool Acrylic Polyester Polyamide Cotton Acetate
Fabric Quality Fastness to Washing
Viscose 5 5 5 5 4-5 5
Poplin 4-5 5 4-5 4-5 4-5 5
Cotton + Elastane 5 5 5 5 5 5
Fabric Quality Fastness to Perspiration (Acid)
Viscose 4-5 4-5 4-5 4-5 4-5 5
Poplin 4-5 4-5 4-5y 4-5 4-5 5
Cotton + Elastane 4-5 4-5 5 5 4-5 5
Fabric Quality Fastness to Perspiration (Alkali)
Viscose 4-5 4-5 4-5 4-5 4-5 5
Poplin 4-5 4-5 4-5 4-5 4-5 5
Cotton + Elastane 4-5 4-5 5 5 4-5 5
Fabric Quality Fastness to Water
Viscose 5 5 5 5 4-5 5
Poplin 4-5 4-5 4-5 4-5 4-5 5
Cotton + Elastane 4-5 4-5 5 5 4-5 5
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When the obtained fastness data were compared to the literature regarding reactive digital printing on cellulosic

materials, it was discovered that the results were consistent with the literature [24].

3.4. Optimization of the Pat Recipe

The current recipe for different fabric qualities preferred in the market has been optimized. Samples that were
impregnated once, under the same conditions were compared. Costs were reduced by changing the type of paste
auxiliary chemicals (different commercial product with similar chemical properties) and the amounts of urea
chemicals in the existing recipes (the old recipe).The current paste recipe and the developed paste recipe are given
in Table 7.

Table 7. Paste recipes developed for cost reduction

Chemical Old recipes (9) New recipes 1 (g) New recipes 2 (g)
Sodium bicarbonate 35 35 35

Paste Auxiliary Chemicals (3 different chemicals) 36 36 36

Urea 200 200 100

Total Cost (€/kg) 0.330 0.292 0.229

With the new recipes, digital printing was applied, and as a result of the fastness tests, the values were close to the
quality of the old recipe. New Recipe 1 was developed for viscose and cotton qualities. Recipe 2 is developed for
poplin grades. The cost of paste in poplin grades has been reduced from 0.33 €/kg to 0.229 €/kg. In viscose and
cotton qualities, the cost of paste has been reduced from 0.33 €/kg to 0.292 €/kg. A new recipe has started to be
used in the enterprise. After the study, the fabric qualities were tested and evaluated. The data for the test results

are given in Table 8. Washing, water, and perspiration fastness test results are given in Table 9.

Table 8. Rubbing fastness test results and pH values of old and new recipes

Fabric Quality Wet Rubbing Fastness Dry Rubbing Fastness pH
Viscose (Old recipes) 2-3 4-5 6.7
Viscose  (New recipes) 2-3 4 6.6
Poplin  (Old recipes) 2-3 4 6.5
Poplin  (New recipes) 2 4 6.5
Cotton + Elastane  (Old recipes) 2 3-4 6.9
Cotton + Elastane  (New recipes) 1-2 3-4 6.8

All the pH values remained in the range of 6.5-6.9, ensuring DIN EN/ISO 3071 (the standard range is between 4
and 7.5). Wet rubbing test values of cellulosic fabrics are quite low, dry rubbing test values are at a medium level,

and other fastness values are high and at desired values.

In this study, for the digital printing preparation phase, a more sustainable process was achieved by obtaining 50%
less chemical urea waste for viscose, poplin, and cotton qualities. Water consumption was reduced by 50% with

one pass applications.
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Table 9. Washing, water and perspiration fastness test results

Wool Acrylic Polyester Polyamide Cotton Acetate
Fabric Quality Fastness to Washing
Viscose (Old recipes) 5 5 5 5 5 5
Viscose (New recipes) 5 4-5 5 5 4-5 5
Poplin ~ (Old recipes) 5 5 4-5 4-5 4-5 5
Poplin  (New recipes) 5 4-5 4-5 4-5 4-5 5
Cotton + Elastane  (Old recipes) 5 5 5 5 5 5
Cotton + Elastane  (New recipes) 5 4-5 5 4-5 4-5 5
Fabric Quality Fastness to Perspiration (Acid)
Viscose (Old recipes) 4-5 4-5 5 5 4-5 5
Viscose  (New recipes) 4-5 4-5 5 5 4 4-5
Poplin ~ (Old recipes) 4-5 4-5 4-5 4-5 4-5 5
Poplin  (New recipes) 4-5 4-5 4-5 4-5 4-5 5
Cotton + Elastane  (Old recipes) 4-5 4-5 5 5 4-5 5
Cotton + Elastane  (New recipes) 4-5 4-5 5 4-5 4-5 5
Fabric Quality Fastness to Perspiration (Alkali)
Viscose (Old recipes) 4-5 4-5 5 5 4-5 5
Viscose  (New recipes) 4-5 4-5 5 5 4 4-5
Poplin ~ (Old recipes) 4-5 4-5 4-5 4-5 4-5 5
Poplin  (New recipes) 4-5 4-5 4-5 4-5 4-5 5
Cotton + Elastane  (Old recipes) 4-5 4-5 5 5 4-5 5
Cotton + Elastane  (New recipes) 4-5 4-5 5 4-5 4-5 5
Fabric Quality Fastness to Water
Viscose (Old recipes) 4-5 4-5 5 5 4-5 5
Viscose (New recipes) 4-5 4-5 5 5 4 4-5
Poplin  (Old recipes) 4-5 4-5 4-5 4-5 4-5 5
Poplin  (New recipes) 4-5 4-5 4-5 4-5 4-5 5
Cotton + Elastane  (Old recipes) 4-5 4-5 5 5 4-5 5
Cotton + Elastane  (New recipes) 4-5 4-5 5 4-5 4-5 5

IV. CONCLUSIONS

Reactive digital printing paste impregnation processes were optimized for cellulosic fabric qualities. With the
optimized paste recipe, more efficient results were obtained in the viscose fabric qualities that were impregnated
once. Thus, the study was continued with one layer of paste impregnation. The visual quality, pH, and fastness
values of three different cellulozic fabric qualities (viscose, poplin, and cotton + elastane fabrics), which were
impregnated once with paste, met expectations. After reactive digital printing, rubbing, washing, water, pH tests,
and visual quality controls were performed on three different fabric qualities. When the obtained fastness results
were compared to the research on reactive digital printing on cellulosic materials, the results were found to be

consistent.

Viscose fabrics have been found to have more vibrant colors than other fabric types. It has been found that the dye
penetrates up to the rear surface of the fabric because poplin fabric qualities have a lighter and tighter structure
than viscose fabric qualities. As a result, it has been found that viscose fabrics have better visual quality than poplin
materials. In addition, it was predicted that the dye could not form integrity on the fabric surface due to the different
weave structure of the cotton + elastane fabric, and the visual quality decreased compared to other fabric qualities.
It was determined that the optimized paste recipe was costly, and the existing recipe was improved again for three

different cellulosic fabric qualities. In cost reduction studies, low-cost recipes have been obtained by changing the
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high-cost paste auxiliary chemicals and amounts of urea chemicals. Fastness tests, fabric pH tests, and visual

quality controls were performed in all studies.

While the fastness values were high for all color tones, the rubbing fastness values were observed lower. Especially
the wet rubbing fastness values are quite low for dark tones. This shows that more studies are needed to improve
the wet rubbing fastness of reactive digital printing processes, especially in dark tones. The developed process
provided a significant reduction in water and chemical consumption, enabling the application of a more sustainable

process.
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ARTICLE INFO ABSTRACT

Article history: Particulate matter (PMO0.3) aerosols are the most penetrating particles, which pose a serious health threat to
Received 19 May 2023 humans. Therefore, mechanical filtration alone is insufficient to effectively filter 0.3 pm aerosols from a
Received in revised form 03 July 2023 polluted environment. Thus, the need for electrostatic filtration is undeniable. This study aims to investigate
Accepted 05 July 2023 the effect of incorporating 10 wt.% and 20 wt.% mass fractions of Polyvinylidene fluoride (PVDF) on the

filtration performance and mechanical properties of polypropylene (PP)-based melt-blown (MB) nonwoven
filter webs for air filtration applications. Morphological tests, fiber diameter measurements, filtration tests,
mechanical tests, contact angle tests, etc., were conducted for each filter web to characterize its properties.
The test results revealed that PP/PVDF fibrous webs exhibited thicker micro-fibers in the range of 1.0 to 1.32
um and rough surface morphologies (beads and droplets) compared to MB PP, which can be attributed to the
incorporation of PVDF. Consequently, the introduction of 10 wt.% and 20 wt.% PVDF into PP resulted in the

Auvailable online

Ezm(:c:z;ene creation of super-hydrophobic MB nonwover? webs, as. evidenced by their resistance to .Water droplets.

Polyvinylidene fluoride However, the study also demonstrated that the incorporation of 10 wt.% and 20 wt.% PVDF into PP reduced

Melt-blown the tensile strength of PP nonwoven filters by approximately 5.55% and 8.33%, respectively. Furthermore,

Filtration performance the addition of 20 wt.% PVDF into PP, along with corona charging, induced a quality factor (QF) of 0.11

Mechanical properties mmH20-1 for the 80PP-20PVDF sample. A similar QF was observed for corona-charged MB PP, which
exhibited a filtration efficiency of 99.01% against 0.3 um aerosol particles, at the expense of a pressure drop
of 427 Pa.

2023 JIENS All rights reserved.

1. INTRODUCTION

Micro/nanofibrous webs emerge as prominent filtering techniques for separating aerosol pollutants of various sizes
from polluted environments. These aerosols, in the form of solid and liquid droplets, including toxic PM particles,
pose a serious threat to human health [1]. Particles with diameters less than 2.5 um are particularly hazardous to
the respiratory system [2]. Therefore, there is a need for fibrous webs with high filtration performance to improve

the quality of inhaled air [3].

Various methods, including electrospinning (ES), solution blow spinning (SBS), centrifugal spinning (CS), and
melt-blowing, are used to produce polymeric micro/nanofibrous webs. While ES is low-cost and suitable for lab-

scale production [4], it has limitations and is not suitable for industrial-scale manufacturing [3-5]. On the other
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side, SBS and CS, driven by air pressure and centrifugal forces respectively, have higher production capacities

compared to ES [4, 5]. However, melt-blowing technology surpasses them in terms of production capacity.

Melt-blown nonwovens, known for their high surface area per unit weight, high porosities, and barrier
characteristics, are widely used for air filtration. During corona charging, these nonwovens can hold an abundant
amount of charges on the fiber periphery, creating a quasi-permanent electric field that attracts negatively charged
PM aerosols [6]. Polymers such as polyethylene (PE), polyamide (PA), polyurethane (PUR), poly (ethylene
terephthalate) (PET), polystyrene, and poly (butylene terephthalate) (PBT) are suitable polymers types for MB
applications [7]. Polypropylene (PP) is commonly used for melt-blown applications due to its versatility,

availability, and relatively low cost [8, 9].

Pu etal. [10], studied MB PP using a novel approach of electrostatic-assisted melt-blown technology. In the study,
it was found that the average fiber diameter (AFD) obtained from the electrostatic-assisted melt-blown techniques
was reduced approximately by 43.19%. Also, the new approach leads to a better filtration efficiency of 50.826%
in contrast to the conventional MB method (40.651%) against 0.3 pm aerosol. In another MB PP study, a QF of
1.69 x 10 Pa and a pressure drop of 173 Pa were found by Alberta et al. [11]. Although the filtration efficiency
of MB PP filter fabrics increased when thinner fibers were used during the filtration process, there are limitations

in the capacity of the device.

Aecrosol sizes of 0.3 um are characterized by the most penetrating particles which cannot be fully filtered by
mechanical filtration [12]. To enhance the filtration efficiency of most penetrating small aerosols the need for an
electrostatic capturing mechanism along with mechanical filtration is inevitable. Thus, numerous types of research
have been done by blending PP with other polymers and electret additives to see their effects on the characteristics
of MB nonwoven filter webs. In 2018 Zhang et al. studied MB nonwoven filter webs in detail by preparing PP
blended with magnesium stearate (MgSt) as the charge enhancement [6]. The study showed a high filtration
efficiency of 99.22% and a low-pressure drop of 92 Pa were achieved with the help of the electret additive. In
another research work by Zhang et al. [13], corona-charged MB PP filters exhibit a high filtration efficiency of
99.65% and a pressure drop of 120 Pa. The MB study using Ag@ZIF-8 PP resulted in a filtration efficiency of 88
+ 2.2% and a pressure drop of 51 + 3.6 Pa against 0.3 um aerosols [14]. Brochocka et al. [15] studied improving
the filtration efficiency of MB PP filters with the effect of electret additives perlite beads (positive charge) and
amber (negative charge). An electret perlite-modified PP MB nonwovens exhibit a filtration efficiency of 99.56%
and a pressure drop of 290 Pa against sodium chloride aerosols. Previous studies have explored the use of PP and
various additives to enhance the filtration efficiency of melt-blown nonwoven filter webs. Some studies have
shown promising results by incorporating electret additives or optimizing the fiber web morphology [6, 13, 15].

However, achieving higher filtration efficiency with lower pressure drop remains a challenge.

Piezoelectric polymers such as polyvinylidene fluoride (PVVDF) can be used to fabricate melt-blown fibers that
exhibit self-polarized electret properties, thus enhancing aerosol filtration [16]. PVDF is known for its low cost,
excellent hydrophobicity, and good impact strength [17]. However, there is limited research on melt-blown
PP/PVDF filter webs, making it a promising alternative for efficiently filtering 0.3 pm aerosols from polluted

environments.
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In this study, the effect of different amounts of PVDF on the filtration performance and mechanical behavior of
melt-blown PP fibrous webs would be investigated. Additionally, the influence of corona charging on the filtration
capacity of PP and PP/PVDF filter webs with the addition of the electret additive zinc stearate (ZnSt) would be
examined. Various characterization tests were conducted to gain a better understanding of the behavior of the

fabricated filter webs.

I1. EXPERIMENTAL METHOD
2.1 Materials

Polypropylene granules with a melt flow index (MFI) of 1800 g/10 min were purchased from TEKNOMELT.
Whereas, Kynar® MG15 resin-PVDF powder with a density of 1.78 g/cm?® was purchased from ARKEMA.
Irgafos-168 powder was purchased from BASF. Maleic anhydride grafted polypropylene (PP-G-mA, MFI = 8 g/10

min) was supplied from DuPont. An electret additive zinc stearate was purchased from BASF.

2.2 Methods
2.2.1. Preparation of MB nonwoven filter webs

PVDF fine powders get dried in the vacuum furnace for 2 hrs at 80 °C. Then, as per the DOE presented in Table
1, each composition of MB samples was prepared by blending the dried PVDF powders with other granules.
Afterward, sample codes were assigned namely PP, 90PP-10PVDF, and 80PP-20PVDF. The blended
compositions for each sample were fed into the extruded compounder (Figure 1) with a twin screw speed of 9 rpm.
The compounding process was performed using the process parameter specified in Table 2. For each composition,
the extruded compounding process was performed successfully. Subsequently, the MILLER device is used for
cutting the compounded PP/PVDF samples into granules. The compounded granules of each sample were again
left to dry in a vacuum furnace at 80 °C for another 2 hr to completely remove the presence of any moisture. Later,
using the dried compounded granules the MB process for each sample is performed as indicated schematically in
Figure 2. Eventually, after the MB process PP, 90PP-10PVDF, and 80PP-20PVDF nonwoven fibrous webs were
fabricated. During the fibrous webs production process parameters including screw speed of 12 rpm, die tip-to-
collector distance (DCD) of 25 cm, die temperature of 275 °C, hot air pressure of 3 bar, and hot air temperature of

350 °C were used to produce all the nonwoven filter webs.

Table 1. Design of experiment (DOE) for MB fiber preparation

Sample Code PP PVDF Irgafos-168 ZnSt PP-G-mA
(wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
PP 100 0 1 1 15
90PP-10PVDF 90 10 1 1 15
80PP-20PVDF 80 20 1 1 15

Table 2. The temperature profile of the twin screw compound extruder
Heating zone 1 2 3 4 5 6 7
Temperature (°C) 100 150 190 200 210 180 130
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Figure 2. Schematic drawing of the MB process

2.2.2. Corona charging

The corona charging apparatus schematically represented in Figure 3(a) consists of a high-voltage power supply,
two cylindrical rollers separated approximately by 1 mm, a manually rotating handle, and a grounding electrode.
Because of the high potential difference between the high-voltage power and the roller-shaped electrode, corona
discharge arises, causing the deposition of the positively charged ions on the electret MB fibrous webs. All single-
layer samples were charged via a voltage of 2 kV for a charging time of 30 sec. On the contrary, as shown in
Figure 3(b) all double-layer nonwoven samples were placed on a plate 5 cm away from the electrode represented

by pink color. And for each double-layer MB nonwoven, corona charging is taking place at a higher-voltage power

supply of 12.4 kV for 1 min.
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Figure 3. Schematic drawing for corona charging of (a) single-layer filter webs and (b) double-layer filter webs.

2.3 Characterization
2.3.1. Scanning electron microscope (SEM)

PP and PP/PVDF MB samples were coated with gold via a sputter coater (Quorum, Q150R ES Plus model) and
then, fiber morphologies were investigated via Zeiss Ultra Plus scanning electron microscope (SEM). Fiber
diameters were determined with the help of ImageJ software. During the fiber diameter determination, a total of
100 random fiber diameter measurements were taken from each sample. Subsequently, for each sample, the
measured 100-fiber diameter data would be exported to Origin software for determining the AFD based on the

Gaussian approach.

2.3.2. Air filtration

The filtration efficiency (n) and pressure drop (AP) of MB PP and PP/PVDF filter webs were measured by an
automated air filter tester (8130A model, TSI Inc.). Mathematically the filtration efficiency of filter webs was
determined by using Eqg. 1. On the other side, the filtration performance or QF of each MB filter web is theoretically
calculated via Eq. 2. All air filtration tests took place at a 95 I/min flow rate with the help of solid salt (NaCl)
particles with a diameter of 0.26 £ 0.07 um at a face velocity of 15.83 cm/s. The tests were conducted three times
on each filter sample with an effective area of 100 cm?to challenge PMq3 NaCl aerosol particles. Each sample's

filtration efficiency (), and pressure drop (AP) value is the average of the three individual tests.

Cdown (1)
Cup

n=1-

where, Cdown and Cup are the captured particles concentration at the downstream and upstream sides, respectively
[18].
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_11’1(1 — 1) (2)

F =
Q AP

where QF is the representation of the quality factor and AP is the short-hand form of pressure drop [19].

2.3.3. Air permeability

PP and PP/PVDF fibrous webs air permeability test was performed according to ISO standards with the help of
the Prowhite Airtest Il device. The test was performed at room temperature using a fiber filter measuring an area
of 38 cm? and at a constant applied air pressure load of 100 Pa. For each MB filter web air permeability test is
conducted five times and the mean of all five tests will be assigned as the air permeability value for each PP and
PP/PVDF sample. The air permeability of nonwoven webs is theoretically calculated based on the Darcy equation

(Eq. 3).

_ k,x AP

9= 51 (3)

where q is the representation of air permeability (m/s), kis the air permeability coefficient (m?), AP is the short-
hand form of pressure drop (Pa), L is samples thickness (m), and p is the viscosity of the flow (Pa.s) [20].

Moreover, the air permeability of porous materials can also be computed using Eq. 4.

1 AP (pf—pp) xd*> 2—InR,

X X X (@)
94 puxL On 2.4 —InR,

q:

where q represents air permeability (m/s), AP is pressure drop (Pa), u is flow viscosity (Pa.s), L is the thickness of
samples (m), pr and py, are fibers and nonwoven webs densities (kg/m®), d is the diameter of fiber (m), and Re is

the representation of Reynolds number [20].

2.3.4. Basis weight measurement

The weight of 10 cm x 10 cm square-shaped MB fibrous webs was measured by KERN ACJ 220-4M. The basis
weight for PP, 90PP-10PVDF, and 80PP-20PVDF samples was determined by dividing the weight of fibrous webs

by their effective area as expressed in Eq. 5.

Mass of samples
BW =

®)

Effective area

where BW is the designation of samples basis weight.
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On the other hand, solidity also known as packing density affects air permeability. Basis weight, the thickness of
the filter web, and the density of the fiber material are the major factors that govern solidity. Theoretically, the
solidity value of PP, 90PP-10PVDF, and 80PP-20PVDF webs are calculated using the formula given in Eq. 6 [21].

. BW
Solidity = X p (6)

where t represents the thickness of filter webs and the density of the material, fiber webs are made designated by

P.

2.3.5. Filter web thickness measurement

The thickness of each MB filter web was measured at three different points using LOY KA digital micrometer with

a 1 um measurement resolution. And the mean value was computed and assigned for each sample.

2.3.6. Water contact angle (WCA) measurement

To investigate the surface hydrophobicity of filter samples contact angle measurements (Theta Lite) against a drop
of nearly 0.0062 ml of pure water at room temperature and pressures were measured by the sessile drop method.
For this analysis, samples were prepared with a dimension of 10 mm % 40 mm. Then, three contact angle data at

different locations on one surface were averaged to get a reliable value for each sample.

2.3.7. Mechanical properties

The mechanical properties of MB fibrous webs with a dimension of 5 cm x 25 cm were investigated according to
DIN EN ISO 7198 standard via INSTRON tensile testing device. The test is conducted three times for each MB
sample and a mean value was assigned for each PP and PP/PVDF fibrous web. During the test, tensile strength,

elongation modulus, and strains were examined under a fiber gauge length of 200 mm and speed of 2 mm/min.

I11. RESULTS AND DISCUSSIONS
3.1. SEM morphologies and fiber diameters

In MB technology high-speed hot air stretches the molten polymer to form fine fibers with high porosity. In this
study, all nonwoven filter samples were produced under the same MB processing parameters. Figure 4 indicates
the MB web morphologies and fiber diameters of PP and PP/PVVDF micro/nanofibrous examined under SEM.
Although the presence of beads was tremendously high, droplet-free MB filter webs were fabricated for PP (Figure
4(a)). These beads are attributed to the effect of high turbulence of air during MB production [22]. For other
nonwoven filters such as 90PP-10PVDF and 80PP-20PVDF randomly distributed fibers with a relatively small

143



J. Innovative Eng. Nat. Sci. vol. 3, no.2, pp. 137-152 2023. Filtration performance

number of droplets were fabricated. But, there were more beaded morphologies were also noticed in 80PP-
20PVDF. On the other hand, fibrous webs of AFD 0.62 + 0.03 um were examined for melt-spun PP. From the
literature survey, it was investigated that by adjusting the MB process parameters such as low screw speed (i.e.,
low feed rate) and low hot air pressure it can be possible to produce thinner fibers [23]. However, thicker fibers in
micro-scale of 1.0 £ 0.03 um and 1.32 + 0.07 pm were observed for 90PP-10PVDF and 80PP-20PVDF,
respectively. This tells that fiber diameter increases with the increment addition of the content of PVDF into PP.
This is attributed to the increment in the viscosity of molten PP/PVDF polymer as compared to PP. Furthermore,
fiber diameter distribution for MB samples was considerably influenced by MB process parameters. Also, the
amount of blended material PVDF into the host polymer (PP) had a significant effect on fiber diameter distribution.
So, PP blended with 10 wt.% PVDF produces narrow fiber distribution with lower fiber diameter as illustrated in
Figure 4(b). On the contrary, as indicated in SEM images of Figure 4(c) 20 wt.% PVDF incorporated into PP
produces MB webs with higher fiber diameter and wider fiber distribution.
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Figure 4. Fiber morphologies of MB fibrous webs
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3.2. Basis weight and air permeability

The basis weight, solidity, and air permeability of single-and-double-layer filter samples were presented in Figures
5(a) and 5(b), respectively. As shown in Figure 5(a) the basis weight for single-layer PP, 90PP-10PVDF, and
80PP-20PVDF was measured as 58.47, 38.96, and 49.62 g/m?, respectively. Similarly, a basis weight value in the
range between 77.98 to 116.94 g/m? was measured for double-layer filter webs as depicted below in Figure 5(b).
Compared to MB PP filter webs, PP/PVDF samples blended with 10 and 20 wt.% PVDF showed better air
permeability properties. Among single-layer filter webs the highest air permeability of 101.8 mm/s was
investigated for the 90PP-10PVDF nonwoven filter, but the lowest is for PP with 81 mm/s. This shows that there
exists an indirect relationship between basis weight and air permeability. Looking at Figure 5(a), adding 10 wt.%
PVDF into PP results in a 33.37% reduction of basis weight conversely 25.68% improvements were noted in air
permeability. Furthermore, the study observed that there were no significant differences were noticed in the air
permeability values for filter webs before and after electrification treatment via corona charging. Likewise, a
resemble results were noted in the study of Yang et al. [17]. In their study, it was found that filter webs before and
after electrification treatment have relatively similar air permeability values. Thickness, density, and fiber
diameters are other structural parameters of nonwoven webs which influences filter air permeability. Also, in the
literature, it was revealed porosity is another factor that changes the air permeability of MB PP/PVDF nonwoven
webs. However, weight is the dominant factor in the determination of air permeability compared to thickness, fiber
diameter, and density of fibrous webs [24]. In the study, it was also noted that corona charging had insignificant

influence on the air permeability of MB webs.

Similarly, the air permeability test for double-layer filters gives in the range of 16.2 to 39.2 mm/s. The decrement
in air permeability values for double-layer MB samples was related to their thickness value in contrast to single-
layer filters. Thus, the study showed filter webs thickness had also an influence on their air permeability behavior.
The thickness of single-layer nonwoven webs such as PP, 90PP-10PVDF, and 80PP-20PVDF measured as 0.22,
0.72, and 0.74 mm, respectively. On the other hand, thickness values of 0.286, 0.899, and 0.970 mm were reported
for double-layer PP, 90PP-10PVDF, and 80PP-20PVDF, respectively. For instance, when filter web thickness was
increased from 0.72 to 0.899 mm between single and double layers of 90PP-10PVDF this resulted in an
approximately 72.1% reduction in air permeability. Air permeability decrement as a result of increment in filter
webs thickness was also noticed in the study of air permeability of Polyester nonwoven fabrics [20]. Generally,
due to the less torturous path encountered lower thickness nonwoven webs result in higher air permeability [25].
It was indicated in Figure 5(b) adding 20 wt.% PVDF into PP causes a decrement in basis weight (15.12%)
however, the air permeability was enhanced by (142%). The fiber collection time is also another factor that affects
fibrous web parameters namely basis weight and thickness but here during fiber production; the collection time
for all samples was identical. Basis weight, web thickness, and density of fiber material are the main factors of
solidity. An increment in basis weight results in simultaneous enhancement in filter webs solidity but a

considerable decrement in air permeability.
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Figure 5. Basis weight and air permeability of (a) single-layer and (b) double-layer MB fibrous webs (where the “+” and “-” signs ahead of

the number indicate percentage increment and decrement, respectively)

3.3. Filtration Efficiency of MB filter webs

The filtration efficiency test is conducted in single-layer PP, 90PP-10PVDF, and 80PP-20PVVDF nonwoven MB
filter samples as illustrated in Figure 6(a). Here for each MB sample, the test was performed before and after
corona charging. So, from Figure 6(a) it was seen that maximum filtration efficiency of 83.88% and 85.28% were
investigated for the PP filter web without corona and after corona charging, respectively. In addition, the maximum
pressure drop was also observed for this MB PP sample. This might be due to the effect of beaded morphologies
plays a crucial role in enhancing the air resistance properties of the MB PP sample. The highest basis weight for
PP samples shows the highest filtration efficiency and pressure drop. The increment in filtration efficiency and
pressure drop as a result of enhancement in basis weight was also observed in the study of Liu et al. [26]. On the
other side, introducing PVDF into PP-based fibrous webs had considerable effects on reducing the filtration
efficiency of PP/PVDF nonwoven filters. Thus, the lowest filtration efficiency of 48.64% was noted for the sample
(80PP-20PVDF) produced from the addition of a maximum amount of PVDF (20 wt.%). This might be due to the
presence of thicker fiber diameters observed in SEM images and also morphological defects (i.e., droplets and
beads) resulting from the addition of PVDF. The reduction in filtration efficiency due to the presence of many
thicker fibers was reported in previous research works and hence, this result is supported by past findings. For
instance, Eticha et al. showed that the addition of thermoplastic polyurethane (TPU) into electrically assisted
solution blow spun PVDF nonwovens results in the reduction of the filtration efficiency of PVDF nanofibrous

mats due to the increment in fibers diameter [18].
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Furthermore, together with mechanical filtration to enhance filtering of the most penetrating particle size of 0.3
um corona charging technology was adopted on both single-layer (Figure 6(a)) and double-layer (Figure 6(b))
nonwovens. As demonstrated in both Figure 6(a) and 6(b) corona charged samples have shown better filtration
efficiency than the uncharged filter webs. This is probably due to charged fibers capturing both charged and neutral
aerosol particles with the help of electrostatic force [6]. While considering double-layer fibrous webs before the
corona and after corona charging (Figure 6(b)) have exhibited higher filtering efficiency compared to single-layer
MB webs (Figure 6(a). This might be due to the increment in the thickness of filter samples. Also, it might be
related to because of the higher-voltage power supply and more charging time as compared to single-layer filters.
Moreover, in double-layer MB samples, the electret nature of fibers was higher since more charges will be created
and stored on the MB webs. Thus, a higher coulomb attraction force is created between charged aerosols and
charged fibers, and the electrostatic capturing mechanism will be conducted. On top of that, for neutral aerosols
the electric field created by the electret fibers will going to charge the neutral PMg 3 aerosols, and filtering action
is executed via an electrostatic filtration mechanism. It was also observed that for each corona-charged and
uncharged sample, the pressure drop remained relatively the same. This indicates that corona charging does not

have remarkable effects on the morphologies of MB nonwoven webs.,
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Figure 6. Filtration properties of MB filter webs
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3.4. Filtration performance of MB filter webs

The filtration performance of both single and double-layer MB nonwoven samples PP, 90PP-10PVDF, and 80PP-
20PVDF was depicted below in Figure 7. The lowest QF has been noticed for all non-corona-charged MB samples.
In addition, as shown in Figure 7(a) blending of PP by a low amount (10 wt.%) of PVVDF and without any charging
causes a slight improvement in the QF of filter webs than uncharged PP filter samples. But, as the PVDF content
increased to 20 wt.% the QF behaves a slight decrement compared to 90PP-10PVDF. This might be related to
fiber morphologies (presence of more beads and droplets) responsible for the rising of filters air resistance behavior
and an increment in fiber diameter lowers filtration efficiency, the combination of these two scenarios together
leads to QF reduction. On the contrary, non-corona charged double-layer MB nonwovens (Figure 7(b)) show the
addition of 10 and 20 wt.% PVDF into PP brings about higher QF as compared to PP filters. According to Figure
7(b), corona-charged samples have better QF as compared to uncharged nonwovens. Hence, as indicated in Figure
7(b) the study founds the maximum QF for double-layer corona-charged 80PP-20PVDF samples of 0.11 mmH,0
Lat a lower pressure drop of 93.3 Pa. Although corona-charged double-layer PP filter webs have similar QF to
double-layer corona-charged 80PP-20PVDF filter sample, it was seen that the measured pressure drop (427 Pa)
was remarkably high.

Furthermore, looking at Figures 7(a) and 7(b), generally, the QF value of PP, 90PP-10PVDF, and 80PP-20PVDF
is improved by blending PP with 10 and 20 wt.% PVDF contents. Before and after corona charging the QF values
for each sample displayed by the bar graph behaves a similar increment trend as represented in Figure 7(b), which

shows that the electrostatic force enhances the filtration efficiency without affecting filter webs pressure drop.
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Figure 7. Filtration performance of (a) single-layer filter webs and (b) double-layer filter webs (where the “+” sign ahead of numbers indicates
percentage increment)
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3.5. Contact angle measurements

For each MB filter web sample, the hydrophobicity/hydrophilicity tests were conducted, and their water contact
angle values were indicated in Figure 8. Contact angle values of 127.16 + 1.52°, 133.53 + 1.52°, and 134.22 +
0.96° were measured for PP, 90PP-10PVDF, and 80PP-20PVDF samples, respectively. As per the results, a
hydrophobic surface was noticed for all samples. Further, the addition of 10 and 20 wt.% PVDF contents into PP
improves the surface hydrophobic character of MB PP nonwoven webs. This is because of the intrinsic
hydrophobic characteristics of PVDF [27, 28]. Therefore, the hydrophobic properties of fibrous webs increased
with PVDF addition to the PP morphology, and hence, the contact angles increased. In addition to the
hydrophobicity of the blended polymer, the surface roughness of filter webs is also another factor that affects the
WCA. As shown in SEM images, the introduction of 20 wt.% PVDF results in a large number of beads on the
PP/PVDF surface of MB filter webs. So, compared to MB 90PP-10PVDF, SEM images revealed the surface
roughness is greater for 80PP-20PVDF, and hence, the surface experience better hydrophobicity properties. This
result was in complete agreement with Li et al. [29]. In their study, the addition of PVDF layers into PP shows
superior hydrophobicity behavior. A contact angle of 96.96 ° was noted for PP nanofibrous layers, but the WCA
value between 100 to 140.5 ° was noted for PVDF-coated PP nanofibrous layers.
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Figure 8. MB filter samples with their contact angle values (where the “+” sign ahead of numbers indicates percentage increment)

3.6. Mechanical properties

Figure 9 shows the mechanical properties of single-layer MB PP, 90PP-10PVDF, and 80PP-20PVDF fibrous webs.
As can be seen in Figure 9(a), the tensile strength slightly decreases with the increment of P\VDF content. On the
contrary, the addition of 10 wt.% and 20 wt.% PVDF contents into PP notably affect the elastic modulus of the
MB PP sample. The maximum tensile strength and elastic modulus were determined for PP with 0.18 + 0.05 MPa
and 2.68 + 1.08 MPa, respectively. As the mass fraction of PVDF added to PP is 20 wt.%, the tensile strength and
elastic modulus become 0.165 + 0.06 MPa and 1.29 + 0.43 MPa, respectively. The decrement in tensile strength

might be attributed to the formation of weak bonds between fibers. Similar mechanical properties were observed
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in the studies of PPS/PVDF by Xing et al. [30]. In their study, it was shown that until the content of PVVDF reaches
40 wt.% the tensile strength and tensile modulus of PPS/PVDF initially increase for low content of PVDF and then
gradually decrease. When the tensile load escalates the nonwoven filter webs begin to fracture gradually as a result
of random entanglements of fiber. Strain at break of PP/PVDF MB samples was indicated in Figure 9(b).
Incorporation of PVDF (10 and 20 wt.%) into PP reduced the tensile strength and elastic modulus of PP and
increased its strain at break. These results were in complete agreement with previous studies by Khakestani et al.
[31].
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Figure 9. Mechanical properties of MB filter webs (a) tensile and elastic modulus and (b) strain value

IV. CONCLUSIONS

The fabrication of PP and PP/PVVDF nonwoven filter webs using MB technology was successfully achieved. SEM
analysis revealed that introducing 20 wt.% PVDF into PP resulted in the production of thicker micro-scale fibers,
increased bead formation, and a relatively lower number of droplets compared to the 10 wt.% PVDF composition.
The addition of PVDF had a significant advantage in reducing the basis weight of the filter webs, leading to

improved air permeability in PP/PVVDF samples compared to pure PP filter webs. The piezoelectric properties of
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PVDF polymers likely played a crucial role in enhancing the electret characteristics of PP/PVDF filter webs by
improving their charge storage capacity after corona charging. Moreover, the incorporation of zinc stearate electret
additive in the MB PP and PP/PVDF fibers further enhanced the electrostatic attraction properties of the filter
webs. This enhancement was evident in the filtration efficiency results, where the corona-charged PP double-layer
filter web exhibited the highest filtration efficiency of 99.01% with a pressure drop of 427 Pa. Corona charging
had a remarkable impact on improving PMO0.3 aerosol filtration through electrostatic attraction, while not
significantly affecting the pressure drops. However, relatively higher pressure drops were observed for the MB
samples in this study. On the other hand, the addition of 20 wt.% PVDF significantly improved the hydrophobicity
of PP/PVVDF nonwovens. Nevertheless, mechanical tests revealed a slight decrease in the tensile and elongation
modulus properties of PP-based fibrous webs with the addition of 10 wt.% and 20 wt.% PVDF.
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ARTICLE INFO ABSTRACT

Article history: Polyacrylonitrile (PAN) nanofibers doped with varying concentrations of perovskite praseodymium ferrite
Received 15 May 2023 (PrFeOs) nanoparticles synthesized by calcination were successfully manufactured using a simple
Received in revised form 4 July 2023 electrospinning process. The nanofibers were coated with layers of polyaniline-titanium dioxide (PANi-TiO2)
Accepted 6 July 2023 combination using an air brush. The structure, morphology, and electrical characteristics of the nanoparticles

and nanofibers were characterized by SEM, FT-IR, and electrical measurement methods. The results indicated
that the produced nanofibers exhibited a strong in vitro interaction and selectivity against acetone gas, a
biomarker of diabetes. Perovskite nanoparticle doped PAN nanofibers have shown approximately 43% change
in resistance with acetone gas exposure. These findings suggest that PrFeOs-doped nanofibers hold promise
as potential candidates for acetone gas sensors in non-invasive diabetes monitoring.
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1. INTRODUCTION

According to reports from the International Diabetes Federation (IDF) [1], there are currently over 537 million
adults living with diabetes worldwide, with one in every 10 individuals being affected by the disease. Reports from
the World Health Organization (WHO) [2], estimate that there are 422 million adults with diabetes (ages 18-99),
with an expected increase to 629 million by 2045 [3, 4]. The number of recorded deaths from diabetes is currently
at 1.6 million annually [5]. The rising prevalence of diabetes highlights the increasing yearly medical and non-
medical costs, as well as the growing number of diabetic fatalities [4, 6]. Diabetes Mellitus (DM) is a metabolic
disorder characterized by hyperglycemia (blood glucose level greater than 230 mg/dL) or hypoglycemia (blood
glucose level less than 65 mg/dL) caused by insulin hormone secretion or activation problems [4, 7]. Diabetes is
caused by the pancreas's failure to produce enough insulin for the body or the body's inability to use the insulin
produced by the pancreas effectively. Type 1 Diabetes Mellitus (T1DM) is a metabolic disorder caused by the
destruction of cells in the pancreas as a result of the immune system recognizing and attacking the beta cells as
foreign, resulting in insulin deficiency. Type 2 Diabetes Mellitus (T2DM) is caused by the body's inability to use
insulin effectively. Other types of diabetes include genetic disorders, drug use, genetic syndromes, and gestational
diabetes (GDM) [4, 8-12]. When T1DM and T2DM patients cannot effectively absorb glucose from circulation,
the metabolic shift results in increased ketone synthesis in the blood (ketonemia), urine (ketonuria), and breath
(ketosis) [13]. Acetone in the breath has been identified as an effective biomarker [5]. While it is evident that
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T1DM patients have a high concentration of ketones in their breath, there is no universally accepted measure of
the concentration of ketones in T2DM patients' breath [14-21].

Clinical investigations have demonstrated that the concentration of acetone in the breath of individuals with
diabetes exceeds 1.8 ppm (with a range of 1.25-2.5 ppm), while healthy individuals exhibit acetone concentration
below 0.9 ppm (with a range of 0.2-1.8 ppm) [22-27]. Moreover, the concentration of acetone in the breath of
individuals with type 1 diabetes mellitus (T1DM) may reach up to 25 ppm [5, 24, 28-30]. In terms of age, healthy
adults between the ages of 40-50 exhibit acetone concentration of 0.2-0.8 ppm in their breath, while adult diabetics
aged 50 or older exhibit acetone concentration within the range of 1.8 ppm [3]. The significant difference in acetone
concentration between healthy individuals and diabetics makes acetone in the breath a valuable biomarker for
diabetes identification [26, 27, 29, 31]. The discovery of the odor of rotten apple breath by John Gallo in 1798 and
the identification of this odor as acetone in 1857 led to the use of acetone as the first biomarker for diabetes [5, 24,
31]. In 1971, Linus Pauling presented a report proposing a study plan for differentiating 250 gases in human breath
using gas chromatography [5, 32]. Since then, more than 3000 distinct volatile organic compounds (VOCs) and
aerosolized particles have been identified in human breath [32—-34]. These gases are produced as byproducts of
metabolic reactions, for physiological functions such as cell-to-cell communication, or in infections and other
pathological conditions in the body [32]. Diet [35, 36], exercise [37], and medical condition [5, 20, 38] all
contribute to variations in breath acetone content. In addition to diabetes, intensive physical active ity and
ketogenic diets may also cause an increase in breath acetone content. Therefore, the measurement of acetone in
breath is critical for diabetes diagnosis and monitoring the efficacy of therapies in medical disorders [17]. is
considered a hazardous gas as well as a breath biomarker for diabetes [3, 39, 40], as it can cause nausea in humans
above 2000 ppm and respiratory irritation above 300-500 ppm [3, 40].

Elevated blood sugar levels in the body lead to several health complications, including hyperglycemia,
cardiovascular disease, diabetic nephropathy, diabetic retinopathy, and diabetic neuropathy [41, 42]. Furthermore,
diabetes can also result in heart attack, stroke, blindness, kidney failure, leg amputation, vision loss, and nerve
damage [2, 5, 42]. These complications highlight the critical importance of controlling blood sugar levels [3, 43].
To diagnose diabetes, a Plasma Glucose Level test is necessary. Diabetics receiving insulin therapy for diabetes
management need to test their blood glucose levels at least three times per day using the conventional finger prick
method [32, 44, 45]. However, these tests have significant drawbacks such as being uneconomical, unsafe,
impractical, painful, laborious, and susceptible to the risk of infection. These drawbacks can be eliminated by
using the acetone analysis method from breath. Breath analysis is a powerful tool in medical diagnosis and disease
research due to its noninvasive nature and real-time monitoring capability [16, 18, 24, 32-34, 46-48]. Various
techniques have been employed to measure acetone concentration for breath analysis, including mass spectrometry
(MS), proton transfer reaction by mass spectrometry (PTR-MS), gas chromatography (GC), flame ionization
detector (FID), selected ion flow tube mass spectrometry, ion mobility spectrometry (IMS), among others [47, 49—
51]. Nonetheless, these sensitive and reliable techniques have certain limitations such as bulky equipment size,

high cost, and unsuitability for miniaturization, making them unsuitable for daily diabetes monitoring [52].

An alternative approach to the diagnosis and monitoring of diabetes is the use of sensors for non-invasive and
continuous real-time measurement of acetone in breath. This method has the potential to facilitate early treatment

and promote effective management of the disease [3, 32]. Chemical sensors have become increasingly popular for
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breath analysis due to their small size, portability, and ability to provide real-time monitoring at a low cost. In
recent years, sensors that are selective, sensitive, stable, robust, and economical have been developed for breath
analysis. The advantages of using chemical sensors include ease of use, ease of sampling, and the ability to obtain
measurements from unconscious patients [32, 53].

Chemical gas sensors function by changing one or more physical properties, such as mass, electrical conductivity,
or dielectric properties when exposed to gas molecules [5]. Chemical gas sensors operate by measuring the change
in electrical resistance of the sensing material in the presence of target analytes and translating this chemical
information by changing the electrical resistance [5, 54]. Recently, chemical-resistant gas sensors have been
developed for the detection of acetone gas, a biomarker of diabetes, from breath [3, 55]. The detection mechanisms
of these sensors based on change in electrical resistance of sensing material by the molecular and/or crystalline
structure change. The basis for determining the presence of acetone is the reactions between surface oxygen and
acetone gas [3, 56]. The performance of these sensors is affected by various features such as surface area, particle
size, crystal defects, porous structures, stoichiometry, and morphology [56-58].

In recent years, there has been increasing interest in the development of chemical resistance gas sensors using
semiconductor metal oxides for acetone detection. Among the most extensively studied materials for chemical
resistance sensors are WOz, Zn0O, SnO,, Fe;0s, In,0s, TiO,, perovskites, and p-type metal oxides. TiOy, in
particular, has proven to be effective in sensing various gases [59]. Furthermore, environmentally friendly
perovskites have demonstrated exceptional long-term stability and durability in the detection area due to their
stable lattice structure [30, 60-63]. Perovskites such as Pd-doped SmFeO3[64], SmFeO3/Zn0O (p-SmFeO3s/n-Zn0)
[64], Ni-doped LaFeOs; [65] and Pd-doped NdFeOs; [66] have been investigated, with the gas sensitivity
performance of praseodymium ferrite (PrFeOs) receiving particular attention. In one study, Ma et al. (2017) [67]
investigated the structure, elemental composition, and morphology of PrFeO3 hollow nanofibers. These nanofibers
exhibited a low operating temperature (180 °C), high response value, good selectivity, fast response recovery, and
excellent long-term stability [67]. As such, PrFeOs hollow nanofibers have the potential to be used in the
fabrication of high-performance acetone sensors and represent promising candidates for practical applications. In
a subsequent study, Ma et al. (2020) [68] investigated Sm3* doped PrFeOj3 to improve the response and recovery
process of PrFeOs gas sensors. Nanofibers have become increasingly relevant in the sensing configuration of
biosensors, as their use can reduce sensor size, increase surface energy, and improve sensitivity by increasing
specific surface area [69—71]. Conducting polymers, such as polyaniline (PANi), can also be utilized in the sensing
configuration of gas sensors [72], where their molecular and macroscopic properties can change when exposed to
various chemicals [73]. PANi has been used as a sensing material for gases such as hydrogen (H2), ammonia
(NHz), nitrogen oxide (NOy), hydrogen sulfide (H.S), dimethylamine (DMA), and liquid petroleum gas (LPG) in
various forms [74]. Therefore, this study sought to combine conductive polymers, metal oxides, perovskites, and
nanofibers to create a unique sensor structure with the advantages of ease of synthesis, good environmental and
chemical stability, and improved sensing properties. Specifically, the study employed crystal lattice structured
perovskite PriFeOs nanoparticles on PANI-TiO,-coated PAN nanofibers to develop an efficient acetone sensor for

diabetics, followed by structural, morphological, and electrochemical characterizations.

I1. EXPERIMENTAL METHOD
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2.1 Materials

Praseodymium (111) nitrate hydrate (99.9%, Pr(NO3)s.H.0) (REO, Alfa Aesar, M=326.92 g/mol), Iron (111) nitrate
nonahydrate (Fe(NOs3)3.9H,0) (Sigma Aldrich, Merk, M=403.95 g/mol), Citric acid monohydrate (98%,
CsHsO7.H20) (food grade, Aromel, M=210.14 g/mol) and urea (> 99.5%, CH4N,O) (Iso-lab) were used for
synthesis of perovskite praseodymium ferrite (PrFeOs). Aniline (99%, CsHsNH,) (Sigma Aldrich), Ammonium
persulfate (>98%, APS) (HsN20sS;) (Honeywell / Fluka, M=228.2 g/mol), extra pure hydrochloric acid (30-32%,
HCl(aq)) (TEKKIM), Titanium (IV) oxide (>99.5%, TiO,) (particle size 21 nm, Sigma Aldrich, M=79.87 g/mol)
and ethanol (C2HsOH) were used for synthesis of titanium dioxide-doped polyaniline (PANi). Polyacrylonitrile
(PAN) (MW=150,000, JK Chemical) and N,N dimethyl formamide (99.9%, DMF) as solvent (Carlo Erba

Reagents, M=73.1 g/mol) was used for preparation of PAN nanofiber.

2.2 Methods
2.2.1. Synthesis of Praseodymium Ferrite (PrFeQs), Polyaniline (PANi) and Titanium (1V) oxide (TiO2)

The PrFeOs nanoparticles were synthesized using the sol-gel process, which has been previously reported in the
literature [75]. To prepare the growth solution at room temperature, a solution containing 0.1 M Pr(NOs)z and 0.67
M citric acid was used, and a separate 0.1 M solution of iron (111) nitrate was prepared. Fe(NO3)3 solution was then
added dropwise to the growth solution until the molar ratio of Pr(NO3)s to Fe(NOs)s in the solution became 1:1.
To obtain a gel, 0.5 g of urea was added to the resulting solution, which was stirred in a 50°C water bath for 60
minutes. The gel was then kept at 80°C for 24 hours to obtain the xerogel, which was calcined at 800°C for 5 hours

to produce the cinnamon-colored nanoparticles (Figure 1).

Figure 1. Picture of synthesized PrFeO,

For the synthesis of PANI-TiO2, 3.75 mL of aniline (C¢HsNH,) as the monomer and a desired amount of TiO; (30
wt.%) were added to the mixture and ultrasonicated until the TiO, nanoparticles were uniformly dispersed. Then,
2.360 g of ammonium persulfate ((NH4).S>O0s) prepared as an initiator was added dropwise in a cold water bath to
the solution obtained by dissolving in 100 mL of 1 M hydrochloric acid (HCI). The solution was kept in a cold
water bath under magnetic stirring condition for approximately 24 hours, until the polymerization was completed,
resulting in a solution that changed from colorless to blue tones. The solution was filtered by vacuum filtration
method, and the resulting PANi was washed twice with water (H20) and ethanol (C,HsOH), respectively [76]. The
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dark green precipitate obtained after washing was taken into ethanol, and the concentration of PANi obtained was
determined to be 11mg/L. Titanium (IV) oxide was weighed to 30% by mass and added to PANi as a powder. The

solid amount in 2.5 mL of PANi/ethanol solution was determined to be 25 mg.

2.2.2. Preparation of Nanofibers and Air-Brush Coating Process

To produce nanofiber solutions, 5% (w%) solid polymer was dissolved in DMF, and after adding PrFeO3, a total
of 10 g of polymer solution containing 0%, 5%, 10%, and 20% PrFeO3 was sonicated for 20 minutes. The resultant
colloidal solution was covered with aluminum (Al) foil and paraffin tape to protect it from light. The nanofibers
were then electrospun in the Nanospinner 24 device (Inovenso, NS24) at 28 kV, 500 rpm, and 175 mm between

the nozzle and the collector.

Undoped PAN nanofiber, 5% PrFeOs-added PAN nanofiber, 10% PrFeOs-added PAN nanofiber, and 20%-PrFeOs
added PAN nanofiber were coated with layers of PANi/TiO2 using an air-brush method to a thickness of a few
tens of microns. The coating was carried out by spraying at a pressure of 1-1.5 bar from a distance of 3 cm. The

coated nanofibers were dried in a desiccator for approximately 48 hours.

2.2.3. Device fabrication

To construct the acetone sensor, the PANI/TiO, layer was coated on electrospun PAN nanofibers doped with
PrFeOs. Two copper electrodes were placed on the surface of the nanofiber sensor that was coated with the
PANI/TiO; layer, with a distance of 1 cm between them. The produced nanofiber sensor was then heated in an
oven at 40°C overnight to ensure complete moisture evaporation. The acetone sensing measurement was
performed by modifying the following reference [77] in the air. To measure the acetone sensing characteristics,
the sensors (Figure 2) were positioned at a distance of 10 cm from the petri dish in the sample holder, with the
coated surface facing the acetone. The gas response of the nanofibers, measured as electrical resistance, was used
to evaluate the acetone-sensing properties. The initial resistance of the nanofiber sensor was measured without
acetone evaporation using a two-probe technique. Subsequently, acetone gas was heated using a hot plate to control
acetone evaporation by maintaining a temperature between 50-55 °C, which is close to the acetone evaporation

temperature. After 10 seconds, the second electrical resistance was measured.

2.2.4. Characterization

The morphology of PrFeOs; nanoparticles, as well as the undoped and PrFeOs-doped PAN nanofibers, were
examined using a scanning electron microscope (SEM) (Carl Zeiss/Gemini 300) at different distances ranging
from 8-9 mm and under a voltage of 5 kV. The bound structures of PrFeO3 nanoparticles, undoped and PrFeOs-
doped PAN nanofiber structures were analyzed using an FT-IR spectrophotometer (Thermofisher NICOLET-
iS50). The sensing measurements of PANI/TiO-coated PrFeO3-doped PAN nanofibers were conducted through a

two-point resistance measurement test in vitro using a multimeter (Keithley 2400 device).
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PrFeO, —doped PAN nanofiber  PANI-TiO, [llConductive Tape

Figure 2. PrFeO3-doped PANI/TiO,-coated PAN sensor

111. RESULTS AND DISCUSSIONS

3.1 FT-IR Results

The results of the FT-IR analysis of PrFeO3 nanoparticles are presented in Figure 3a. The spectrum revealed

prominent absorption peaks at 462 cm, which correspond to O-Fe-O bending vibrations, and 530 cm™, which

correspond to Fe-O stretching vibrations [78]. In Figure 3b, the FT-IR spectra of undoped and PrFeOs-doped PAN

nanofibers are presented.
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Figure 3. a) FT-IR results of PrFeO; nanoparticles and b) FT-IR results of undoped and PrFeOs-doped PAN nanofiber structures

The Fe-O stretching peak of PrFeO3; observed at 530 cm™ became more prominent as the PrFeO3 concentration

increased, as seen from the FT-IR spectra of the undoped and PrFeOs-doped PAN nanofiber structures. The effect

of acetone treatment on powder PriFeQ3, undoped PAN nanofiber, and PrFeOs-doped nanofiber was examined by
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FT-IR analysis, and it was observed that the structure retained acetone (Figure 4). Although no significant change
was observed in the FT-IR spectrum of powder PrFeO; after acetone treatment, the CO.-induced peaks that
appeared in the calcination range of 1200-1500 cm! disappeared [78]. In undoped PAN nanofiber, it was observed
that the nanofiber porous structure held acetone, and the vibrations of the aliphatic -CH groups at 1217 and 1364

cm of the PAN [79] were intensified by combining with the -CH vibrations of the acetone at the same points,
indicating that the structure retained acetone.
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Figure 4. FT-IR spectra of undoped and PrFeO;-doped PAN nanofiber structures

3.2 Morphology

Figure 5 displays SEM images of neat PAN nanofibers and PrFeOs-doped PAN nanofibers before PANi-TiO;
coating. The SEM images indicate that the nanofibers were formed uniformly with diameters ranging from 200 to
500 nm. Mean Diameters or neat nanofibers and 20% PrFeOs; doped nanofibers were 336 nm and 216 nm,
respectively (Figure 5a). Here, main reason that caused to thinning the fibres by nanoparticle loading into
electrospinning solution was the decrease in polymer concentration. With the other words, while the polymer
concentration was 5% by weight for neat PAN solution, the polymer concentration remained 4% since inorganic
was loaded in 20% doped solution. Moreover, PriFeOs nanoparticles were observed to exist in the PAN nanofiber
structure, with some embedded in the fibers and others protruding out of the fiber. The size of the nanoparticles
was between 100 and 500 nanometers, and the addition of PrFeO3 nanoparticles led to a decrease in the mean
diameter of the PAN nanofibers (Figure 5b). The SEM images indicated that perovskite (PrFeOs) nanoparticles

were successfully produced using the sol-gel method. However, it was observed that the crystal particles were
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fused and sintered together during calcination, resembling coral (Figure 5c). Despite this, the heat treatment
synthesis method offers several advantages such as low cost, simplicity, low reaction temperatures, and no waste
by-product [63,64,80].

Figure 5. a) Undoped PAN nanofibers - b) 20% PrFeO;-doped PAN nanofibers - ¢) PrFeO; nanoparticles

3.3 Sensing Measurements

Air-stable PrFeQOgs, a perovskite material, possesses desirable sensing properties, including high response, good
selectivity, and low operating temperatures, owing to its large specific surface area and abundance of active sites
that facilitate gas molecule diffusion and adsorption, thereby enhancing its detection ability [81]. The gas sensing
mechanism of PrFeOs is primarily based on the electrical resistance change before and after exposure to the test
gas [67]. The use of electrospun nanofibers with high specific surface area and web-like morphology resulted in
high sensing performance, as the target acetone gas molecules could diffuse efficiently into the nanofibers [82].
When the undoped PAN nanofiber sensor was exposed to acetone gas, its electrical resistance increased from 38.86
kQ to 42 kQ (Figure 6). Conversely, the electrical resistance of 5%, 10%, and 20% PrFeOs-doped PAN nanofibers
increased from 131.52 kQ to 145.56 kQ, 156.87 kQ to 172.35 kQ, and 508.5 kQ to 726.6 kQ, respectively, upon
exposure to acetone gas (Figure 6). The observed increase in the ratio of PrFeQOs in the nanofibers correspondingly
increased the initial resistance of the sensors compared to the neat nanofibers. The results obtained are consistent
with prior studies, which have shown that the electrical resistance of prepared sensors increases upon exposure to
acetone gas [67]. Moreover, this increase is below 10% for undoped, 5%, and 10%-doped nanofibers, while the

increase is approximately 30% for 20%-doped nanofiber sensors.
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Figure 6. Electrical resistance change of PAN nanofiber sensors during acetone exposure

IV. CONCLUSIONS

In this study, PrFeOs-doped PANI/TiO, coated PAN nanofibers were synthesized via a combination of PrFeOs
synthesis, electrospinning of nanofibers, and air-brush coating. SEM images were obtained to confirm the
successful synthesis and incorporation of PrFeO3; nanoparticles into the PAN nanofiber structure. The electrical
resistance of both doped and undoped nanofiber sensors increased when exposed to acetone gas, with the increase
in resistance being more pronounced for doped nanofiber sensors as the amount of PrFeO3 additive increased.
Overall, these findings suggest that PrFeOs-doped PANI/TiO, coated PAN nanofibers hold significant potential
for use as high-performance acetone sensors, and may prove to be promising candidates for non-invasive detection

of diabetes.
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Gaziantep banliyd projesi (Gaziray) rayli sistem hatti tiinellerinde olasi tren
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MAKELE BILGISI OZET

Makale Ge¢misi: Rayli sistemler, hizli, giivenli ve g¢evre dostu bir toplu tasima secenegi olarak diinya genelinde aktif olarak
Gelis 07 Haziran 2023 kullanilmaktadirlar. Gaziantep banliyo projesi (Gaziray) Rayl Sistem Hatti, Tiirkiye nin Gaziantep sehrinde, toplu tasima
Diizeltme 20 Haziran 2023 ihtiyacint karsilamak amaciyla planlanan bir proje olarak biiyiik 6nem tagimaktadir. Rayli sistem hatlarinda, tren yanginlari
Kabul 10 Temmuz 2023 gibi potansiyel olas: tehlikelerin dikkate alinmasi ve yangmn etkilerinin degerlendirilmesi ¢ok onemlidir. Yanginlar,

trenlerin elektrikli ve mekanik bilegenlerinde, drnegin; elektrik kablolarinin asir1 1sinmasi, fren sistemlerinde arizalar, yakit

Cevrimici meveut sizintilar gibi sebeplerle ¢esitli nedenlerle ortaya ¢ikabilmektedirler. Bu tiir yanginlar, tiinellerde, tiinelin duvar, tavan, taban

ve diger yapisal elemanlara zarar verebilecek 6zellikte tehlikeli sonuglara yol agabileceginden, tiinel yapisinin yangidan
etkilenme seviyesi ve boylelikle yanginin tiinel yapisina verdigi zararmn dikkatlice degerlendirilmesi gerekmektedir. Yangin
sonrasi, tiinelin kullanilabilirligini, glivenligini ve yapisal biitiinliigiinii etkileyen yapisal hasarlar, tiinelin onarim

Anahtar Kelimeler: maliyetlerini ve isletme siireglerini de etkileyebilmektedir. Tiinel yanginlarinin etkilerini degerlendirmek igin yangin testleri,

Rayli sistemler
Tiineller
Yapisal yangin giivenligi

modelleme ve benzetimler/simiilasyonlar gibi yontemler kullanilmaktadir. Yangin testleri, ger¢ek yangin senaryolarini taklit
ederek tiinel yapisinin yangina karsi tepkisini belirleyebilmekte, modelleme ve simiilasyonlar ise tiinel yapisinin yangindan
etkilenme seviyesini belirlemektedir. Bu galigmanin amaci, Gaziray Rayli Sistem Hattinda bulunan tiinellerde meydana
gelebilecek olasi tren yangini durumunda, tiinel yapisinin yangindan etkilenme seviyesi ve bu etkinin degerlendirilmesidir.

Gaziray

Simiilasyon Kritik hiz; yangin esnasinda ortaya ¢ikan duman ve yanma iiriinii zehirli gazlarin ters katmanlagmadan istenilen yone itilmesi
CFED Modelleme igin gerekli olan minimum hava hizidir. Calismada, yapisal biitiinliigiin bozulmadan, cevresel kontrol sistemlerinin
Risk analizi ¢aligmasina olanak saglayarak ve insan tahliye yoniiniin ters yoniinde kritik hava hiz1 saglanarak; gerekli havalandirma

stratejisi ve kapasitesinin belirlenmesi hedefi ger¢eklestirilmistir.

2023 JIENS Tiim haklari saklidir.

Simulation of the tunnel emergency ventilation system in the event of a potential train fire in
the tunnels of the Gaziray Railway System Line

ARTICLE INFO ABSTRACT

Article history: Rail systems are actively used worldwide as a fast, safe, and environmentally friendly public transportation option. The Gaziray
Received Rail System Line is a project of great importance planned to meet the public transportation needs in Gaziantep, Turkey. In rail
Received in revised form system lines, it is crucial to consider potential hazards such as train fires and evaluate the effects of fire. Fires can occur for
Accepted various reasons in the electrical and mechanical components of trains, such as overheating of electrical cables, malfunctions in

braking systems, fuel leaks, and so on. Such fires can cause dangerous consequences that can damage the tunnel's walls, ceiling,
floor, and other structural elements, so the level of the tunnel's susceptibility to fire and the damage it causes to the tunnel
structure must be carefully evaluated. Structural damages that affect the tunnel's usability, safety, and integrity after a fire can
also affect repair costs and operational processes. Methods such as fire tests, modelling, and simulations are used to assess the

Available online

Keywords: effects of tunnel fires. Fire tests can determine the tunnel structure's response to fire by simulating real fire scenarios, while
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I. GIRiS

Toplu tagima sektoriinde 6zellikle biiyiik sehirlerdeki trafik sorunlarini ¢6zmede, rayli sistemler 6nemli bir rol
oynamaktadir. Rayli sistemler, insanlar1 ve yiikleri hizli, giivenli, konforlu ve gevre dostu bir sekilde tasimak igin
kullanilan toplu tasima araglari olup, modern sehirlerin ulagim ihtiyaglarini karsilamak i¢in son derece dnemli bir
ulasim bilesenidir. Rayli sistemlerin bircok avantaji bulunmaktadir. Bu sistemler, dncelikle, bu sistemler yiiksek
hizli ve diizenli bir hizmet sunarken, kara yolu trafigi sorunlarindan kaynaklanan gecikmelerin ve zaman
kayiplarinin Oniine ge¢mektedirler. Ayrica, bu sistemlerin diisiik maliyetli isletme ve bakim maliyetleri
bulunmaktadir. Cevreye duyarli bir ulagim segenegi olmalari nedeniyle rayli sistemler, ayni zamanda, karbon ayak
izini azaltmaya yardimci olmaktadirlar. Farkli tiirlerde rayli sistemler mevcuttur; hafif rayl sistemler, metro
hatlari, tramvaylar ve tren hatlar1, vb. Her bir tiir, farkli 6zellikleri ve avantajlari ile birbirinden farklidir. Ornegin,
hafif rayli sistemler, diisiik maliyetli bir segenek olarak bilinirken, metro hatlar1 yiiksek kapasiteli ve yiiksek hizli

bir hizmet sunmaktadirlar.

Rayli sistem tiinelleri/demiryolu tiinelleri, modern sehirlerde toplu tasima araglarinin giivenli bir sekilde seyahat
etmesini saglayan kritik bir altyapi bilesenidir. Tiinellerin bir iilkenin ulagim altyap1 aginin ayrilmaz bir bileseni
oldugu, bu nedenle tiinellerin iyi durumda ¢alismasinin yasami, ¢evreyi tehdit edebilecek her tiirlii etkiye karsi
diizenli olarak kesintisiz olarak siirekli bakimlarinin yapilmasi gerekmektedir. Tiinellerin tasarimi ve insas1 zorlu
bir siire¢ olup sehirlerde trafik akigini diizenlemek ve toplu tasima hizmetlerini daha giivenli ve verimli hale
getirmek i¢in 6nem arz etmektedir. Demiryolu ve karayolu tiinelleri arasinda dikkate alinmasi gereken 6nemli
farkliliklar bulunmaktadir [1]. Tiinelin uzunlugu, derinligi, egimi ve yonii gibi faktorler, insaat maliyetleri ve
tiinelin dayaniklilig1 agisindan dnemliyken, tiinellerin tasarimi, tiinelin i¢indeki hava kalitesini ve havalandirma
sistemlerini de dikkate almaktadir. Tiinellerdeki yangin riski, hava kalitesi ve giivenligi agisindan 6nemli bir

faktordiir ve bu nedenle tiinellerde yangin dnleme ve sondiirme sistemleri dikkatle tasarlanmalidir.

Tiineller, kaza ve olaganiistii ylik olaylar1 gibi istisnai yiikleme olaylarina maruz kalabilecegi 120 yil boyunca
hizmet vermek iizere tasarlanmistir [2]. Tiinel hatti boyunca meydana gelebilecek risk seviyesi en yiiksek
kazalardan biri olan yangin insan kaynakl bir felakettir [3-8]. Yangin durumunda, tiinel igindeki sicaklik ¢ok kisa
bir siire i¢inde hizli bir sekilde artabilmektedir. Bir yangin tarafindan iiretilen 1s1, dogrudan yangin kaynaginda
1200 °C'ye, tiinelin iist kismindaki havada 900 °C'ye ve en sicak duman bélimlerinde 500-600 °C'ye kadar
ulagabildigi gozlemlenmistir [9, 10]. Kaplama ve zeminin (6zellikle yer alti suyu mevcutsa) 1s1 akis 6zellikleri,
kaplamadaki gercek sicaklik dagilimini biiyiik dl¢iide etkileyecektir. Yanma, 1s1, yakit ve oksijenin dogru oranlarda
birlesmesiyle baglayan bir reaksiyondur. Kontrolsiiz yanma ise yangin olarak adlandirilir. Yanma sirasinda, alevin,
yakitin ve gevrenin etkilesimi esasen dogrusal degildir. Malzeme tiinel gibi kapali bir ortamda yanarsa, iki ana
parametre yangin giiciinii ve yangin hizini etkileyecektir. Bunlardan ilk parametre; kapali ortamin 1sinmasidir. Bu
durum, kapali ortamda yiikselen sicak hava birikmesine neden olacaktir. Boylece, yiizeyler ve sicak gaz tabakasi
1stim yoluyla yakit yiizeyine 1s1 transferi yaparak yanmay hizlandiracaktir. ikinci parametre; ortam havasinin
girebilecegi sinirli alanlardan dolay1 yanma i¢in gereken oksijenin kisitlanmasidir. Boylece, maddenin yanma hizi
ve cevreye verdigi 1s1 miktar1 azalacak ve gazin yanma hizi artacaktir. "Kapali alan yangini" terimi, kapali bir
alanda meydana gelen yangm i¢in kullanilan bir terimdir. Tiinelde meydana gelen yanginlar kapali alan yanginlari

olarak smiflandirilmaktadir (Sekil 1). Tiinellerin kapali yapisi, rayli sistem araglarinin dogal engellerden
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etkilenmesini ve hava kosullarindan zarar gérmesini 6nlerken, diger taraftan, olas1 bir yangin durumunda meydana

gelebilecek tiim olumsuzluklara karsin gerekli tedbirlerin alinmasi son derece 6nemlidir.

Sekil 1. Bolu Dag: Tiineli icerisindeki yangin [11]

Tiinel yanginlarina kars1 yangin algilama ve alarm sistemleri 1960'lardan bu yana kullanilmaktadir, ancak 6zellikle
1999-2001 yillar1 arasinda Avrupa'da meydana gelen tiinel kazalari, tiinel giivenlik sistemlerinin dnemini
artirmustir. Ozellikle son yillarda, teknolojinin gelismesiyle birlikte, olasi bir yangini erken teshis edebilen ve acil
durum yo6netimini eszamanli olarak saglayabilen yangin algilama sistemleri iiretilmis ve kullanilmaktadir [12].
Ote yandan tiinel yanginlarmin erken teshisi ve kontrolii, tiinel yangin direnci ve teknik altyapinin iyilestirilmesi
gibi konularda gerekli ¢calismalar hizlandirilmistir [13-17]. Tiinel giivenligi konusu, diinya ¢apinda meydana gelen
bir dizi biiyiik yangin nedeniyle de acil eylem plani igerisine alinmistir. 1996, 2006 ve 2008 yillarinda {i¢ biiyiik
6nemli yangin gegiren “The Channel Tunnel”-Fransa [18], yasanan bu yangimlardan dolay1 6nemli yapisal hasarlar
almistir. Diger demiryolu tiinel yangimlar1 arasinda “The Summit Tunnel”-ingiltere yangin1 (1984), “The Great
Belt Tunnel”-Danimarka TBM yangini (1994), Daegu metrosu-Giiney Kore yangimi (182 &lii), ve 2000 yilinda
Avusturya'nin Kaprun'daki finikiiler demiryolu tiinel yangini (155 6lii) yer almaktadir [19]. Meydana gelen bu
yanginlara yanit olarak, tiinel yangini giivenligi konularinin arastirilarak, yeni uygulama konular1 6nermek i¢in bir

dizi uluslararasi girisimler baglatilmistir [20].

Tiinel yanginlartyla ilgili olarak birgok arastirma yapilmis ve bu konuda literatiir oldukga genis bir yelpazede
sunulmaktadir [21-29]. Ingason vd. [7], yanginlar sirasinda tiineldeki hava akisi, sicaklik, basing ve duman tiretimi

gibi faktorleri inceleyerek, tiinel yanginlarina kargi almacak onlemleri belirlemislerdir. Kodur ve Naser [30]
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calismalarinda, kopriiler ve tiineller gibi kritik ulasim altyapilarinda yangin sorununu ele alan yapilan son
aragtirmalart incelemisler ve bu yapilarin performansini etkileyen kritik faktorleri calisma kapsaminda
tartismiglardir. Koprii ve tiinellerdeki yangin tehlikelerini azaltmak i¢in dnerilen ana stratejileri sunarak, pratik bir
vaka g¢alismasi araciligiyla uygulanabilirliklerini gostermislerdir. Demiryolu tiinellerinde yanginlarin risk ve
sonuglarin1 degerlendirmede normal olarak kullanilan kriterleri ve "en kotii senaryo" yanginlarin evrimini
tanimlayan uygun zaman-sicaklik egrilerinin se¢imini gézden gegiren calismalarinda Tarada ve King [1],
puskiirtme yangin koruma malzemeleri, ¢imento kaplamalar1 ve polipropilen liflerin eklenmesi vb. alternatif
yangin koruma ydntemlerinin avantajlart ve dezavantajlar1 incelemiglerdir ve ayrica, sabit yangin sondiirme
sistemleri konusu ve bunlarin pasif yangin koruma 6nlemlerine bir alternatif veya ek olarak goriilebilecekleri

konusu tartigtlmistir.

Tiineli yanginlarinda, risk degerlendirmesi i¢in kullanilan modelleme teknikleriyle yanginin boyutu hakkinda bilgi
edinilmesi ve tahliye prosediirleri ve giivenlik dnlemlerinin gelistirilerek olusabilecek hasarlarin minimize
edilmesi hedeflenmektedir. Son yillarda tiinel ylizey sicakliklarinin analizi, duman ve zararli gaz etkileri/cesitleri,
yapt malzemelerinin davranisinin modellenmesi ve yangin sondiirme sistemleri konusunda ilerleme
kaydedilmigtir. Tiinel yangmlarmin en O6nemli gilivenlik yonlerinden biri, tasarim asamasinda duman
yogunlugunun/dispersiyonunun dogru tahmin edilebilmesidir [31]. Bir¢ok tiinel projesine yangin giivenligi
acisindan katki saglayan “Computational Fluid Dynamics” (CFD) analizi, yangin durumunda 1s1 ve duman
emisyonlarinin, kirlenmis/zehirli gazlarin dagilimi ve yogunlugunun hesaplanmasi, duman besleme elemanlarinin
ve riizgarin etkilerinin de hesaba katilmasi i¢in kullanilmaktadir. Bir tiinelden yangin ¢iktiginda, duman
havalandirma hava akiginin yoniinde genis bir alana yayilir ve yangin olay: sirasinda tahliye ortami yeterince
giivenli olmayabilir. Bir tiineldeki havalandirma ekipmani degistirildiginde, yeni havalandirma ekipmaninin
giivenligi ve ekonomik verimliligi 6nceden degerlendirilmelidir [32]. Ancak, deney yaparak yeni havalandirma
ekipmaninin dogrulanmasi maliyetli ve kullanisli olmamasi nedeniyle uygun degildir. Bu nedenle, sayisal bir
simiilasyon gergeklestirerek bir tiinelden yangin ¢iktiginda tahliye durumunu tahmin etmek ve tiinelin tahliye
giivenligini incelemek faydali olabilmektedir [33, 34]. Yamamoto vd. [35] calismalarinda, “Fire Dynamics
Simulator” (FDS) [36, 37] yangin simiilasyon yazilimini kullanarak, olas1 yangini yeniden olusturmuglardir. FDS
bir tiir akigkanlar dinamigi yazilimi olup, bu yontemle; (i) tinel i¢i alev yayilmasi, (ii) yanginin biiytimesi, (iii)
nesneler arasindaki (gaz-kati) 1s1 transferi, (iv) tiinelde kullanilan yangin sdondiirme sistemlerinin aktivasyonu ve

(V) gelistirilen sistemle yangimin séndiiriilmesi gibi konularda dogru tahminler yapilabilmektedir [25, 26, 32, 38]:

FDS programi hesaplarini her sayisal 1zgaradaki her ayrik zaman adiminda, her bir sayisal 1zgara hiicresi i¢indeki
sicaklik, yogunluk, basing, hiz ve kimyasal bilesimi seklinde gergeklestirmektedir. Ayni zamanda, program kapali
kat1 ylizeylerin sicakligini, 1s1 akisini ve kiitlesel kayiplarii da hesaplamaktadir. FDS kodu, yangin akisi ile

yonlendirilen CFD temelinde formiile edilmistir [10].

Smokeview (SMW), ii¢ boyutlu (3D) modelleme, zamanla degisen yanginlarin sayisal hesaplamasi ve duman
yayilmasinin gorsellestirilmesi saglamaktadir. SMV, FDS ve “Consolidated Fire and Smoke Transport” (CFAST)
[39] simiilasyonlarinin ¢iktilarini goriintiilemek i¢in kullanilan bir gorsellestirme programidir. Gelistirilen yazilim,
sadece tlinel yangin modellemesi i¢in degil, ayn1 zamanda tiineldeki toksik gaz akisini ve insanlarin tahliyesini de
kapsamaktadir. Tiinel yangini: yanma maddesi ve yanma ydntemi gibi birgok bilinmeyeni i¢eren karmasik bir

siirectir. Onceki deneyimlere ve tam 6lcekli yangin testlerine dayanarak, yanginin biiyiime ve azalma hizlari,

170



Tiinel acil durum havalandirma sistemi J. Innovative Eng. Nat. Sci., c. 3, s. 2, 55.167-190, 2023.

atesleme yerleri ve yangin boyutu vb. gibi bazi varsayimlar yapilabilmektedir. Bu analiz yontemleriyle, tiinelin
yangin davranmigini incelenerek, elde edilen veriler, tiinelde olasi bir yangin durumunda alinacak onlemleri
belirlemek i¢in kullanilabilmektedir. Boylelikle, yolcularin giivenli sekilde tahliyesi igin acil ¢ikig merdivenleri ve

havalandirma agikliklarmin yeterliligi de belirlenebilmektedir.

Gaziantep banliyo projesi (Gaziray) Rayl Sistem Hatti, Tiirkiye Cumhuriyeti Devlet Demiryollar1 (TCDD) ile
Gaziantep Biiyiiksehir Belediyesi arasinda ortak bir girisim olup, Tiirkiye’nin Gaziantep sehrinde hizmet veren
gevre dostu bir toplu tagima sistemidir. Gaziantep sehir merkezinden yaklagik 25 km uzakliktaki Gaziantep-Nizip
ilgesi arasinda, rayli sistem kullanarak banliy6 tasimaciligi hizmeti sunan bir ulasim projesidir. Projenin amaci,
kentsel ulagimi kolaylastirmak ve trafigi azaltmak i¢in modern bir toplu tagima sistemi saglamaktir. Toplam
uzunlugu 25.532 km olan hatta ve Gaziray hatti iizerinde tamami engelli erisimine uygun olan ikisi yer altinda
olmak iizere toplam 16 istasyonu olan hat, 5 Kasim 2022'de hizmete girmistir (Tablo 1). IZZBAN, Marmaray ve
Baskentray'dan sonra Tiirkiye’nin dérdiincii banliy® treni sistemidir [40]. Hattin tiim araglar elektrikle galismakta
ve ¢evreye higbir zararli gaz salinimi yapmamaktadir. Hattin isletmesi, enerji tasarrufu saglamak amaciyla akilli
sistemler kullanmaktadir. Hat, modern bir giivenlik sistemi ile donatilmigtir. Tiim istasyonlarda “Closed-Circuit
Television” (CCTV) kameralar, yangin algilama ve sondiirme sistemleri, acil durum anonslar1 ve acil durum
cikiglart bulunmaktadir. Ayrica, hattin gilivenligini saglamak i¢in her vagonun kapilar1 ve pencereleri alarm

sistemleri ile donatilmigtir.

Tablo 1. Gaziray istasyon bilgileri [40]

Sira Istasyon Ilce Tiir Istasyonlar arasi1 uzakhik ilk istasyona olan uzakhk
1 Bagpimar Hemzemin 0+00 km Baslangig
2 0OSB-3 Hemzemin 0+73 km 0+73 km
3 OSB-4 Hemzemin 1+01 km 1+74 km
4 Diiliik Hemzemin 2+37 km 4+11 km
5 Stadyum Hemzemin 3+27 km 7+38 Km
6 Beylerbeyi Hemzemin 0+91 km 8+29 km
7 Fistiklik Hemzem?n 0+93 km 9+22 km
8 Selimiye Sehitkamil Hemzemin 1+64 km 10+86 km
9 Adliye Yeraltt 1+85 km 12+71 km
10 Topraklik Yeraltt 1+71 km 14+42 km
11 Miicahitler Hemzemin 0+83 km 15+25 km
12 Gaziantep Garl Hemzemin 1+07 km 16+32 km
13 Golliice Hemzemin 2+02 km 18+34 km
14 Seyrantepe Hemzemin 2+13 km 20+47 km
15 Mustafa Yavuz Hemzemin 0+79 km 21+26 km
16 Tasglica Hemzemin 2+28 km 23+54 km

Gaziray Rayl Sistem Hatti, yer altinda 3.634,000 km uzunlugunda bir giizergaha sahip olup projesinde iki adet
yer alt1 istasyonu bulunmaktadir (Adliye ve Topraklik Istasyonlar1). Tiinel yapis1 ag-kapa sekilde tasarlanmigtir ve
her iki ucta da yiizeye agik portallar mevcuttur. Ag-kapa tiinel yapisinda 14 adet 4.8 m? (1.2 x 4 m) havalandirma
aciklig1 yer almaktadir. Ayrica, tiinelde 9 adet acil ¢ikis merdiveni de bulunmaktadir. Gaziray Rayli Sistem Hatt1
boyunca yer alan tiinellerden, yolcularin tamaminin, “National fire protection association” (NFPA) 130 [41]
kurallarina uygun olarak, 4 dakika i¢inde perondan tahliye edilebildigi ve 6 dakikada giivenli bir noktaya
ulasilabildigi varsayilmaktadir. Bu ¢alismanin amaci, Gaziray Rayl1 Sistem Hattinda bulunan tiinellerde meydana
gelebilecek olasi tren yangimi durumunda, tiinel yapisinin yangindan etkilenme seviyesi ve bu etkinin
degerlendirilmesidir. Kritik hiz; yangin esnasinda ortaya c¢ikan duman ve yanma tirlinii zehirli gazlarin ters

katmanlagmadan istenilen yone itilmesi i¢in gerekli olan minimum hava hizidir. Yapisal biitiinliigiin bozulmadan,
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gevresel kontrol sistemlerinin ¢aligmasina olanak saglayarak ve insan tahliye yoniiniin ters yoniinde kritik hava
hizi saglanarak; gerekli havalandirma stratejisi ve kapasitesinin belirlenmesi hedefi g¢alisma kapsaminda
gergeklestirilmistir. “Subway Environmental Simulation” (SES) [42] paket programi kullanilarak, hat bilgisi, tren
ve yangin bilgileri tanimlanarak, yangin bolgesinde tiinel igyapisinin ulastigi siireye bagl sicaklik tayin
gerceklestirilmistir. Calisma kapsaminda, oncelikle tiinelde yer alan havalandirma acikliklarina yerlestirilecek
tinel havalandirma fanlarimin efektif kullanilmasinin miimkiinliigii irdelenmistir. Bunun yaninda tiinellere
yerlestirilen jet fanlarin kullanimi degerlendirilmistir. CFD simiilasyonu sinir degerleri, bu ¢aligmada verilen fan
adet kapasiteleri kullanilarak hazirlanan SES simiilasyonu analizinden alinmistir. CFD simiilasyonu ile zamana
bagh olarak sicaklik, goriis mesafesi ve hava hizi dagilhimlar1 gosterilerek, sunulan bu arasgtirma makalesi ile

belirlenen havalandirma fan kapasitelerin yeterliligi incelenerek degerlendirilmistir.

1. MODELLEME
2.1 Trenlerin Modellenmesi

Tiinel havalandirma sistemi kapasitelerinin belirlenmesi i¢in yapilan yangin simiilasyonlarinda, yolcu ve yiik
trenlerinin, simiilasyon yapilabilmesi igin belirlenen tiinel, makas veya geceleme hatt1 bolgelerinde sabit
durduklar1 varsayilmaktadir. Tek boyutlu olarak modellenen trenler, bu bolgelerde, zamana bagli olmayan 1s1
kaynaklar1 olarak diisiiniilmektedir. Simiilasyonlarda kullanilan trenlere ait 6zellikler Tablo 2°de ve arag on

gOriinimii Sekil 2°de verilmistir.

2.1 Analiz Program:

Bu ¢alismada, tiinel havalandirma simiilasyonlar1 SES v4.1 programi [42] kullanilarak gerceklestirilmistir. SES
programi tek boyutlu bir analiz programi olup, metro ve yeralti ulasim sistemlerinin tiinel havalandirmasi
tasarimlarina yardimei olmak amaciyla kullanilan bir paket programdir. SES programinin tek boyutlu analiz diye
nitelendirilmesinin sebebi ise, hava hizi ve sicakli1 gibi parametrelerin tiinellerin eninde (y — dogrultusunda) ve
diisey yonde (z — dogrultusunda) degismedigi, sadece tiinel boyunca (x — dogrultusunda) degistiginin
varsayllmasidir. Tiinelin eni ve yliksekligi genelde tiinellerin boyuna oranla ¢ok daha kisa oldugu igin
parametrelerin hacimsel olarak degistigi varsayilmaktadir. Dolayisiyla, 3D analizlere gore, SES programi

basitlestirilmis sonuglar verebilmektedir. SES programinin 3D analizlere karsi bir bagka avantaji ise, uzun bir tiinel

sistemini bir arada ¢6zebilmesinin miimkiin olabilmesi ve zamansal tasarruf saglanmaktadir.
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Tablo 2. Yolcu ve yiik trenlerinin 6zellikleri

Ozellik Deger
Yolcu treni yangin yiikii 12 Mw
Yiik treni yangin yiikii 100 Mw
Konvektif 1s1 katsayisi 0.8
Konvektif 1s1 transferi (yolcu treni) 9.6 Mw
Konvektif 1s1 transferi (yiik treni) 80 Mw
Tren kesit alan 10.7 m?
Tren uzunlugu (yiik treni) 460 m
Tren uzunlugu (yolcu treni) 180 m
Tren ¢evre uzunlugu -
Trenin ylizeysel siirtiinme Katsayisi (yolcu treni) 0.023
Trenin ylizeysel siirtiinme katsayisi (yik treni) 0.1
Stiriiklenme katsayist (yolcu treni) 0.55
Siiriiklenme katsayisi (yiik treni) 0.56

3010
ar2o

860
700

180 T 1435 T

2160

2800

Sekil 2. Arag 6n goriiniimii
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III. TUNEL HAVALANDIRMA SiSTEMi TASARIMI
3.1 SES Modeli

Simiilasyon modelinin olugturulmasi agsamasinda, tiinel ve istasyon mimari projeleri basitlestirilerek, bu alanlar
SES programinda kullanilacak olan tek boyutlu elemanlar halinde ifade edilmistir. Ray iistii kot degerlerinin,
demiryolu hatlarinda belirli sinirlarla sinirlanmasinin ana nedenleri, yolcu konforunu ve seyir giivenligini
saglamaktir. EN 13848-Hat Geometrik Kalitesi sartnamesi [43], hat profilinde meydana gelen kot degisikliklerinin
belirli bir hat uzunlugu boyunca sinirlamalar1 konusunda 6neriler sunmaktadir. Hat profilindeki degisiklikler, tren
hizina, degisimin biiyilikliigline ve bu degisimin meydana geldigi hat uzunluguna bagli olarak hat {izerinde farkli
kuvvetlerin olugsmasina neden olur. Bu degisikliklerin sinirlanmasi, yolcu konforunu etkileyen titresimleri
azaltmay1 ve seyir giivenligini saglamay1 amaglamaktadir. Tiinel kesitleri ve ray istii kot degerleri Tablo 3’te
gosterilmigtir. Tablodaki degerler ortalama deniz seviyesine gore yiikseklik degerleri olup, Gaziantep ili merkez
rakim degeri ~850 m olmasi durumu g6z 6nilinde bulundurulmustur. Senaryo olusturulurken tiinelin, 15.827,700
km konumundan, hattin Miicahitler istasyonu yoniine dogru degisken olmak {izere 15.827,700 km~15.920,000 km
arast M-M ve N-N kesitleri dikkate alinmigtir. Hazirlanan simiilasyon modelinin ag semasit mimik diyagram
(MD) Sekil 3’te verilmistir.
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Sekil 3. SES simiilasyon modelinin ag semast MD
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Tablo 3. Tiinel kesitleri ve ray iistii kot degerleri

Kesitler Ray iistii kot degerleri (m)
C-C 1.086,100
D-D 979,600
E-E 882,300
F-F 803,600
G-G 819,000
H-H 915,00

I-1 1.008,100
J-J 763,100
K-K 757,600
L-L 757,600
M-M 757,600
N-N 757,600
0-0 757,600
P-P 753,400
R-R 752,300
S-S 752,800

3.2 Sicaklik Kriterleri

Yolcularin bulundugu alanlar ve tahliye giizergahinda, NFPA 130, Tablo B.2.1.1%¢e [41] gore 60 °C den diisiik
olmasi durumu dikkate alinarak tiinel tahliye yoniinde maksimum sicaklik 50 °C olarak belirtilmis olsa da NFPA
130 standard1 geregince, tahliye yollarinda insanlarin maruz kalinan sicakliga bagli olarak belirli bir siire igerisinde
tahliyeyi siirdiirebilmesi miimkiindiir. Bu ¢alismada, Tablo 4’te belirtilen araliklar g6z 6niinde bulundurmus olup

dumansiz bir sicaklik kosulu oldugu dikkate alinmustir.

Tablo 4. Acil durum tahliye esnasinda siireye bagli maksimum maruz kalinan siiresi

Maruz kalinan sicaklik (°C) Maruz kalinan siire (dakika)
80 3.8
75 47
70 6.0
65 7.7
60 10.1
55 13.6
50 18.8
45 26.9
40 40.2

3.2.1. Yapisal sicaklik kriterleri

Sicaklik-siire bazli grafikler, genellikle iki bilesenden; i) sicaklik siiresi egrisi, ii) malzeme performans egrisi,
olugmakta olup, yapinin yangin durumunda sicakliga maruz kalma siiresini ve yapinin bu sicaklik profil
seviyelerine karst gosterdigi performansi gosteren bir aragtir. Bu grafik, yangin miihendisligi ve yapisal tasarim
alanlarinda yaygin olarak kullanilan bir yontemdir. Degerler, genellikle 1s1 yayilimina dayali yangin testlerinden
elde edilen verilere dayanmaktadir. Yapinin sicaklik-siire bazli performansi, malzemelerin yangin sirasinda

yapmin islevselligini siirdiirme kapasitesini belirlemektedir.

3.3 Hava Hiz: Kriterleri

Amerika Birlesik Devletleri hava biirosu tarafindan, riizgar kuvvetini gostermek i¢in kullanilan Beaufort 6lgegi,
0’dan 12’ye kadar kademelendirilmis bir tablodur ve Subway Environmental Design Handbook’ta, Tablo 2.13’te
verilmektedir [44]. Beaufort 6lgeginde tavsiye edilen acil durumdaki maksimum hava hiz1 2500 fpm (12.700 m/s)
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olarak ifade edilmektedir. Normal kosullarin ist limiti, 2200 fpm (11.176 m/s) hava hiz1 acil durum kosullarinda
alt limit olarak kabul edildigi i¢in, acil durum kosullarinda insanlarin maruz kalacagi maksimum hava hiz1 11 m/s
olarak kabul edilmistir. Tahliye siiresi boyunca havalandirma tasariminin, yolcu tahliyesini miimkiin kilmasiyla
birlikte tiinel g¢eperine gelen sicakligin yapr formuna zarar vermemesi ve formunu en az 1 saat boyunca
koruyabilmesi, havalandirma sisteminin iglevini yerine getirme olanagi saglayacaktir. Yolcu giivenligi mutlak
oncelik olmasiyla birlikte tesisin kisa bir siire sonra yeniden isletilebilir olmas1 amaglanarak, yap1 giivenliginin

korunmas: dikkate alinmigtir. Bu ¢alismada ele alinan konuya iliskin hava hizi kriterleri Tablo 5’te verilmektedir.

Tablo 5. istasyon ve tiinel bolgesi yangin durumu hava hizi kriterleri

Konum Minimum Ortalama Azami
Platform (yatay) - 3mls 11 m/s
Merdivenler - 1.8 m/s 11 m/s
Tiineller 0.75 m/s - 11 m/s
Istasyon girisi - - 11 m/s
Havalandirma bacalari - 5m/s 11 m/s
Kaldirim 1zgaralari - 25m/s 11 m/s
Kaldirimdan 3 m ve daha yiiksekteki menfezler - 5mls 11 m/s

3.4 Yangin Senaryolar

Acil durum havalandirma sistemi, tiinelde veya istasyonda yangin gibi olasi bir acil durum kosulunda yolcularin
giivenli bir bicimde tahliye edilmesini ve itfaiyenin yanginla miicadele ekipleri ile arama kurtarma ekiplerinin
miidahalelerini yapabilecek ortam kosullarint saglamak igin tasarlanmaktadir. Yapisal formun, sicaklik kargisinda
dayanimi bu sistemlerin saglikli ¢aligabilmesi i¢in 6nemlidir. Acil durum havalandirma sisteminin kapasitesine;
(i) tiinel igi tren yangini senaryosu ve (ii) istasyon i¢i tren yangini senaryosu olmak iizere toplam iki tip senaryo

etki etmektedir:

Isletim sirasinda, olas1 bir tren yangininin gerceklesmesi durumunda, eger tren halen hareket edebilir durumda ise,
ilk tercih bu trenin bir sonraki istasyona kadar gitmesini saglamak ve yolcu tahliyesini burada gerceklestirmektir.
Fakat bazi durumlarda, yanmakta olan tren tiinelde hareketsiz kalabilmektedir. Bu durumda insanlar; yanginin
tiineldeki konumuna ve yanan vagonun trendeki konumuna gore en yakin istasyon, tiinel portali veya acil kagis
merdivenlerine dogru ylirlimesi ve tahliyesi gerekmektedir. Trende yangin ¢ikmasi ve yanan trenin tiinelde
durmasi ¢ok kiiciik bir olasilik olsa da sonuglari can ve mal giivenligi agisindan biiyiik olacagindan, uluslararasi

standartlar geregince dikkate alinmasi zorunlu kilmmustir.

Bu makale kapsaminda verilen yangin senaryosu c¢alismalarinda, yanginin yalnizca bir trende ortaya ¢iktigi ve
isletmede olan diger trenlerin yangin bolgesinden uzaklagtifi varsayimi yapilmistir. Yanginin konumuna gore,
portalda olan yangin vakasinin digindaki trenler tiinelde ise yangindan uzaklagarak en yakin istasyonda tahliyenin
gergeklestigi veya tiinel digina ¢iktigi kabulii yapilmaktadir. Ayrica heniiz tiinele giris yapmamig trenlerin ise
hareket dogrultusunu ters istikamete dogru yonlendirdigi ve yangindan uzaklastigi kabulii yapilmistir. Tiinel igi
ara¢ yangimlarinda en kritik senaryo, o6zellikle kesit alanin, hat egiminin ve yangin yiikiiniin yiiksek oldugu
konumlarda meydana gelmektedir. Tiinel i¢i tren yanginlarinda, tiinel havalandirma fanlar1 devreye girerek; “itme-
¢ekme” prensibi ile dumani bir yonde iterken, yolcular/personeller diger yonde dumandan etkilenmeden tiinelden
¢ikabilmesi hedeflenmektedir. Yanan vagonun trendeki konumu ve tahliye yonii havalandirma fanlarinin yoniinii

etkilemektedir. Tiinel acil durum havalandirma simiilasyon analizinde; yiik treni yangin yiikii (Tablo 2, 100 Mw),
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yolcu treni yangin yiikiinden (Tablo 2, 12 Mw) fazla olmas1 sebebiyle dncelikle yiik treni dikkate alinmistir. Yiik
treni yangin senaryo simiilasyon analizleri, tiinel havalandirma fanlarinin kapasitesini belirlemede yeterli olsa da
ilave olarak yolcu treni i¢in de simiilasyon analizleri yapilmigtir. Tlinel havalandirma senaryolari, ti¢ blgeye; (i)
Tiinel Portali-Adliye, (ii) Adliye-Topraklik ve (iii) Topraklik-Tiinel Portali, ayrilmig ve her bir bolge i¢in tahliye
yonlerine gore iki farkli senaryo olmak tizere, yiik ve yolcu trenleri i¢in ayr1 ayr1 toplam 6 senaryo olusturulmustur.

Analiz edilen yangin senaryolar1 Tablo 6’da verilmistir.

Tablo 6. Yangin senaryolari

Senaryo No Tren Bolge Konumu (km) Tahliye yonii
SN-01 Yiik Tiinel Portali-Adliye 13.900 Tiinel Portali
SN-02 Yiik Tiinel Portali-Adliye 13.453 Adliye
SN-03 Yiik Adliye-Topraklik 15.209 Adliye
SN-04 Yiik Adliye-Topraklik 14.775 Topraklik
SN-05 Yiik Topraklik-Tiinel Portali 15.708 Tiinel Portali
SN-06 Yk Topraklik-Tiinel Portali 16.196 Topraklik
SN-07 Yolcu Tiinel Portali-Adliye 13.900 Tiinel Portali
SN-08 Yolcu Tiinel Portali-Adliye 13.453 Adliye
SN-09 Yolcu Adliye-Topraklik 15.209 Adliye
SN-10 Yolcu Adliye-Topraklik 14.775 Topraklik
SN-11 Yolcu Topraklik-Tiinel Portali 15.708 Tiinel Portal1
SN-12 Yolcu Topraklik-Tiinel Portali 16.196 Topraklik

Bu calismada, yanan trenin bulundugu bdlgedeki fanlarin, yiiksek 1s1 sebebiyle iptal durumu SN-13 ve SN-18
arasindaki senaryolarda irdelenmistir. Yangin bolgesine denk gelen fanlarin hizmet dis1 tutularak, diger fanlarla

saglanan hava hizlar1 da detayli bir sekilde gosterilmistir.

3.5 Havalandirma Fanlar:

Tiinel havalandirma sistemi, yanginin tren {izerindeki yerine ve trenin tiinel igerisindeki yerine bagli olarak dumant
her iki yonde de (tersinir) itebilme kapasitesine sahip olmalidir. Dolayisiyla, tiinel havalandirma fanlar tersinir
olmali ve emme yoOniindeki hava debi degeri ile basma yoniindeki hava debi degerleri olabildigince birbirine esit
performansta olmalidir. Caligsmada, jet fanlarmn verimliligi %90 olarak ve havalandirma fanlar1 1 saat ve 250 °C

sicakliga kadar dayanikli oldugu kabulii yapilmustir.

3.6 Kritik Hiz

Tiinel igerisinde olugabilecek olast bir tren yangini durumunda, trenden duman ve zehirli gazlar tiim tiinele
yayilacak sekilde aciga ¢ikmaktadir. Eger tiinel havalandirma sistemleri, trenden yayilan duman tiinel igerisinde
bir yone dogru yonlendirmede yeterli olamazsa, duman ve gazlar tiim tiineli sararak yolcularin giivenligini tehdit
edebilmektedirler. Kritik hiz, trenden yayilmakta olan sicak ve zehirli gazlari, tiinel igerisinde sadece bir yone
dogru yonlendirmek i¢in, dolayisiyla diger yonde yolcular i¢in giivenli bir kagis yolu saglamak i¢in, gerekli olan
en diisiik hava hiz1 degeridir (Sekil 4). Fanli/Cebri havalandirma ile kritik hizin saglanmasi durumunda, dumanin

geri katmanlagmasi olugsmayacaktir.
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—_—
Havalandirma hizi i
—
%
Yangin

Sekil 4. Kritik hizin saglanmasi durumundaki duman ve sicak gazin dagilimi

Kritik hiz degeri; (V,), yangin yuki; (Q), ortam sicaklhigs; (T), tiinel kesit alani; (A), tiinel egimi; (grade), tiinel
yiiksekligi; (H), ve tren kesit alan1 gibi bir¢ok degiskene baglidir. Es. (1) bagintisiyla verilen kritik hiz degeri kritik

hiz ve yangin bdlgesindeki duman sicakligi denklemlerinin eg zamanli olarak ¢6ziilmesi sonucunda elde edilir:

1/3 (1)
VC:K1K9< gHQ )

Burada, K; = birimsiz sabit olup degeri 0.606’dir. K, = egim diizeltme katsayisini, C,, = sabit basingli havanin
6zgiil 1s1 katsayisini, Ty = yangin bdlgesi duman sicakligini gostermektedir. T ve K, nin formiilleri asagida Es.

(2) ve Es. (3) bagntilariyla verilmektedir:

Q
Tp=— 4T
f p%A%+ )
K, =1+ 0.0374(grade)®® 3)

Burada, p = havanin yogunlugunu, grade =yiizde cinsinden tiinelin egimini vermektedir. Eger tiinel icerisinde
yangin olan bolgede havalandirma yonii yokus yukari veya tiinel egimi diiz (= %0) ise K; = 1'dir. Havalandirma
yonii yokus asagi ise K,; degiskeni igin Es. 3 denklemi kullanilarak deger birden biiyiik bulunur. Bunun gerekgesi,
sicak gazlarin tlinelin tavanina dogru yiikselecek olmasi, hatta egimli olan tiinellerde daha fazla yiikselecek sekilde
egimi kullanarak yayilmasidir. Dolayisiyla yokus asagi yapilacak olan havalandirma durumunda, yiikselen sicak
gazlar1 da yokus asag1 siipiirmek i¢in daha yiliksek havalandirma hizina ihtiya¢ duyulmaktadir. Bu da kritik hiz i¢in
daha yiiksek bir deger hesaplanmasini agiklamaktadir. Sekil 5’te egim diizeltme katsayisinin egimle degisim

grafigi verilmektedir [45].
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Sekil 5. Egim diizeltme katsayisinin egimle degisim grafigi [45]

IV. ANALIZ BULGULARI VE TARTISMA

Basarili/gegerli senaryo sonuglarmin elde edildigi nihai fan adedi ve kapasitesi ile gergeklestirilen simiilasyon
sonuglart bu bolim kapsaminda incelenmistir. Sonuglarda belirli bolgeler igin hava hizi ve sicaklik bilgisi
verilmistir. Acil kag¢is yoniiniin tersi yoniinde kritik havalandirma hizi saglanmasi durumunda, jet fan kapasiteleri
yeterli goriilmiistiir. Boylece, tahliye yoniine dogru, duman ve sicak gazlarin ilerlemesi miimkiin olmayacaktir.
Tahliye yoniinde yer alan acil kagis merdivenleri i¢in bu bdlgelere duman yonelimi olmamasi sebebiyle ilave bir
basiglandirma gereksinimi bulunmamaktadir. Normal igletme ve trafik sirkiilasyonunun fazla oldugu sikisik
isletme durumlarinda tiinel sicakliklarini bertaraf etmek adina ve tlinellerde olusan kirli havanin veya yanginla
miicadele sonunda tiinellerde kalan soguk dumanin desarj edilmesi i¢in tiinel havalandirma fanlarinin (TVF)
saftlarma toplamda 36 m%s kapasiteli aksiyel fanlar yerlestirilerek bu asamalarda calistirilacaktir. Ustiin
performansli bir hava akisi islemini yerine getirerek, ortamdaki havanin kontroliinii en iyi bicimde saglayan aksiyel
fanlar, ilgili alanda aktive olduklarinda, basing farkinin yardimryla eksenel yonde bir hava dengesi olustururlar.
Ele alinan makale ¢alismasinda, elde edilen analiz sonuglarindaki yangin konumuna ve tahliye yonlerine gore
havalandirma ekipmanlarinin pozisyonlar1 Tablo 7’ de verilmektedir. Yangin bolgesinde fanlarin iptal olmasi
durumunda yiik treni kritik hiz analizi yangin senaryolarina gore sonuglar1 Sekiller 6—17 arasinda verilmekte olup

havalandirma tasarimi ic¢in yolcu tahliyesini ve olusun hava gazlarina ait sicaklik ve hiz bilgilerini

gostermektedirler.
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Sekil 6. SN-01: Tiinel Portali - Adliye Istasyonu Aras1 Yiik Treni Yangim - Tahliye Yonii: Tiinel Portali
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Sekil 7. SN-02: Tiinel Portali - Adliye Istasyonu Arasi Yiik Treni Yangin - Tahliye Yonii: Adliye istasyonu
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Sekil 8. SN-03: Adliye — Topraklik istasyonlar1 Arasi Yiik Treni Yangini - Tahliye Yénii: Adliye Istasyonu
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Sekil 9. SN-04: Adliye — Topraklik Istasyonlar1 Arasi1 Yiik Treni Yangmi - Tahliye Yénii: Topraklik Istasyonu
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Sekil 10. SN-05: Topraklik Istasyonu - Tiinel Portali Aras1 Yiik Treni Yangini - Tahliye Yonii: Tiinel Portali
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Sekil 11. SN-06: Topraklik Istasyonu - Tiinel Portali Aras1 Yiik Treni Yangini - Tahliye Yonii: Topraklik Istasyonu
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Sekil 12. SN-07: Tiinel Portali - Adliye Istasyonu Arast Yolcu Treni Yangini - Tahliye Yonii: Tiinel Portali
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Sekil 13. SN-08: Tiinel Portali - Adliye istasyonu Arast Yolcu Treni Yangini - Tahliye Yonii: Adliye Istasyonu
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Sekil 14. SN-09: Adliye — Topraklik Istasyonlar1 Arasi Yolcu Treni Yangini - Tahliye Yénii: Adliye Istasyonu
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Sekil 15. SN-10: Adliye — Topraklik Istasyonlar1 Arast Yolcu Treni Yangini - Tahliye Yénii: Topraklik Istasyonu
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Sekil 16. SN-11: Topraklik Istasyonu - Tiinel Portali Aras1 Yolcu Treni Yangini - Tahliye Yénii: Tiinel Portali
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Sekil 17. SN-12: Topraklik Istasyonu - Tiinel Portali Arasi Yolcu Treni Yangini - Tahliye Yonii: Topraklik Istasyonu
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Tablo 7. Yangin senaryolar ve olusturulan havalandirma stratejileri

Yangin Konumu Tiinel‘Portall—AdIiye Adliye is(asyonu—Toprakllk Toprakhk istasyonu-Tiinel
Istasyonu Istasyonu Portal
Tiinel Portali Adliye Istasyonu Adliye Topraklik Topraklik Tiinel
Yolcu/Personel Istasyonu Istasyonu Istasyonu Portali
Tahliye Yonii — -
«— — «— —
Havalandirma Kapali Kapali Kapali Kapali Kapali Kapali
agikliklarindaki
damperler
Jet Fan-01-02-03 — — — - — _
Jet Fan-04-05 — — — - — —
Jet Fan-06 — — — - — —
Jet Fan-07-08-09 — — — - — -
Jet Fan-10-11-12 — — — - — -
Jet Fan-13-14 N - N — N P
Jet Fan-15 — — — — — -
Jet Fan-16-17-18 — — — — — -

Yapilan analizler sonucunda, Tiinel Portali — Adliye Istasyonu — Topraklik Istasyonu — Tiinel Portal1 bdlgesinde
yer alt1 tiinellerindeki toplam 12 yangin senaryosu i¢in yapilan analizde (bkz. Tablo 6), gerekli kritik hizin
saglanmasi i¢in toplam 18 adet jet fan ihtiyaci oldugu goriilmiistiir. Tablo 8’de belirtilen degerler, yapisal formun
zarar gormemesi durumu kabul edilerek ekipmanlarin ¢alisma yeterliligidir. Ancak, ilgili senaryolarda tiinel i¢
¢eperinin maruz kaldig1 sicakliklarinda ortaya konularak gerekli énlemlerin alinmasi gerekmektedir. Tiineldeki

giivenli tahliye i¢in gereken kritik hiz1 saglayan jet fanlara ait konum ve kapasite bilgileri Tablo 9°’da verilmektedir.

Tablo 8. Yangin senaryolari ve saglanan hizlar

Senaryo No Kritik hiz Saglanan hiz Aciklama
(m/s) (m/s)
SN-01 237 2.61 v Yeterli
SN-01 2.32 2.38 v Yeterli
SN-02 2.65 341 v Yeterli
SN-03 2.34 3.34 v Yeterli
SN-04 2.30 354 v Yeterli
SN-05 247 2.47 v Yeterli
SN-06 2.37 2.62 v Yeterli
SN-07 2.32 2.52 v Yeterli
SN-08 2.65 3.15 v Yeterli
SN-09 2.34 3.20 v Yeterli
SN-10 2.30 3.12 v Yeterli
SN-11 247 2.68 v Yeterli
SN-12 2.37 2.61 v Yeterli

184



Tiinel acil durum havalandirma sistemi J. Innovative Eng. Nat. Sci., c. 3, s. 2, 55.167-190, 2023.

Tablo 9. Jet Fan konum ve kapasiteleri

Konum Fan adedi Cikis hava hizi Cikis hava debisi itki kuvveti
(m/s) (m®/s) (N)
13.670 3 35.7 404 1730
13.960 1 35.7 404 1730
13.960 2 35.7 404 1730
14.100 3 35.7 404 1730
15.480 3 35.7 404 1730
15.685 1 35.7 404 1730
15.685 2 35.7 404 1730
15.955 3 35.7 404 1730
13.670 3 35.7 404 1730
13.960 1 35.7 404 1730
13.960 2 35.7 404 1730
14.100 3 35.7 404 1730
15.480 3 35.7 404 1730

Yangin senaryolarina bagli olarak, yangin ¢ikan boliimde maksimum duvar sicakliklar1 Tablo 10°da verilmektedir
Bu sicaklik degerleri, yiik trenin yangin baslamasindan 1 saat sonraki durumunu gostermektedir. Ayrica, yiik
trenine ait yiiksek yangin yiikiinden (~100 Mw) dolay1 ¢ikan yangina ait duman ve sicak havanin; istasyon
merdiven yapilarindan veya tiinel portallarindan atildigi goriilmektedir. Yangin senaryo analiz sonuglarindan,
merdiven ve peron bolgesine ait sicaklik verilerinden de anlasilan bu durum, istasyon peronlarinda
bekleyen/tahliye olan yolcular agisindan can giivenligini tehlikeye atmaktadir. Sonugta, Marmaray hattinda da
oldugu iizere, yiiksek yangin yiikiine sahip yiik tren isletmeciligi, yolcu tren isletim saatlerinde yapilmamasi biiyiik

O6nem tasimaktadir [46].

Tablo 10. Yangin bolgesinde olusan maksimum duvar sicakliklar

Senaryo No Maksimum duvar sicakliklari (°C)
SN-01 774
SN-01 802
SN-02 894
SN-03 846
SN-04 776
SN-05 923
SN-06 774

V.SONUCLAR VE ONERILER

Rayli sistemler, hizli, giivenli ve ¢evre dostu bir toplu tasima segenegi olarak diinya genelinde kullanilmaktadir.
Gaziray Rayli Sistem Hatti, Tiirkiye'nin Gaziantep sehrinde toplu tagima ihtiyacini karsilamak amaciyla planlanan
bir proje olarak biiyiik 6nem tasimaktadir. Tren yangmlari, rayl sistem hatlarinda nadir olsa da meydana
gelebilecek potansiyel tehlikelerden biri olsa da, tehlike riski dikkate alinmasi ve tiinel yapisinin yangindan
etkilenme seviyesinin degerlendirilmesi ¢ok 6nemlidir. Yanginlar, trenlerin elektrikli ve mekanik bilesenlerinde
¢esitli nedenlerle ortaya ¢gikabilmekte, 6rnegin elektrik kablolarinin asir1 1stnmasi, fren sistemlerinde arizalar, yakit
sizintilar1 gibi sebeplerle yanginlar meydana gelebilmektedir. Tiinel yapisinin yangindan etkilenme seviyesi,
yangiin tlinel yapisina verdigi zararin degerlendirilmesini ifade etmektedir. Tiinelde meydana gelen yanginlar,
tiinel duvarlarina, tavanina, tabanmna ve diger yapisal elemanlara zarar verebilmekte ve bu zararlar, tiinelin

kullanilabilirligini, giivenligini ve yapisal biitiinliiglinii etkileyebilmektedir. Yangin sonrasi yapisal hasar, tiinelin
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onarim maliyetlerini ve isletme siireglerini de etkiler. Tiinel yanginlarinin etkilerini degerlendirmek igin yangin
testleri, modelleme ve simiilasyonlar gibi yontemler kullanilmaktadir. Yangin testleri, gergek yangin senaryolarini
taklit ederek tiinel yapisinin yangima karsi tepkisini belirlemektedir. Modelleme ve simiilasyonlar ise tiinel

yapisinin yangindan etkilenme seviyesini belirlemek i¢in kullanilmaktadir.

Bu makalede sunulan analiz ¢alismasi, Gaziray Rayli Sistem Hatti'nin giivenligini ve yangin durumlarinda tahliye
stireclerini degerlendirmek amaciyla gerceklestirilmigtir. Calismanin temel hedefi, tiinel yapisinin yangindan
etkilenme seviyesini belirlemek ve gerekli 6nlemleri alarak giivenli bir igletme ortami saglamaktir. Analizde,
tinelde olusabilecek yangin senaryolari ele alinmis ve bu senaryolara yonelik havalandirma stratejileri
gelistirilmistir. Tahliye yonlerine gére hava akisi, sicaklik ve hiz bilgileri incelenmistir. Yapilan analizler ve
simiilasyonlar sonucunda, yer alt1 tiinellerinde gergeklestirilen yangin senaryolari i¢in havalandirma tasariminin
basarili ve gegerli oldugu sonucuna vartlmistir. Acil kagig yoniiniin tersi yoniinde kritik havalandirma hizinin
saglanmasi i¢in jet fan kapasiteleri yeterli tespit edilmistir. Bu sayede tahliye yoniine dogru duman ve sicak
gazlarin ilerlemesi engellenerek giivenli bir tahliye saglanabilecektir. Tahliye yoniinde bulunan acil kagis
merdivenleri i¢in duman ydnelimi olmamasi nedeniyle ilave bir basinglandirma gereksinimi bulunmamaktadir.
Ayrica, tiinelde normal isletme ve yogun trafik durumlarinda olusabilecek sicaklik artislart ve kirli hava
problemlerini ¢6zmek i¢in TVF kullanilmustir. Bu 36 m%/s kapasiteli aksiyel fanlar, tiineldeki havanin kontroliinii
saglamak ve kirli havayi disartya atmak i¢in kullanilmaktadir. Fanlarin konumu ve kapasiteleri yangin
senaryolarina bagli olarak belirlenmistir. Analiz sonuglarina gére, Tiinel Portali - Adliye Istasyonu - Topraklik
Istasyonu - Tiinel Portal1 bdlgesinde yer alan yer alt1 tiinellerindeki toplamda 12 yangin senaryosu igin 18 adet jet
fan gerektigi tespit edilmistir. Jet fanlarin ¢ikis hiz1 35.7 m/s ve ¢ikis debisi 40.4 m®/s olarak belirlenmistir. Yangin
senaryolarina bagli olarak, yangin bolgesindeki duvar sicakliklari maksimum olarak 6l¢iilmiistiir. Bu sicakliklar,
yik treninin yangin baslamasindan 1 saat sonra ulasilan degerlerdir. Yangin ¢ikan bdliimdeki duvarlarda
maksimum 774 °C ile 923 °C arasinda sicakliklar kaydedilmistir. Bu bilgiler, yanginin siddetini ve yayilma
potansiyelini belirlemek igin énemli veriler saglamaktadir. Ornegin, yiiksek yangin yiikiine sahip yiik trenlerinin
isletimi, yolcu trenlerinin isletim saatleriyle ¢akismamasi onerilmektedir. Yiik trenleri, yolcu trenlerinden farkli
bir risk potansiyeli tasimaktadir ve yangin durumunda yolcularin giivenligini tehlikeye atabilmektedirler. Bu

nedenle, isletim saatlerinin diizenlenmesi ve gerektiginde ayri bir tren hattinin kullanilmasi 6nerilmektedir.

Bu ¢alisma, Gaziray Rayli Sistem Hatti'ndaki tiinellerin yangin giivenligi agisindan kapsamli bir degerlendirme
sunmakta ve proje i¢in 6zellestirilmis ¢oziimler 6nermektedir. Calismanin sonuglarinin, tiinelin yangin giivenligi
ve acil durum yonetimi konularinda tasarimcilara, igletmecilere ve karar vericilere rehberlik etmek amaciyla
kullanilabilecegi diisiiniilmektedir. Gaziray Rayli Sistem Hatti'ndaki tiinellerde meydana gelebilecek olasi tren
yangini durumunda tiinel yapisinin yangindan etkilenme seviyesini degerlendirmek amaciyla gerceklestirilen bu

makale ¢alismasi, diger benzer ¢aligmalardan farklilik gésteren baslica hususlari asagida siralanmustir:

o Incelenen calisma konusu, Gaziantep sehrinde gerceklestirilen Gaziray Rayli Sistem Hatt1 projesine
odaklanmaktadir. Bu nedenle, tiinel yapilarinin yangin giivenligi igin 6zel olarak bu projeye yonelik
analizler yapilmis ve 6neriler sunulmustur.

e Tiinel yangmlarindan etkilenen bdlgelerde etkili havalandirma stratejilerinin belirlenmesi konusu
¢alismanin odakladigi bir diger husustur. Yangin sirasinda olugan dumanin ve sicak gazin hizli bir sekilde

tahliyesi, insanlarin giivenli bir sekilde tahliye edilmesi i¢in hayati dneme sahiptir. Bu yoniiyle ¢alisma,
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jet fanlarin dogru konumlandirilmas: ve kapasitelerinin belirlenmesi gibi havalandirma stratejilerine
yonelik detayli analizler icermektedir.

e  Calismada, kritik hava hizinin saglanmasi ve dumanin tahliye yoniine dogru yonlendirilmesi i¢in gerekli
havalandirma stratejileri belirlenmektedir. Yangin senaryolarina bagl olarak, jet fanlarmn ¢ikis hizi ve
debisi gibi parametreleri ile birlikte tiinelin giivenli bir sekilde tahliye edilmesi i¢in gerekli olan jet fan
sayis1 ve performansi da belirlemektedir.

e  Yang sonrasi yapisal hasarin minimize edilmesi i¢in yangin dayanikli malzemelerin kullanimi, yangin
sirasinda yapisal deformasyonlari dnlemek i¢in stratejik destek elemanlarinin yerlestirilmesi gibi 6neriler

sunulan bu makele ¢alismasinda degerlendirilmektedir.

Yanginlarin yol agabilecegi yapisal hasarlar da dikkate alinarak gerekli dnlemlerin alinmasi dnerilmistir. Calisma
kapsaminda, yanginlarn tiinel yapisina ve yapisal elemanlara verdigi zararlar da degerlendirilmistir. Gaziray Rayl
Sistem Hatt1 gibi kritik aglar i¢in yangin giivenligi Onlemlerini iyilestirmede asagidaki genel Onlemler

Onerilmektedir:

e Yangmma dayanikh malzemelerin kullammmi: Tiinel yapisinin yangina dayanikli malzemelerle
giiclendirilmesi, yanginin tiinel i¢cindeki yapisal elemanlara verdigi zarari en aza indirecektir. Bu sayede
tiinelin yangin sonrasi onarim maliyetleri azalacak ve isletme siiregleri daha hizl bir sekilde normale
donebilecektir.

e Duman tahliyesi ve havalandirma sistemlerinin optimize edilmesi: Yangin sirasinda olusan dumanin
ve sicak gazin tiinel iginden hizli bir sekilde tahliye edilmesi Onemlidir. Jet fanlarin dogru
konumlandirilmasi1 ve kapasitelerinin uygun sekilde belirlenmesi, etkin bir duman tahliye sistemi
olusturulmasini saglayacaktir.

e Acil tahliye onlemlerinin giiclendirilmesi: Tiineldeki acil kacis merdivenlerinin konumlar1 ve
erigilebilirlikleri, giivenli tahliye icin bilylik 6nem tagmaktadir. Bu 6nlemlerin giiglendirilmesi, yangin
durumunda insanlarin hizli ve giivenli bir sekilde tiinelden ¢ikmasini saglayacaktir.

e Yangin alarm ve sondiirme sistemlerinin iyilestirilmesi: Yanginlarin erken tespiti ve hizli miidahale
icin etkili bir yangin alarm ve sondiirme sistemi kurulmalidir. Bu sistemlerin siirekli olarak bakimi ve test
edilmesi, giivenligin siirdiiriilebilirligi agisindan biiylik 6nem tagimaktadir.

o Egitim ve farkindahk: Tiinel kullanicilari, ¢alisanlar1 ve giivenlik personeli arasinda yangin giivenligi
konusunda diizenli egitimler diizenlenmelidir. Yangin durumunda yapilmasi gerekenlerin bilinmesi ve

farkindaligin artirilmasi, giivenli tahliyenin saglanmasi agisindan kritik 6neme sahiptir.

Sonug olarak, bu analiz ¢alismas1 Gaziray Rayli Sistem Hatti'nin giivenligini saglamak amaciyla yapilmustir.
Yangin senaryolari ve tahliye yonleri géz 6niinde bulundurularak havalandirma stratejileri gelistirilmis ve gerekli
ekipmanlarin konumu ve kapasiteleri belirlenmistir. Bu ¢alisma, tiinel yapisinin yangindan etkilenme seviyesini

degerlendirmek ve giivenli bir isletme ortami saglamak i¢in 6nemli bir adimdir.

TESEKKUR

Yazar, bu makale calismasinin hazirlanmasinda teknik destegi i¢in Makine Miihendisi Davut Belkizoglu’na

tesekkiir eder.
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olusan ve bagimli kontroldriin ayar noktasinin, bu ana kontroldr tarafindan ayarlandigi bir geri beslemeli
kontroldiir. Bu galismada, tizerine etki eden yergekimi kuvvetleri, Coriolis ve merkezcil kuvvetlerden dolay1
dogrusal olmayan dinamige sahip doner ters sarkag sisteminin denetlenmesinde kademeli kontrol

Cevrimigi meveut kullanilmistir. Burada, bagimli kontrolcii igin geribeslemeli dogrusallagtirma tabanli oransal-tiirevsel (PD)

denetleyici ve ana kontrolcii iginse dogrusal karesel diizenleyici (DKD) kullanilmustir. I¢ déngiide kullanilan
geri beslemeli dogrusallastirmanin bagil derecesi ikidir ve kararsiz sifir dinamiklere sahiptir. Bu kararsiz
Anahtar Kelimeler: dinamikler ana kontrolcii tasariminda ele alinmis ve kademeli kontroliin kararli olmasi saglanmugtir. Ters
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sarkacin dogrusal olmayan dinamik denkleminde sarkaca uygulanabilen tork bozanetken olarak formiile
edilmistir. Onerilen geribeslemeli dogrusallastirma tabanl kademeli denetleyici, bozan etken varhiginda iki
farkli denetleyici ile karsilastirilmis ve daha iyi performans sergiledigi gosterilmistir.
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I. GIRiS

Her biri kendine 6zgii 6zelliklere ve uygulamalara sahip gesitli ters sarkag sistemleri vardir. Araba iizerindeki ters
sarkag ¢esidinde sistem, arabaya bagli serbest bir direk ile bir ray iizerinde bir arabadan olusur [1, 2]. Amag, diregi
dikey konumda dengede tutmak i¢in arabanin hareketini kontrol etmektir. Cift ters sarkag [3, 4] ise u¢ uca eklenmis
iki sarkactan olusur ve amag sistemi dikey konumda dengede tutmak i¢in her iki sarkacin hareketini kontrol
etmektir. Bir diger ters sarkac cesidi ise, dikey eksende yer ¢ekimine karsi koymaya calisan iki baglantili bir
sistemdir [3, 5]. Sadece, ikinci baglanti noktasinda aktiiator bulunmaktadir. Bu ¢alismada kullandigimiz déner ters
sarkac (Furuta sarkaci olarak da bilinir) ise en yaygin olan ters sarkag cesitleri arasinda yer almaktadir ve dikey
eksen etrafinda her iki yonde de donebilen motorlu bir pivota bagli olan ve yatay bir eksen etrafinda donebilen bir
sarkagtan olugur [6-8]. Amag, sarkac1 dikey konumda dengede tutmak i¢in motor tahriki ile pivotu kontrol
etmektir. Sarkag tipik olarak doner kola uygulanan bir tork araciligiyla dolayli olarak kontrol edilir, bu da onu
eksik tahrikli bir sistem yapar. Sistemin dinamikleri olduk¢a karmasiktir ve ¢oklu denge noktasmin varligi ve
salmimlar gibi bir¢ok dogrusal olmayan davranis sergiler. Doner ters sarkacinin kontrolii, dogrusal olmayan dogasi
ve sistemin eksik tahrikle ¢aligtirilmasi nedeniyle zorlu bir problemdir, bu da sistemi stabilize etmek ve istenen
yoriingeleri elde etmek icin gelismis kontrol stratejileri gerektirir. Bu zorluklara ragmen, doner ters sarkag, yeni
kontrol algoritmalar1 ve tekniklerinin gelistirilmesi igin yararh bir test ortami sagladigindan, kontrol teorisi ve

robotikte kapsamli bir sekilde incelenmistir.

Klasik Kontrol Yaklagimi olan PID kontroli, basitligi ve etkinligi nedeniyle doner ters sarkaci stabilize etmek i¢in
yaygin olarak uygulanmistir. [9-11] gibi ¢aligmalar farkli yaklagimlarla PID kontroldrlerini uygulamis ve tatmin
edici performans elde etmislerdir. Kutup yerlestirme ve DKD gibi durum geri beslemeli kontrol teknikleri de doner
ters sarkact kontrol etmek igin kullanilmistir [12-14]. Yapilan caligmalar, DKD tabanli durum geri beslemeli
kontroliin basarili bir sekilde uygulandigini, gelismis stabilizasyon ve kontrol performanst elde edildigini
gostermektedir [13, 14]. Bulanik mantik kontrolii [15-16], doner ters sarkag da dahil olmak iizere dogrusal olmayan
ve karmagik sistemlerin kontroliinde popiilerlik kazanmistir. Oh ve ark. [15] tarafindan yapilan ¢aligmada
kontrolor parametreleri hiyerarsik adil rekabet tabanli genetik algoritma ile belirlenmistir. Nguyen ve ark. [16]
tarafindan ise kayan kipli kontrol esnasinda olusan ¢atirdama etkisini azaltabilen ve kontrol performansin
artirabilen bulanik tabanli bir istiin burulma stabilizasyon algoritmasi dnerilmistir. Doner ters sarkacin kontrolii
icin sinir aglarinin kullanimi umut verici sonuglar gostermistir. Soydemir ve ark. [7] ve Bulucu ve ark. [8]
tarafindan yapilan ¢aligsmalarda, sistem dinamikleri igerisinde dogrusal olmayan kisimlart 6grenmek ve uygun
kontrol girigini elde etmek igin sinir ag1 kontrolorleri kullamilmigtir. Kayan Kipli kontrol, bozanetken ve
belirsizliklere karsi saglamligi ile bilinir. Bircok ¢aligmada, doner ters sarkaci stabilize etmek igin kayan kipli
kontroliinii basariyla kullanilmis ve bozanetken reddi gosterilmistir [16, 17]. Kademeli kontrol, i¢ ige ge¢mis bir
yapida iki veya daha fazla kontroldriin kullanilmasini igerir; burada dis dongli kontroloriiniin ¢ikisi, i¢c dongi
kontrolorii igin ayar noktasi haline gelir. Akhtaruzzaman ve Shafie [9] tarafindan yapilan ¢aligmada iki PID
kontrolorii ile kademeli kontrol yapilmistir. Giines ve ark. [6] tarafindan ise geribeslemeli dogrusallastirmayla

beraber iki PID kontrolor kademeli olarak uygulanmustir.

Bu calismada doner ters sarkag sisteminin stabilizasyonu igin geribeslemeli dogrusallagtirma tabanl kademeli
kontrolii &nerilmistir. Onerilen bu yéntemde, i¢ dongii kontroldrii olarak geribeslemeli dogrusallastirma ve PD

kontroldr kullanilirken, dis déngii kontroldrii olarak da DKD kullanilmustir. I¢ déngii kontroldrii déner kolu kontrol

192



Doner ters sarkag sisteminin kademeli kontrolii J. Innovative Eng. Nat. Sci., c. 1, s. 1, s5.1-10, 2021.

etmekten sorumluyken, dis dongii kontrolorii sarkaci stabilize etmeye odaklanmaktadir. Giines ve ark. [6]
tarafindan bagimli kontrol i¢in sarkag¢ acist geri beslenmistir. Fakat kademeli kontrol tasariminda i¢ dongii dis
dongiiden daha hizli ¢alismali ve ana kontroloriin belirledigi ayar degerine hizli tepki vererek sistemi kontrol
etmelidir. Bu sebeple, onerilen yontemde Giines ve ark. [6] tarafindan yapilan ¢aligmadan farkli olarak kademeli
kontroldr tasarlama gereksinimlerini karsilayacak sekilde bagimli kontrol i¢in doner kol agist geri beslenmistir.
Ayrica, 6nerilen yontemde, kontrol parametrelerini belirlemek icin genetik algoritma gibi yiiksek islem yiikii
gerektiren bir yontem [6] yerine, kontrol parametrelerinin dogrudan hesaplanabildigi islem yiikii daha az yontemler
kullanilmigtir. Onerilen yontem, standart DKD ve Giines ve ark. [6] yaptig1 calismadaki kademeli kontrolor ile
karsilastirilmis ve daha iyi performans sergiledigi gosterilmistir. EK olarak, dnerilen geri besleme tabanli kademeli

kontrol yaklagimi bozanetken varliginda da daha iyi performans gostermektedir.

I1. DONER TERS SARKAC SiSTEMi VE MATEMATIKSEL MODELI

Ters sarkag sistemleri iizerine etki eden kuvvetler hesaba katildiginda dogrusal olmayan sistemlerdir. Her ters
sarkag sistemi kontrol etmek istenildiginde farkli zorluklara sahiptir ve sistemi dengede tutmak icin farkli kontrol
stratejileri gerekmektedir. Doner ters sarkag, serbestlik derecesinden daha az kontrol girdisine sahip bir dinamik
sistem oldugu icin eksik tahrikli bir sistemdir. Sekil 1°de doner sarka¢ sisteminin temsili bir gorseli verilmistir.
Burada, doner kol bir motora bagl iken sarka¢ serbesttir ve hareketi dolayli olarak ddner kol iizerinden

saglanmaktadir.

z

Doéner Koi \,
Jr

—
e
—
——
\ -
"
—_—

Sekil 1. Doner ters sarkacin basitlestirilmis ¢izimi
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2.1 Déner Ters Sarkag Sistemine ait Hareket Denklemleri

Doner ters sarkag sisteminde hareket denklemleri, detaylarmma Balula [18] tarafindan yapilan ¢aliymadan

ulasilabilecegi sekilde Lagrange mekanigi kullanarak asagidaki gibi tiiretilebilir.

6(Jo + Josin?(a)) + dB/,sin(2a) + d*m,l, L sin(a) — &m,l,L,cos(a) = 7, — By 6
1)

. o1
—0my,l,L.cos(a) — 62 Ejzsin(Za) + @J, — mylygsin(a) = 1, — Bya

Burada 8 doéner kol agisi, 6 bu kolun agisal hiz1, 6 doner kola ait agisal ivme, a sarkag agis1, d sarkacin agisal hizi,
@ sarkaca ait agisal ivme ve g yergekiminden kaynaklanan ivmedir. m,, [,, ve L,’de Sekil 1°de gosterildigi gibi
sirastyla sarkacin kiitlesini, sarkacin kiitle merkezinin baglanti noktasina olan uzakligint ve doner kolun
uzunlugunu temsil etmektedir. B; taban ve doner kol arasindaki siirtinme katsayisidir. B, doner kol ve sarkag
arasindaki siirtiinme katsayisidir. Ayrica, J, doner kolun ve sarkacin ana eklemdeki atalet momentini ifade
etmektedir ve doner kolun kiitle merkezindeki atalet momenti bileseni J, cinsinden J, = J, + mer2 olarak
tanimlanabilir. J, sarka¢ eklemindeki atalet momentini ifade etmektedir ve sarkacin kiitle merkezindeki atalet
momenti bileseni J, cinsinden J, = J,, + mplp2 olarak tanimlanabilir. T,, motor tarafindan uygulanan torktur. 7,

ise sarkaca uygulanan bozanetkene ait torku ifade etmektedir.

2.2 Déner Ters Sarkacinin Dogrusal Olmayan Durum Uzay Gésterimi

(1)’deki denklemler doner kol ve sarkag arasindaki siirtiinmenin ihmal edildigi durumda (B, = 0) agisal ivmeler
yalniz birakilarak agagidaki gibi yazilabilir.

léJ [Jo+/asin?(@)  —myl,L.cos(a) -t[t; — B,6 — d6],sin(2a) — a*m, 1, L,sin(a)
=

1
—myl,Lcos(a) J2 7, + 62 Ejzsin(Za) + myl,gsin(a)

Burada, durum uzay degiskenleri x; = 6, x, = 6, x3 = a Ve x, = & olarak tanimlanarak ve (2)’deki denklem

kullanilarak asagidaki durum uzay denklemi elde edilebilir.

)'C1=X3

©)

.X'Z =X4_
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- 3
my, L, Lycos(x;) <jzsm($)x3 + 1,

+ mplpgsin(x2)>

5(3 = 2

J2%sin?(xz) + JoJ, — (mplerCOS(xZ))
Jo(mplyLysin(xy)x,? + Jox3x,45in(2x,) — Ty + Byx3)
- 2
J22sin?(xy) + JoJ2 — (mplercos(xz))
. in(2 2 .
(Jo + J2sin?(x,)) <]zsm(+)x3 +1, + mplpgsm(xz))
3‘(4 =

2
J22sin?(xz) + JoJ, — (mplerCOS(xz))
B mplercos(xZ)(mplersin(xz)xﬁ + J2x3%48In(2%,) — 74 + Byx3)

; 2
J2sin?(x3) + JoJ, — (mplerCOS(xz))

Doner ters sarkag sisteminde DC motor kullanilmaktadir ve motor torkunun ifadesi 1, =
MmN gKi Ky (Vm - KgKmx3)/ R,, (3)’deki denklemde yerine koyularak durum uzay gdsterimi motor voltaji V,,’in
giris oldugu durum igin asagidaki gibi yazilabilir. Burada 7,,, motorun verimliligini, n, disli kutusu verimliligi, K,
motor tork sabiti, K, motor disli orani, K,,, motor voltaj sabiti ve R,, motorun armatiir direncidir. Motora ve doner

ters sarkaca ait bu degerler Tablo 1’de verilmistir.

x=fx)+ gV, +dx)T, (4)

Burada, x = [x; x5 x3 x4]7, f(.):R* > R*, g(.):R* - R*, d(.):R* = R* olarak tanimlanan fonksiyonlardir ve

asagida acik halleri verilmistir:

X3
X4
KmK, Kg? 21,21 gsin(2
—]2(]2x3x4sin(2x2)+W—mplpLTsin(xz)cosz(xz)x32+le3+mplpLTsin(x2)x4z—w>
— Z
f(x) jzzsinz(x2)+]0]2—(mplercos(xz)) 4
2 2, 2 .
. KmKingnmJ2Kg“x3 . . mp=lp“Lrgsin(2xz)
J22x3x45In(2000) +— ng g mpler(sm(xz)cosZ(xz))]2x32+31]ZX3+mplersm(x2)]2x4z—%
2
—Rm(]zzsinz(x2)+]0]2—(mplercos(xz)) )
0 0
0 0
J2KgKtngnm mplyLycos(xz)
_ - Z _ X Z
gx) = Rm<]2251n2(x2)+]0]2—(mplpLTcos(xz)) ) yd(x) = (jzzsmz(x2)+]0]2—(mplercos(xz)) ) .
KgKtngnmmplyLyrcos(xz) Jo+J2sin? (x3)
Z Z
_RTI'L(]ZZSinZ(x2)+]0]2_(mplpLTCOS(xz)) ) (lzzsinz(xz)+lolz—(mplerCOS(xz)) )

Ayrica, motor voltaji 1, kontrol girisini ve sarkaca uygulanan tork t, bozanetkeni temsil etmektedir.
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1. KONTROLOR TASARIMI

(4)’deki denklemde ters sarkaca ait dogrusal olmayan dinamik denklem verilmistir. Bu boliimde, bozanetken ihmal
edilerek elde edilen (5)’te tanimlanan sistemin matematiksel modeli kullanilarak geribeslemeli dogrusallagtirma

tabanli kademeli kontrolii tasarlanmistir.

¢ = () + gV
x=f(x)+g(x) ©)

y =h(x) =x

Bu kademeli kontrolde i¢ dongii kontrolii (bagimli kontrolér) olarak doner kol agisinin ¢ikis olarak alindig: giris-
cikis geribeslemeli dogrusallastirma ile birlikte PD kontroldr uygulanmustir. i¢ dongiide kullanilan geri beslemeli
dogrusallasgtirmanin bagil derecesi ikidir ve uygulanan PD kontroldr ile doner kol agisi ve hizinin kontrolii
amaglanmigtir. Fakat, geribeslemeli dogrusallastirma tabanli bu i¢ dongii kontrol sistemi kararsiz sifir dinamiklere
sahiptir. Bu sebeple ana kontrolcii olarak kullanilan dogrusal karesel diizenleyici ile i¢ dongiide bulunan kontrol
sisteminin referans denge noktasi civarinda kararli olmasi saglanacak sekilde tasarlanmig ve bu sayede kararsiz
dinamikler ele alinarak kademeli kontroliin kararli olmasi saglanmistir. Bu kontrolérlerin detaylar1 asagidaki alt

boliimlerde agiklanmustir.

3.1 I¢ Déngii (Bagimly) Kontrolor Tasarimi

Geribeslemeli dogrusallastirma, dogrusal olmayan bir dinamik sistemi geri besleme kullanarak esdeger bir
dogrusal sisteme doniistiiren bir kontrol sistemi tasarim teknigidir. Bu ¢alismada tek girisli tek ¢ikisl ters sarkag
sisteminin (5)’deki dogrusal olmayan durum uzay gosterimi kullanilarak giris-cikis geribeslemeli dogrusallastirma

yapilmistir. Bu sayede elde edilen dogrusal sisteme iyi tanimli dogrusal kontrol yontemleri uygulanabilmektedir.

Herhangi bir x € D, i¢in asagidaki kosullar saglaniyorsa (5) dogrusal olmayan sisteminin D, € D boélgesinde r

bagil derecesine sahip oldugu s6ylenir [19]:

LyLih(x) =0, i€{0,1,-,r—2}

(6)
LgLi'h(x) # 0

Burada, L¢h(x) Lie tiirevi olarak adlandirilir ve L’;h(x) = LfL’;_lh(x) = ;—X(L’;_lh(x)) f(x) ve LgL’;h(x) =

aa_x (L;fh(x)) g(x) olarak tanimlhidir. Eger bir sistem r bagil derecesine sahipse, ¢ikisin r’inci tiirevi agagidaki gibi

yazilabilir.
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y™ = Lih(x) + Lyl h(x)u (7)

Dolayistyla, (7) asagidaki kontrol girisi ile giris-¢ikis dogrusallastirilabilir

u = W(-L}h(ﬂd + U) (8)

ve (8)’deki kontrol girisinin (7)’ye uygulanmasiyla asagidaki dogrusallastirilmis sistem elde edilir.

y® =y )

I¢ dongii kontrolcii tasariminda (5)’de gosterildigi gibi ¢ikis doner kol agis1 olarak alinmus ve (6) kullanilarak bagil
derece 2 olarak hesaplanmistir. Bu durumda bagimli kontrol igin geribeslemeli dogrusallastirma girisi asagidaki

gibi hesaplanmustir.

1

= —LgL}h(x) (—Lth(x) +v) =

u

. (10)

gs(x)

(=fz(x) +v)

Burada, v dogrusallagtirilmis sisteme ait yeni kontrol girisi, f3(x) (5)’deki f (x) vektorel fonksiyonunun 3. elemani
ve gs(x) ise (5)’deki g(x) vektorel fonksiyonunun 3. elemanidir. (10)’daki kontrol girisi ile dogrusallagtirilan

sisteminin kontrolii i¢in Sekil 1’de gosterildigi gibi PD kontrolii se¢ilmis ve yeni giris:

v=K,(r—0) +Kd(r— 9)
= Kp(r — x1) + Kg(& — x3)

(11)

olmustur.

3.2 Dig Dongii (Ana) Kontrolor Tasarimi

Bagimli kontrolorde uygulanan geribeslemeli dogrusallastirma tabanli kontroliin referans girisi Sekil 2’de
gosterildigi gibi ana kontrolor tarafindan belirlenmektedir ve ana kontrolor olarak dogrusal karesel diizenleyici

kullanilmusgtir. Stirekli zamanli sistemler icin DKD, x =Ax+ Bu kasitt altinda

J(u) = fow(xTQx + uTRu)dt ikinci dereceden bir maliyet fonksiyonunu en aza indirerek dinamik bir sistemi
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kontrol etmek igin u = —Kx durum geribesleme kontroliindeki kazang degerinin (K) belirlenmesini saglar [20].
DKD’nin uygulanabilmesi i¢in (5)’teki sisteme bagimli kontroldr tarafindan uygulanan (10) ve (11)’deki kontrol
girisleri ile elde edilen i¢ dongii kontrol sistemi, [x; x, X3 x4, r 7]=[0 0 0 0 0 0] denge

noktasi civarinda agagida ifadesi verildigi lizere dogrusallastirilmistir:

X = Ax + bv. (12)
0 0 1 0 0
0 0 0 1 0
Buradad =| -K, 0 —K, Olveb = K,  [’dir. Sekil 1’de DKD’nin ana kontroldr olarak
—KpmplyLy mplpg —KgmplpLy 0 KpmplpLy
J2 J2 J2 J2

uygulanmasi gosterilmistir. Bu ana kontrol, i¢ déngii kontrol sisteminin dinamiklerini baz alarak tasarlandig1 i¢in
bagimli kontrolérde uygulanan geribeslemeli dogrusallastirma tabanli kontrol sonucu olugan kararsiz dinamiklerin

toplam kademeli kontrolde kararli olmasi saglanmistir.

Bozanetken
Sarkag a1s)
I o Doner Ters Sarkag
—» Dis Déngii Kontroldrii I¢ DGngli Kontroldrd »| Vo Sistemi
(Ana Kontroldr) (Bagimh Kontrol@r)
Doner kol agisi

iq; dongii

Dis déngli

Sekil 2. Doner ters sarkag sistemi igin dnerilen kademeli kontroliin blok diyagrami

IV. BENZETIM SONUCLARI

Doner ters sarkacin kontrolii i¢in gematik olarak Sekil 3’te nerilen geribesleme tabanli kademeli kontrol yontemi
iki kontrol yontemi ile kargilagtirilmigtir. Bunlardan biri Sekil 4’te gosterildigi gibi Giines ve ark. [6] yaptig1
caligmadan alinan kademeli kontrol yontemidir. Digeri ise Sekil 5’teki standart kontrol yontemi olan DKD’dir.

Tablo 1°de doner ters sarka¢ sistemine ait parametrelerin agiklamalari ve benzetimde kullanilan degerleri

verilmigtir.
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Tablo 1. Doner ters sarkag sistemine ait parametrelerin agiklamalari ve benzetimde kullanilan degerler.

Sembol Aciklama Degerler
m, Sarkacin kiitlesi 0.125 kg
L, Sarkacin kiitle merkezinin baglantt noktasina olan uzakligi 0.1675m
L, Déner kolun uzunlugunu 0.215m
Jo Déner kolun ve sarkacin ana eklemdeki atalet momenti 0.0091 kg.m?
2 Sarkag eklemindeki atalet momenti 0.0047 kg.m?
g Yer ¢ekimi ivmesi 9.81 m/s?
B, Taban ve doner kol arasindaki siirtiinme katsay1si 0.0077 N.m.s/rad
Mm Motor verimliligi 0.69
N4 Disli kutusu verimliligi 0.9
K, Motor tork sabiti 0.0077 N.m/A
K, Motor disli oran1 70
Ko Motor voltaj sabiti 0.0077 V/(rad/s)
R, Motor armatiir direnci 2.6 Q

Bu parametreler Giines ve ark. [6] tarafindan elde edilen sonugla karsilastirabilmek i¢in bahsedilen bu ¢alismadan
alinmistir. Benzetimler MATLAB R2022b ile Simulink kullanilarak yapilmistir. Doner ters sarkag¢ sisteminin
motor voltaj degerleri -12 V ve +12 V ile sinirlandirilmigtir. Bu yontemler igerisinde bulunan DKD’nin tasariminda

kullanilan Q ve R degerleri sirasiyla

10 0 0 O
0 10 0 O o
o o 10 ole 1 olarak se¢ilmistir.
0 0 0 10

Boylece Onerilen yontem i¢in DKD kazanci K =[—4.3166 87.9655 —5.9349 13.6371] ve
karsilagtirilan DKD igin ise K = [—-3.1623 60.98 —4.81 —9.4968] olarak bulunmustur. Sekil 4’teki
kademeli kontrolde i¢ ve dis dongiilerde bulunan PID kontrolér parametreleri ise Giines ve ark. [6] yaptigi
calismadan almmustir. Onerilen yontemde, bagil derecesi 2 olan geribeslemeli dogrusallastirma sonucu elde edilen

(9)’daki sistem i¢in i¢ dongiide kullanilan PD parametreleri K, = 3.1623 ve K; = 4.04, DKD tabanl optimal

degerler olarak hesaplanmigtir [21,22].

Bozanetken ]
déner kol agisi >

P sinyal P bozanetken
T a

sarkag agisi

doner kolun agisal hizi »
u f B voltaj

geribeslemeli_dognsallastirma
L b dlrlirnlar | roferans |— g PD(s) M lode L @
L kolun agisal hizi o

sarkacin agisal hizi

DKD DC Motor

Doner Ters Sarkag Sistemi

Sekil 3. Doner ters sarkacin 6nerilen geribesleme dogrusallagtirma tabanl kademeli kontroli
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Sekil 4. Doner ters sarkacin Giines ve ark. [6] yaptig1 ¢alismada tanitilan kademeli kontrolii

Bozanetken ]
déner kol agisi >
L sinyal B bozanetken
] .
— sarkag agis|
[
; daner kolun agisal hizi * >
L duruimiar ' ¢ volta] £ Voltaj
} _/
tork > tork )
DKD B kolun agsal hizi Sensie @
DC Motor

Doner Ters Sarkag Sistemi

Sekil 5. Doner ters sarkacin dogrusal karesel diizenleyici ile kontrolii

Kademeli kontrolorde ana kontroloriin ¢ikisi, bagimli kontroldriin referansidir ve i¢ dongii kontrol degiskeninin
dis dongii kontrol degiskeninden daha hizli ¢alismasi gerekir. Bu dis dongiiniin, i¢ dongii kontrol sistemindeki
bozanetkeni telafi etmek igin yeterli zamana sahip olmasini saglar. Ayrica, bu i¢ déngiiniin kontrol degiskeni dig
dongiiniin kontrol degiskenini etkileyebilmelidir. Sekil 4’teki kademeli kontrolde i¢ déngii kontrolérii ile sarkag
acis1 kontrol edilmekte ve bahsedilen kosullar saglanmamaktadir. Sekil 3’te dnerilen kademeli kontrolorde ise i¢
dongii kontrolorii ile doner kol agist iizerinden PD kontrolii ¢alismaktadir. Doner kolun daha hizli ¢caligmasi ve
sarkagta olusan bozanetkene karsi bu hizli tepki, dis dongii kontrolorii ile sarkag ac¢isinin Tablo 2°de gosterildigi
gibi 5.1636x10* en diisiik Ortalama Karesel Hata (OKH) degeri ile daha iyi bir performansla kontrol edilmesini
saglamaktadir. Sekil 6’daki bozanetken doner sarkaca (4)’deki matematiksel modelde gosterildigi gibi T,
iizerinden uygulanmigtir performans iyilestirilmesi Sekil 7°de gosterilmistir. Burada karsilagtirilan kademeli
kontroloriin bozanetkene karsi Tablo 2’de belirtilen 20x10* en yiikksek OKH degeri ile saglam olmadig:
gozlenmektedir. Onerilen ydntem ise kademeli kontrolor gereksinimlerine uygun olarak tasarlanmastyla bu
bozanetkene kars1 Sekil 7 ve Tablo 2’de gosterildigi gibi daha saglam bir cevap sergilemistir. Onerilen ydntem
Sekil 5’teki standart DKD ile de karsilagtirilmig ve sarkag¢ agisinin kontroliinde daha iyi performans gosterdigi
Sekil 7°de gosterilmistir. Sarkag agisinin OKH cinsinden elde edilen degerleri Tablo 2’de verilmistir. Bu degerlere
gore Onerilen geribeslemeli dogrusallastirma tabanli kademeli kontrol yonteminin bozanetken olmadigi ve oldugu
her iki durumda sirasiyla elde edilen 9.3066x107° ve 5.1636x10* OKH degerleriyle en iyi performansi sergiledigi

gbzlenmistir. Sarkacin stabilizasyonu esnasinda doner kol a¢isinin zamanla degigimi Sekil 8’de verilmistir. Ayrica,
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onerilen yontemdeki i¢ dongiide kullanilan geribeslemeli dogrusallastirma ile bagil derecesi 2 olacak sekilde giris-
¢ikis dogrusallastirma yapilmis ve bu dogrusal sistem i¢in iyi tanimli bir PD kontrolér elde edilmesi saglanmaistir.
I¢ dongiideki bagimli kontroldriin doner kol agisin1 kontrol edecek sekilde ayarlanmasiyla, eksik tahrik olan sistem
tek giris-tek ¢ikis olacak sekilde bir i¢ dongii kontrol sistemi olusturmustur. Boylece, dig dongiide kullanilan DKD
ile bu i¢ dongii kontrol sistemi ele alinmis ve i¢ dongii kontrol sistemindeki kararsiz i¢ dinamiklerle birlikte toplam

sistemin denge noktasi civarinda kararli olmasi saglanmigtir.

0.03 ; ‘
[
0.025 - (l 1

0.02 - [ 1

bozanetken (72)
o
S
w
T

o
2
T

|

0.005 - | .

Sekil 6. Sarkaca uygulanan bozanetkene ait tork: (4)’teki sistem dinamiklerinde T, olarak tanimlanmistir.

Tablo 2. Doner ters sarkag sisteminin stabilizasyonunda farkl kontrol sistemlerine ait sarkac acist icin hesaplanan KOKH degerleri.

Kontrolor Bozanetken olmadiginda OKH Bozanetken oldugunda OKH
Onerilen Kademeli Kontroldr 9.3066x10° 5.1636x10*
Kademeli Kontroldr 26.421x10°° 20x10*
DKD 9.6920x10°° 5.8641x10*
0.1 0.15
onerilen kademeli kontrol onerilen kademeli kontrol
kademeli kontrol kademeli kontrol
——— DKD 0.1 ——— DKD
0.05
r
i, 0.05
:| b A
A B S — T LN B P
< < \iof
m © \ g
< e \ ]
2 005 2 005 1
© © ]' |
O O i/
2 2 i/
& o1 g u
-0.15
-0.15
-0.2
-0.2 -0.25
0 5 10 15 0 5 10 15
zaman (s) zaman (s)
(a) (b)

Sekil 7. Doner ters sarkacin ti¢ farkli kontrolor ile denge noktasinda stabilizasyonunu esnasinda sarkag agisimin zamanla degisimi (@)
Sarkagta bozanetken olmadiginda (b) Sarkagta bozanetken oldugunda
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Sekil 8. Déner ters sarkacin ti¢ farkli kontrolor ile denge noktasinda stabilizasyonunu esnasinda doner kol agisinin zamanla degisimi (a)
Sarkagta bozanetken olmadiginda (b) Sarkagta bozanetken oldugunda

IV. SONUCLAR

Bu ¢alismada, doner ters sarkag sisteminin stabilizasyonu igin geribeslemeli dogrusallagtirma tabanli kademeli bir
kontrol yontemi Onerilmistir. Bu kontrol yontemi, biri yine kademeli kontrolor digeri ise standart DKD ile
karsilasgtirilmistir. Onerilen kontrol, kademeli kontrolor tasarlama gereksinimlerini karsilamaktadir ve sarkaca
uygulanan bozanetkene karsi daha saglam oldugu gosterilmistir. iki ayr1 kontrolorle performanslari karsilagtiriimis
ve Tablo 2’de sunulan en diisiik 9.3066x107° ve 5.1636x10* OKH degerleriyle daha iyi sonuglar elde edilmistir.
Onerilen bu yéntemdeki i¢ dongii kontrolorii ile sistem bagil derecesi 2 olacak sekilde dogrusallastirilmis ve eksik
tahrik olan sistem bu bagimli kontroldr sayesinde tek giris-tek ¢ikis olacak sekilde bir i¢ dongii kontrol sistemi
olusturmustur. Boylece dis dongii kontrolorii icin DKD yerine tek giris-tek ¢ikis sistemler i¢in 6zel olarak
tasarlanan diger kontrol yontemleri uygulanabilir ve performans daha da iyilestirilebilir. Ayrica, kademeli kontrol
ile makine 6grenimi ve veri odakli kontrol yaklagimlarimin entegrasyonu ve doéner sarkag igin gelismis kontrol

stratejileri gelistirmek tizere bu tekniklerin kombinasyonunu daha sonraki ¢aligmalarda kesfedebilir.
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ARTICLE INFO ABSTRACT

Article history: Due to population growth and technological development, consumption is rapidly increasing all over the
Received 07 June 2023 world. Waste materials are not disposed of properly, resulting in environmental and visual pollution, health
Received in revised form 08 July 2023 problems and economic disadvantages. Although recycling of waste materials has been given more
Accepted 20 July 2023 importance in recent years than in the past, 100% recycling is not possible. Recycling asphalt pavements,

protecting natural resources and reusing waste materials are very important to avoid the landfills they create
in nature. In addition, the economic benefits of RAP (Reclaimed Asphalt Pavement) cannot be neglected. In
this study, the significance of asphalt pavement recycling in the world, recycling methods and economic
benefits are highlighted. In addition, the average annual amount of asphalt pavement excavated in Yalova was
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Keywords: determined and the approximate cost of using different percentages of RAP was performed. For the
Reclaimed asphalt pavement construction of 1 km of asphalt pavement, the road construction costs were evaluated and compared using
Sustainability 30%, 50% and 70% RAP. Based on the findings, 6%, 11% and 15% of the initial costs could be saved,
Cost-benefit analysis respectively. Although 70% RAP usage increased the recycling cost by 12%, it decreased the bitumen use by
Environmental protection 7.2%, the aggregate use by 10.6%, and the operation cost by 11.1%.

Hot mix asphalt .
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I. INTRODUCTION

In recent years, there has been a significant increase in consumption worldwide, driven by the development of
production technologies and growing human needs. Consequently, the production of waste materials has also
increased. Globally, approximately 2.01 billion tons of municipal solid waste is generated annually, with at least
33 percent of this waste being improperly managed from an environmental standpoint [1]. The World Bank Group
projects that waste generation will nearly double to reach 3.40 billion tons worldwide by 2050, with a particularly
substantial increase expected in low and middle-income countries like Tiirkiye, nearly tripling compared to the
present [2]. In order to prevent environmental damage caused by waste and to incorporate them into the economy,
it is crucial to implement recycling methods across various sectors for our future well-being. Transportation and
highway engineering have emerged as key areas where recycling methods have gained considerable importance
in recent years. Hot mix asphalt layers, particularly the top layers, experience deterioration over time due to various
factors. In some cases, pavements become completely unserviceable, leading to undesirable scenarios. It is
imperative to address potential deformations before the end of the pavement's projected lifespan to ensure its
longevity and functionality. To ensure a comfortable and safe driving surface, it may be necessary to modify the
road profile and remove the existing pavement. However, with the right application method, the removed asphalt
pavement waste can be recycled and reused. There are several available methods for pavement recycling. The
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Asphalt Recycling and Reclaiming Association (ARRA) categorizes them into five main groups: Cold Planning
(CP), Hot In-Plant Recycling (HIPR), Hot In-Place Recycling (HIR), Full Depth Reclamation (FDR), and Cold
Recycling (CR) [3]. Among these methods, HIPR is the most commonly used, involving the mixing of Reclaimed
Asphalt Pavement (RAP) with new materials and the addition of additives if necessary. Another method is HIR,
which involves the addition of pure asphalt and/or aggregate, mixing the materials with a recycling or rejuvenating
agent without removing them from the pavement site [4]. The benefits of utilizing RAP extend beyond
environmental protection and include reducing the consumption of new materials, minimizing transportation
needs, saving energy, improving mixing properties, and, most importantly, achieving economic gains [5]. The
objective of this study is to draw attention to the amount of waste generated globally, particularly asphalt waste,
and highlight the benefits of utilizing these wastes in the construction of new roads. The aim is to emphasize the
advantages that can be achieved by incorporating RAP into road construction, focusing on the economic benefits
and sustainability aspects in Yalova City. Firstly, the annual quantity of excavated asphalt pavement in Yalova
was determined. Subsequently, a cost-benefit analysis was conducted to investigate the economic implications
associated with recycling the determined amount at specific rates. In the conclusion, the study not only highlights
the benefits of employing RAP in Yalova but also emphasizes global research efforts and initiatives focused on
recycling natural resources. Furthermore, the positive effects of RAP usage on the environment are presented.
While there is significant emphasis on the use of Reclaimed Asphalt Pavement (RAP) in America and Europe,
there have been relatively few studies conducted in Turkey. Therefore, this study will serve as a valuable resource,
particularly in terms of literature review, for future research on this subject.

I1. FINANCIAL SYNOPSIS OF THE RAP MARKET
2.1 Market Sizing for Recycling Asphalt

Various types of waste materials, such as Construction and Demolition Waste (CDW), steel slags, plastics, crumb
rubber, glass, and RAP, have been successfully recycled in construction of pavement [1]. RAP, in particular, has
been utilized in asphalt mixes since 1915 [6] , establishing itself as one of the most extensively recycled
construction products worldwide, with an approximate recycling rate of 88% [7]. Additionally, according to The
Federal Highway Administration (FHWA), asphalt concrete is the most recycled material worldwide [8]. The
National Asphalt Pavement Association (NAPA) further asserts that the majority of reclaimed asphalt is either
reused or recycled, solidifying asphalt pavement as the most recycled material [9]. In 2019, approximately 140
million tons of RAP were used in asphalt pavements [10]. In 2020, this figure amounted to 125 million tons (with
the USA accounting for 88 million tons in 2019 and 85 million tons in 2020) [11].

Every year, approximately 1.5 billion tons of asphalt concrete are produced worldwide, consuming 1.425 billion
tons of aggregate and 75 million tons of bitumen [12, 13]. Highways experience deterioration over time due to
various factors such as traffic, climate change, poor design, inadequate maintenance, and weak soil. This
deterioration results in a decrease in serviceability, which negatively impacts comfort and economic parameters.
In more severe cases, pavements become completely unserviceable and require excavation and replacement with
new ones. However, it is possible to recycle the removed asphalt pavements and transform them into economic
value. Similarly, as shown in Figure 1, Tiirkiye produces an average of 37.9 million tons of asphalt annually,
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indicating that the cost of asphalt production amounts to approximately $34.5 billion* per year. By recycling only
1% of these excavation wastes, several benefits can be achieved. Specifically, 379 thousand tons less excavated
asphalt pavement waste will be generated, 360 thousand tons less aggregate will be used, and an average of 19
thousand tons less bitumen will be consumed. This not only helps in preserving natural resources but also

significantly reduces environmental pollution.

Recycling asphalt pavements is a widely adopted practice in Europe and America, with countries like the United
States, France, and Germany leading the way in this regard [14]. In the United States, asphalt and asphalt

pavements are among the most commonly recycled materials [15].
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Figure 1. The total production of asphalt in Tiirkiye during the period of 2010-2020 [10], [11], [16]-[24]

*wearing course asphalt production cost is $91/tons [25]

Furthermore, according to NAPA, the majority of reclaimed asphalt in the United States is reused or recycled,
making asphalt pavements the most extensively recycled material in the country [9, 26]. Additionally, EAPA
reported that in 2020, 82.2 million tons of RAP and 1.05 million tons of recycled asphalt shingles (RAS) were
utilized in the production of 370 million tons of new asphalt pavement mixes in the United States.

Table 1 presents the global quantities of reclaimed asphalt between 2010 and 2020. In the United States, in
particular, an average of 74.6 million tons of reclaimed asphalt is generated annually, with 90-95% of this asphalt
being effectively utilized in high-performance mixtures such as warm and hot mixes. Among European countries,
several nations, including Germany, Italy, and France, demonstrate substantial amounts of reclaimed asphalt.
Regarding Tiirkiye, as indicated once again in

Table 1, an average of 2.3 million tons of asphalt waste is removed annually over an eleven-year period.

Table 1. All available reclaimed asphalt in the World (in tons) [10], [11], [16]-[24]
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Country 2010 2011 2012 2013 2014
Austria 500,000 550,000 750,000 750,000 1,500,000
Belgium 1,500,000 1,500,000 1,500,000 1,500,000 1,500,000
Croatia 75,000 No data No data No data 170,000
Czech Rep. 1,650,000 1,500,000 1,400,000 1,450,000 1,600,000
Denmark 350,000 600,000 580,000 790,000 1,300,000
Finland 1,000,000 1,000,000 1,000,000 860,000 1,000,000
France 7,080,000 7,080,000 6,500,000 6,900,000 7,000,000
Germany 14,000,000 14,000,000 11,500,000 11,500,000 10,900,000
Great Britain 4,000,000 4,500,000 4,500,000 4,500,000* 3,350,000
Hungary 44,580 64,882 100,777 88,000 20,000
Italy 11,000,000 11,000,000 10,000,000 10,000,000 No data
Norway 750,000 726,000 787,689 686,268 834,410
Romania 40,000 13,000 20,000 22,000 20,000
Slovakia No data No data 33,000 26,000 30,000
Slovenia 26,160 10,000 10,000 26,000 40,000
Spain 1,590,000 1,350,000 368,000 205,000 390,000
Switzerland 1,450,000 1,750,000 1,575,000 1,370,000 1,000,000
Tiirkiye 2,420,000 2,809,000 3,816,000 1,200,000 2,340,000
USA 66,500,000 71,400,000 64,000,000 69,000,000 68,700,000
TOTAL 113,975,740 119,852,882 108,440,466 110,873,268 101,697,410

(Continue to Table 1)

2015 2016 2017 2018 2019 2020
1,350,000 1,400,000 1,650,000 1,900,000 1,800,000 1,260,000
1,553,994 1,240,000 1,030 1,687,000 1,637,000 1,981,500

No data 80,000 No data 200,000 210,000 240,000
2,000,000 1,800,000 2,600,000 2,700,000 2,800,000 2,500,000
1,300,000 1,150,000 1,165,000 1,185,000 1,255,000 1,160,000
1,160,000 1,150,000 1,200,000 1,300,000 1,500,000 No data
7,000,000 6,370,000 6,400,000 7,817,000 8,074,000 6,042,000

11,000,000 12,000,000 13,000,000 13,000,000 13,400,000 11,600,000
3,500,000 3,250,000 3,400,000 6,100,000 6,050,000 4,973,106

180,000 109,000 120,000 200,000 105,000 140,000
9,000,000 9,000,000 9,000,000 9,000,000 9,500,000 9,500,000

932,049 1,112,000 No data 1,004,000 1,173,000 840,000

No data No data No data No data 612,500 No data

75,000 54,000 50,000 150,966 165,600 135,846
37,000 56,000 84,000 106,200 150,000 170,000

410,000 490,000 494,000 1,165,000 1,486,000 1,900,000

No data No data No data No data 1,650,000 No data
1,520,000 3,551,167 2,570,589 1,965,000 1,038,000 2,143,354

69,700,000 74,200,000 72,500,000 91,700, 000 88,000,000 85,000,000
110,718,043 117,012,167 114,234,619 141,180,166 140,606,100 129,585,806

As indicated in Table 2, among European countries, Italy and France rank highest in terms of the utilization of
recycled asphalt in road construction, following Germany. RAP are commonly employed in the production of
warm and hot mixed asphalt roads [11, 27]. Notably, Finland and Ireland achieved a remarkable 100% rate of
reusing RAP in high-quality asphalt in 2020. In the United States, a substantial 85 million tons of asphalt pavement
waste is utilized in the production of hot and warm mix asphalt, reaching an impressive rate of 93% by 2020. In
Tiirkiye, the amount of reclaimed asphalt pavement utilized in 2020 reached 2,143,354 tons. According to EAPA,
only 2% of this amount was used for hot and warm mix asphalt, while the remaining 98% was employed for

unbound layers [11].

RAP has been the subject of numerous studies; however, only a few have compared the cost of recycled and virgin
mixtures. An lllinois-based study evaluated the life-cycle cost and environmental impact of four pavement
sections, each consisting of asphalt mixes with different RAP content: 0%, 30%, 40%, and 50%. The analysis
conducted over a 45-year period demonstrated a significant cost reduction of up to $94,000 per mile, even with
higher RAP content [14].

Table 2. Amount of available reclaimed asphalt in the World (in tons) and where to use in [11]
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Amount of
reclaimed . Hot and_ H‘f"lf Warm — on-site Plant Unbound Qtr_]er Put to landfill/
asphalt available  warm mix mix civil
cold cold road Other Apps/
to be used by the  asphalt asphalt recyclin recyclin layers eng. Unknown
asphalt industry ~ production  production yeling yeling y apps
in 2020
Austria 1,260,000 70 30
Belgium 1,981,500 47 no data no data no data no data no data no data
Croatia 240,000 33 0 0 2 no data no data no data
Czech Rep. 2,500,000 15 no data 25 no data 25 7 28
Denmark 1,160,000 85 no data no data no data 15 no data no data
Finland 1,600,000* 100 0 0 0 0 0 0
France 6,042,000 76 10 no data no data no data no data no data
Germany 11,600,000 84 0 0 0 16 0 0
g‘r?at. 4,973,106 37 0 10 0 63 no data
ritain
Hungary 140,000 95 0 0 3 2 0 0
Ireland 220,000 100 0 0 0 0 0 0
Italy 9,500,000 25 75
Norway 840,000 35 0 0 0 65 0 0
Romania 10,425* 0 0 100 0 0 0 0
Slovakia 135,846 53 0 30 0 17 0 0
Slovenia 170,000 29 0 10 1 25 10 25
Spain 1,900,000 72.7 0.2 0.2 0 24 3 0
Turkiye 2,143,354 2 0 0 0 98 0 0
USA 85,000,000 93 0 0 0.4 6.2 0.3 0

*there is no data about total amount of site-won asphalt generated

RAP has been the subject of numerous studies; however, only a few have compared the cost of recycled and virgin
mixtures. An Illinois-based study evaluated the life-cycle cost and environmental impact of four pavement
sections, each consisting of asphalt mixes with different RAP content: 0%, 30%, 40%, and 50%. The analysis
conducted over a 45-year period demonstrated a significant cost reduction of up to $94,000 per mile, even with
higher RAP content [14]. Another case study focused on a 20% RAP content and performed a cost analysis,
revealing a cost reduction of 14% compared to conventional materials [28]. Researchers also discovered that a
mixture containing 40% RAP resulted in a 29% reduction in greenhouse gas emissions and a 26.2% decrease in
life-cycle costs compared to a mixture without RAP additives [29]. Similar to various other examples worldwide,
the idea of reusing asphalt pavements has gained prominence in Tiirkiye in recent years, driven by the crucial need
for resource sustainability. The initial studies were conducted by ISFALT in 1996, where pavements excavated by
the General Directorate of Highways (GDH) from the Cobangesme-TEM connection road were applied at a 25%
rate in a project in Bagcilar. However, certain issues arose during this application, requiring extensive laboratory
testing. Recycling production of asphalt pavements gained momentum and significance from 2005 following

partial trials conducted in 2001 [30]. Table 3 provides examples of recycling applications implemented in Tiirkiye.
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Table 3. Recycling practices applied in Tiirkiye [31]

Region Road Name Firm Application Layer Recycle Type
GDH, 17" Sakarya Bridge Junction-Giimiisova . Binder, .
Regional Directorate Highway* Gilsan Bituminous Base Cold in-Plant
d . . [
DH, 3% Sereflikohisar Aksaray-Eregli Fernas Bituminous Base Cold in-Plant
Regional Directorate road junction*
th
DH, 4 . Bala road junction-Kulu road junction* Fermak Bituminous Base Cold in-Plant
Regional Directorate
GDH, 9" . . - . Binder, .
Regional Directorate Sanlwrfa Viransehir Kiziltepe-Silopi Road Seza-DemyolACS Bituminous Base Cold in-Plant
GDH, 4t . .
Ankara Kizilcahamam™ No data All HMA Layers Cold in-Place

Regional Directorate

2.2. European Green Deal and Circular Economy

Since our world is facing many problems such as climate change and environmental pollution, the European
Union Commission has taken action on this issue. On December 11, 2019, the EU Commission released the
European Green Deal which aims to make inhabited geography sensitive and harmless to the climate,
environment, and nature until 2050 [32]. The concept of sustainability is key to achieving this goal.
Sustainability creates and preserves conditions in which people and nature can exist in productive harmony,
allowing present and future generations to fulfill their social, economic, and other needs [33]. Supporting
biodiversity and public health, reducing carbon emissions and pollution, and preparing for a sustainable urban
future not only benefit the global environment but also provide economic advantages. The three golden rules of

sustainability—reduce, reuse, and recycle—can be applied to the asphalt industry [34].

Considering the impact of asphalt recycling on energy consumption, emissions, and the economy, it is concluded
that studies on sustainable pavements should focus on minimizing energy usage and maximizing recycling efforts
through the use of rapidly developing technology. This is essential to protect the environment and create a livable
world for future generations [34]. Improving the performance of asphalt pavement materials is necessary to reduce
energy consumption, greenhouse gas emissions, and associated costs for service, maintenance, and end-of-life
projects. RAP materials offer an effective way to preserve natural resources and prevent the disposal of hazardous

waste that harms the environment.

The long-term use of fuel, aggregate, and asphalt can be reduced by incorporating RAP. This leads to a reduction
in greenhouse gas emissions, improved service quality, and support for sustainable practices. The greenhouse gas
emissions and energy consumption levels associated with different percentages of RAP usage are illustrated in
Figure 2 [35].

With a 50% RAP usage, greenhouse gas (CO;) emissions decreased from 479,557 kg/km to 416,033 kg/km.
Additionally, the amount of energy consumption, which was 6,543,635 MJ/km without the use of RAP material,
was reduced to 5,672,810 MJ/km when 50% RAP was used. To achieve this reduction, it is crucial to recycle waste
materials and prevent their accumulation in nature. Therefore, there should be an increase in RAP usage and

recycling rates.
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Figure 2. Greenhouse gas-CO2 emissions and energy consumption amounts due to using different RAP materials [35]

I11. A CASE STUDY OF YALOVA CITY

Yalova, which is the smallest city in Tirkiye in terms of surface area, has experienced a rapid increase in
population due to immigration in recent years. When examining the geographical region of Yalova with a
population of 276,050, it can be observed that the coastal areas, surrounded by the Marmara Sea, are flat, while
the inland consists of elevated lands and maquis vegetation [36, 37]. The city is connected to surrounding provinces
and districts through asphalt paved roads, and regular sea bus and ferryboat trips are organized to Istanbul due to
its coastal location. Additionally, there has been significant development in freight transportation for national and
international logistics, resulting in heavy vehicle traffic on the asphalt paved roads in these regions. Although
Yalova lacks an airport, transportation is facilitated through the Yalova coach station, providing access to Istanbul
Sabiha Gokgen Airport and Istanbul Airport. Asphalt pavement is extensively used for passenger and freight
transport. However, the excavated asphalt pavement is not recycled and reused; instead, it is treated as waste
material in various areas. This study aims to evaluate the feasibility of recycling asphalt in Yalova based on

information obtained from Yalova Municipality and Yalova Special Provincial Administration.

3.1 Road Network and Construction Activities

In Yalova, four types of road surfaces are used: HMA (Hot Mix Asphalt) pavement, ICBP (Interlocking Concrete
Block Pavement), chip seal, and dirt roads (unpaved roads). Among the surfaced roads, 65% are HMA and 5% are
chip seal, with a total road length of 849,589 meters. On average, 10,000 tons of HMA are produced annually,
with a production cost of $618,672.7. The annual average cost of road maintenance and repair for 5,000 tons of
HMA is $281,214.8. Approximately 4,800 tons of excavated asphalt pavement waste are used annually in the
construction of new stabilized roads, as part of the Granular Base Course and over the filling, as a fine material.
Figure 3 illustrates the road construction, including 14,234 meters of chip seal, 3,846 meters of HMA, 143,026
meters of ICBP, and 14,011 meters of stabilized roads. Under the Special Provincial Administration, 1,232 tons
of asphalt pavements are maintained and repaired at a cost of $35433.1. On average, 1,250 tons of asphalt pavement
are excavated by the Special Provincial Administration. The waste materials are either taken to designated

dumping areas as requested by the village headmen or used in areas within the villages where materials are needed.
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Figure 3. Distribution of Road Types under the Responsibility of Yalova Special Provincial Administration

3.2 Cost-Benefit Analysis

In this section, a cost-benefit analysis has been conducted for the implementation of a 1 km asphalt road in Yalova,
considering the use of RAP instead of virgin aggregate. The analysis focuses on evaluating the cost and

environmental benefits and opportunities associated with this approach.

Simge Group [13] conducted a study to examine the economic benefits of recycling the removed asphalt pavement
waste and utilizing it in new pavements. Table 4 presents the results, indicating the gain rates for different RAP
percentages: 6.7% for 30% RAP, 12.4% for 50% RAP, and 16.9% for 70% RAP. The cost comparisons were made
by separately considering the parameters of "Aggregate, Bitumen, Operating Expenses, and Recycling Expenses,"
and the differences and earnings ratios were evaluated. Also, considering the presence of bitumen in RAP, it is
anticipated that incorporating RAP at rates of 30%, 50%, and 70% in the bitumen mixture, as indicated in the table,
will result in respective increases of 4.2%, 8.2%, and 12%. In the first stage of the study, the annual amounts of
excavated and constructed asphalt pavements in Yalova were determined. In the second stage, assuming the
construction of a 1 km asphalt road, the initial construction cost was calculated without utilizing RAP material in
this scenario. Subsequently, cost calculations were performed for using 30% RAP, 50% RAP, and 70% RAP on

this 1 km road, respectively. Finally, a cost-benefit analysis was conducted to compare the different scenarios.
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Table 4. Cost comparison asphalt production cost with and without using RAP [13]

Cost factors Without recycling With recycling
Aggregate Usage Rate Reclaimed Asphalt Usage Rate
100% 30% 50% 70%

Values mentioned on the chart are used as indicators of the content rates of unit cost

Quarrying 3.7 2.6 1.8 11

@ Back transport 34 24 1.7 1.0

$  Crushing 31 22 15 09

g Carrying 5.1 35 25 15
Total 15.2 10.6 7.6 4.6
Difference -30.0% -50.0% -70.0%
Bitumen Rate 5.0% 4.17% 3.70% 3.60%
Bitumen 56.3 54.0 51.7 49.6

& Transport 08 08 08 07

2 Heating 28 27 26 25
Total 60.0 57.5 55.1 52.8
Difference -4.2% -8.2% -12.0%
Electric 5.6 39 2.8 1.9

g g ﬁggrzzfta;ela':tea“”g cost of 113 79 55 39

EL £ Labor Cost 56 56 56 56
Total 225 175 13.9 114
Difference -22.5% -38.3% -49.3%
Electricity 0.0 1.3 2.2 31

§ Aggregate heating costs 0.0 3.6 6.0 8.4

% Scrapping of Asphalt 11 11 11 11

é Transportation of Scrapped Asphalt 0.8 0.8 0.8 0.8

E Handling of Scrapped Asphalt 0.3 0.3 0.3 0.3

o Sumgmsmenss g
Total 2.3 7.7 11.0 14.3
Difference 243.1% 388.4% 533.8%
Total 100 93.3 87.6 83.1

6.7% 12.4% 16.9%

IV. RESULTS AND DISCUSSIONS

Considering the components of HMA production costs without the use of RAP, as shown in Figure 4, the recovery
costs of 2.3% are not associated with the utilization of RAP. This value solely represents the expenses related to
scraping, transportation, and unloading of the removed pavement. When using 30% RAP, an increase of 1.3% in
electricity costs, 3.6% in aggregate heating costs, and 0.6% in the crushing-sieving process of the removed asphalt
pavement were observed as recovery costs. However, the reductions in aggregate and bitumen production, as well
as operating costs, result in an overall gain of 6.9%. With 50% RAP material, an average gain of 12.4% was
achieved, along with a 2.2% increase in electricity costs, a 6.0% increase in aggregate heating costs, and a 0.6%

increase in the crushing-sieving process of the removed asphalt pavement. Nevertheless, the reductions in
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aggregate and bitumen production, as well as operating costs, make it economically beneficial when considering
the total benefit.

Using 70% RAP material, an increase of 3.1% in electricity costs, an 8.4% increase in aggregate heating costs,
and a 0.6% increase in the crushing-sieving process of the removed asphalt pavement were observed as recovery
costs. However, the reductions in aggregate production, bitumen production, and operating costs result in a
significant profit of 16.9% when considering the total benefit. Based on the research conducted by Yalova
Municipality and Special Provincial Administration, it is determined that an average of 6,000 tons of asphalt
pavement is excavated annually.

Bitumen Aggregate  m Operation Costs  ® Recycling Costs

60 57.5
55.1 528
22.5
17.5
15.2 14.3
13.9 11 11.4
7.7 7.6 a6
[ ] [] ' l
| |
0% RAP 30% RAP 50% RAP 70% RAP

Figure 4. Cost components depending on the use of RAP at different rates (%)

As shown in Table 5, it is estimated that by recycling 30%, 50%, and 70% of the excavated asphalt pavement,
gains of $4,341.1 to $25,549.6 can be achieved for 1,800, 3,000, and 4,200 tons of RAP, respectively. Apart from
the financial benefits, recycling waste materials will protect the environment by preventing the creation of waste
sites, reduce the use of natural resources, and significantly decrease greenhouse gas emissions associated with
production and transportation. Cost-benefit analyses have been conducted in Table 6 and Table 7, considering the
use of RAP at rates of 30%, 50%, and 70%, respectively. These analyses only include on-site production costs,
and additional costs per ton, such as transportation, paving, compaction (labor), should be taken into account.
Labor costs for paving and compaction, depending on the distance from the site, are typically around $1.7-$2.8

per ton. Moreover, expenses related to drainage works and horizontal and vertical marking should also be added.

214



Reclaimed asphalt pavements J. Innovative Eng. Nat. Sci. vol. 13, no.2, pp. 205-218, 2023.

Table 5. Comparison of recycling costs of asphalt pavements excavated in Yalova

Annual Average Amount of Initial Cost Initial Cost

Asphalt Pavement Excavated RAP Usage RAP Amount  without using  with using RAP

(tons) Rate (%) (tons) RAP ($) $) Profit ($) Profit (%)

6000 30 1,800 64,791.9 60,450.8 4,341.1 6.7

6000 50 3,000 107,986.5 94,596.2 13,390.3 124

6000 70 4,200 151,181.1 125,631.5 25,549.6 16.9

Table 6. Asphalt pavement road construction cost without recycling for 1 km

Pavement Layer Density Road width  Road length Amount .

Courses Thickness (m) (tons m®) (m) (m) (m®) Unit Cost (§)  Total Cost (3)

Excavation 0.15 1.60 7.00 1,000 1,050 34 3,543.3

PMB 0.15 1.60 7.00 1,000 1,050 5.6 5,905.5
Subtotal 9,448.8

Wearing Course 0.05 240 7.00 1,000 840 36 30,236.2

Binder Course  0.08 240 7.00 1,000 1,344 33.2 44,598.4
Subtotal 74,834.6
TOTAL 84,283.5

Unit cost (per 1 m?) 12.04

According to Table 6, the construction cost of a 1 km asphalt road is approximately $84,283.5. In this section, the
use of RAP in the wearing and binder courses and the resulting savings in asphalt road costs were evaluated. It
was planned to use 70% RAP in the wearing and binder courses, and as shown in Table 7, a cost saving was
determined. Consequently, the total cost, which was $84,283.5, decreased by 15% to $71,636.4. By performing
the same assessments, the use of 30% and 50% RAP in the wearing and binder courses was planned, and the cost
saving was calculated. The total cost decreased by 6% from $84,283.5 to $75,004 with the use of 30% RAP, and
it decreased by 11% from $84,283.5 to $79,269.5 with the use of 50% RAP. The increase in the utilization
percentage of RAP to levels of 50-70% can potentially introduce challenges related to strength and durability [38,
39]. However, considering in terms of cost-effectiveness, environmental impact, and human well-being, usage of
RAP in low-traffic volume road construction or as road maintenance material can still be advantageous along with

a balance between the potential drawbacks and overall benefits [39].

Table 7. Asphalt pavement road construction cost with 30%,50% and 70% RAP for 1 km

Pavement 'IL'ﬁ?/fIl(’ness Density vl?/?c?t?] Road length Amount Total Cost based on RAP usage ($)
Courses (m) (tons m3) (m) (m) (m®) 30% 50% 70%
Excavation 0.15 1.60 7.00 1,000 1,050 3,5643.3 3,543.3 3,5643.3
PMB 0.15 1.60 7.00 1,000 1,050 5,905.5 5,905.5 5,905.5
Subtotal 9,448.8 84,000 9,448.8
Pavement  =2Yer Density Road Road length Amount Total Cost based on RAP usage ($)*
Thickness 3 width
Courses (m) (tons m~) (m) (m) (tons) 30% 50% 70%
Wearing 0.05 2.40 7.00 1,000 840 28,210.3 26,487.0 25,126.3
Binder 0.08 2.40 7.00 1,000 1,344 41,610.3 39,068.3 37,061.3
Subtotal 69,820.7 65,555.2 62,187.6
TOTAL 79,269.5 75,004.0 71,636.4
Unit cost (per 1m?) 11.3 10.7 10.2

*As mentioned before, for the calculations of asphalt production costs were decreased by 6.7% for 30% RAP, 12.4% for 50% RAP and 16.9%
for 70% RAP.
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V. CONCLUSIONS

In this study, a cost-benefit analysis was conducted for the construction of a 1 km asphalt road in Yalova. The

analysis focused on the benefits and opportunities of using RAP instead of virgin aggregate in asphalt pavements,

considering cost and environmental factors. Based on the findings:

It was observed that total production costs decreased by 6% to $5,013.9 for 30% RAP usage, by 11% to
$9,279.4 for 50% RAP usage, and by 15% to $12,647 for 70% RAP usage. These cost reductions indicate that
recycling asphalt pavements can be a viable alternative for new road construction.

Although energy consumption was not specifically addressed in this study for Yalova, references were made
to existing literature. As previously mentioned in Figure 2, a study showed a decrease of approximately 7.6%
in CO2 emissions, amounting to 63,524 kg per km, with the use of 50% RAP. Additionally, the use of 50%
RAP resulted in an energy consumption reduction of 870,825 MJ per km. Despite the increase in recovery
costs, the overall cost analysis favors the expansion of RAP usage due to the significant decrease in total
production costs resulting from reductions in aggregate and bitumen production, as well as operating costs.
Detailed life cycle cost analysis should be conducted to further explore the use of RAP in Yalova. To promote
the recycling and reusability of pavement materials nationwide in Tiirkiye, an integrated management system
could be established for recycling asphalt roads, which are classified as utilizable and recyclable waste. The
government can incentivize municipalities and private entities to utilize RAP. Legislation must be enacted to
mandate the use of recycled materials, and detailed regulations should be developed.

The use of recycling methods and RAP in asphalt pavements not only helps preserve natural resources and
prevent environmental damage but also offers significant financial gains. Non-recycled asphalt pavement
waste poses significant harm to the environment when left untreated. Therefore, promoting the recycling and
reusability of asphalt pavements is crucial not only in Tiirkiye but also worldwide. Taking steps to support the

goals of the European Green Deal can contribute to creating a more sustainable world.

VI. RECOMMENDATIONS
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Conduct further research on different percentages of RAP usage: Although the study focused on 30%, 50%,
and 70% RAP usage, it would be beneficial to explore the effects of other percentages as well. This can help
identify the optimal balance between cost reduction and environmental benefits in asphalt pavement
construction.

Evaluate the long-term durability of RAP: While the cost-benefit analysis indicates the potential advantages
of using RAP, it is important to assess the long-term performance and durability of asphalt pavements
incorporating recycled materials. Longitudinal studies and field trials can provide valuable insights into the
structural integrity and maintenance requirements of RAP-based road surfaces.

Assess the feasibility of RAP in different geographical regions: The study focused on Yalova, but it would be
valuable to evaluate the applicability of RAP in other regions of Tiirkiye or even in different countries. Factors
such as climate, traffic patterns, and aggregate availability can influence the performance and cost-

effectiveness of RAP, making it essential to assess its viability in diverse contexts.
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o Investigate alternative recycling methods and technologies: While the study focused on RAP usage, it would
be worthwhile to explore other innovative recycling methods and technologies for asphalt pavements.
Technologies such as warm mix asphalt and cold recycling techniques have shown promising results in terms
of cost savings and environmental benefits. Assessing their suitability and potential implementation can
broaden the range of sustainable options.

e Promote collaboration and knowledge-sharing among stakeholders: To accelerate the adoption of sustainable
practices in road construction, fostering collaboration among government agencies, research institutions,
industry stakeholders, and environmental organizations is crucial. Sharing best practices, lessons learned, and
success stories can facilitate the widespread implementation of recycling methods and encourage the

development of standardized guidelines and specifications.

These suggestions aim to expand the scope of future research and provide a broader perspective on utilizing

recycled materials in asphalt pavement construction beyond the findings and limitations mentioned in the article.
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spacing reached 349 °C under 10 A current, and the temperature value increased with current. In addition, it
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I. INTRODUCTION

A composite material is one that is created by mixing two or more components having dissimilar physical and
chemical qualities to create a new material with enhanced properties over the components used alone. Utilizing
their strengths, these elements, also referred to as the matrix and reinforcing elements, are joined to create a new
material. While the reinforcing material contributes the required mechanical qualities, such as strength and
stiffness, the matrix material surrounds the reinforcement material and gives it flexibility. Aerospace, construction,
recreational goods, and healthcare devices are just a few of the industries that employ composite materials. High
strength-to-weight ratio, longevity, resistance to corrosion, and wear resistance are only a few of their advantages.
Metal matrix composites, polymer matrix composites, and ceramic matrix composites are typical forms of

composite materials.

Polymer materials are classified based on their qualities, chemical structures, and production techniques. Polymers
are categorized into natural and synthetic polymers, and they are further classified into thermoset, thermoplastic,
and elastomers based on their heating behavior. Thermoplastic materials are polymers that can be melted and
reformed repeatedly without enduring any chemical changes as a result of heat. Simultaneously, due to its

simplicity of use in industrial studies as well as being an easily formed, light, durable, and cost-effective material,
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nowadays, its usage has grown popular, both in academic studies and in manufacturing operations, compared to

other polymers.

Polyethylene (PE), polycarbonate (PC), polypropylene (PP), and polyamide (nylon, PA) are some of the most
prevalent thermoplastics used today. In addition to these, the polyaryletherketone (PAEK) family and
polyphenylene sulphide (PPS) are high-performance thermoplastic polymers. Injection molding, extrusion, and
thermoforming are some of the processes used in order to treat thermoplastics. Composite material welding is used
to combine two or more composite materials to build a bigger structure. It can be done in several ways, including

adhesive bonding, fusion bonding, and mechanical bonding.

In addition to allowing complicated structures to be created in one piece depending on the manufacturing
processes, composite materials necessitate joining procedures, which have drawbacks such as production mistakes,
mold costs, and so on. However, thermoplastic matrix composites offer greater weldability than thermoset

materials in polymer matrix composites due to their reversible features.

Assembling or joining thermoplastic composite structures is becoming more important to replace metallic or
thermoset matrix composite materials in the aerospace, automotive, and marine industries to improve static and
fatigue loads [1-2]. Many connecting procedures for unreinforced and reinforced thermoplastic polymers have
been developed [3]. However, each approach has a narrow range of uses. Traditional connecting methods for
thermoplastic composites are laborious and expensive. Boeing Corporation's Defense and Space Group conducted
a cost comparison study and indicated that fusion bonding (welding) a composite wing structure vs. a bolted
structure might result in labor savings more than 61% [4]. Thermoplastic adhesive bonding is challenging due to
the difficulties of adhering adhesive compounds to thermoplastic polymers. Mechanical bonding methods have
issues due to stress concentrations, galvanic corrosion, mismatch of the thermal expansion coefficient, and drilling
damage to the reinforcing fibers. These issues can be greatly reduced using thermoplastic composite welding or

fusion bonding [5].

Heat is generated by the contact resistance of the materials when a current is applied to the system in resistance
welding. The heat generated is used to connect the materials. Thermoplastic composite materials have insulating
qualities, and currents are supplied to the system via heating components. The heat required for bonding is provided
by electrically resistive heating sources placed between material surfaces in this approach. There is no requirement
for complex geometry molding for resistance welding [1-6]. When a current move through a heating element, heat
is produced according to the Joule's Law. As shown below, the energy (E) emitted by the resistor is proportional

to its resistance (R), current (1), and elapsed time (t).

E = I?Rt 1)

After the temperature losses on the materials are overcome, it increases towards the adhesion surfaces and after a
while, it rises above the melting temperature of the thermoplastic materials and melts the material. The molten
materials held under pressure adhere by pressure. After the materials adhere, the current flow is stopped, and it is
expected to cool under pressure. After the materials have cooled, the pressure is released, and the thermoplastic

composites are joined by the resistance welding [7].
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Ageorges et al. [8] presented a comprehensive experimental investigation of resistance welding of carbon and
glass fiber reinforced polyetherimide (PEI) sheets. Thermoplastic samples designed according to lap shear and
double cantilever beam tests were resisted by using fabric and one-way heating elements. They characterized the
statistical distribution of the resistance of the heating elements and evaluated the effects of temperature on the

heating element resistance

Dube et al. [9] used carbon fiber reinforced polyetherketone ketone (CF/PEKK), carbon fiber reinforced
polyetherimide (CF/PEI), and glass fiber reinforced PEI (GF/PEI) composite materials in their study to determine
the effects of metal mesh heating element size on the resistance welding of thermoplastic composites. As heating
elements, four different metal mesh sizes with mesh spacing of 0.152, 0.104, 0.089, and 0.043 mm were used.

They discovered that the wire diameter and gap width had a significant impact on weld quality and performance.

Colak et al. [10] performed resistance welding process modelling for thermoplastic composites in their study. By
developing heat transfer, degradation kinetics and consolidation models, they created the process window, which
is defined as the applicable ranges of controllable process parameters. An optimization method called as Nelder-
Mead was used to determine the process parameters. Thus, they have ensured that the welded joint results in the
desired quality and with minimum processing time. They found the optimum process parameters and welding
times corresponding to the process parameters for different thicknesses of APC-2 PEEK thermoplastic composites.
It was determined that as the thickness of the APC-2 plates increased, the power requirement decreased, and the

welding time shortened. They found that the thickness of the insulation material affects the welding time

Wei et al. [11] conducted an experimental study on resistance welding using three types of stainless steel (SS)
mesh with different dimensions and electrical resistances as heating elements for welding carbon fiber reinforced
polyetheretherketone (PEEK) composite composites. They conducted a study to determine the effect of metal mesh
on welding process and performance at different power densities ranging from 29 to 82 kW/m?. According to the

given power densities, they observed the temperature value of the heating elements in which time.

Within the scope of this study, a series of experimental studies were carried out to determine the maximum
temperature values that meshes with different properties can reach with the applied current, and to determine with
which currents the operation temperature levels of thermoplastic materials to be used in joining processes can be

reached.

1. EXPERIMENTAL METHOD / TEORETICAL METHOD

In this study, a resistance welding mechanism was designed as shown in Figure 1 in order to conduct experimental
work. In the designed resistance welding mechanism, there is a plate that holds the copper plates and is controlled
by pneumatic pistons for vertical movement. An insulating material, specifically Teflon, is placed between the
plate and the copper plates. The power supplied by the power supply unit is delivered to the heating elements
through the copper plates. There are pneumatic pistons that enable the movement of C10100 nickel-based copper
alloys plates, which has electrical resistivity value 10 u€/cm, in the system. The meshes placed between the copper
plates are then compressed and current is applied. In order for the system to work safely, necessary insulations are

provided between the copper plates and the support parts. The temperatures generated by the current supply were
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measured by scanning the surface of the entire mesh with a Nikon thermal camera, and the maximum temperature

data were determined separately for all type meshes with the relevant system.

Figure 1. The designed resistance welding setup

The mesh spacing, mesh number, wire diameter, and opening area of the heating elements made of 316L stainless-
steel material, which has electrical resistivity value 74 pQJ/cm, used in the study are shown in Table 1 and their
3D model images are shown in Figure 2. As known, 316L stainless steel material provides advantages in operation

due to its austenitic characteristic.

In the study, the heating elements of different sizes in Table 1 were cut as 12.7 x 160 mm, 25.4 x 160 mm, 38.1 x
160 mm, 50.8 x 160 mm, 63.5 x 160 mm, 76.2 x 160 mm. The cut samples were powered by a DC programmable
SORENSEN SGX50X200D-1DSAR model power supply. The temperatures formed on the heating elements were
measured with the FLIR T530 thermal camera.

Table 1. Dimensions of heating elements

Mesh Mesh Wire Opening
Spacing Number Diameter Area
(W (mm)
33 500 0.03 27%
45 300 0.04 28%
61 250 0.04 36%
91 180 0.05 42%
109 150 0.06 42%
154 100 0.1 37%
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Figure 2. 3D model of heating elements with a length of 1x1 mm2 of heating elements with different mesh spacing a) 33 um b) 45 um c) 61
pumd) 91 pme) 109 pm f) 154 pm

111. RESULTS AND DISCUSSIONS

The measured temperatures from 6 different heating elements according to different widths and different current
values are shown in Figure 3. It was observed that more current is needed to reach high temperatures as the mesh
gap increases. Considering the behavior of the heating element with 61-micron mesh spacing seen in Figure 3c, it
is seen that the required current value to reach the desired temperature value is less than the heating element with
45-micron mesh spacing. The reason for this, was determined that the heating element with 61-micron mesh

spacing and the heating element with 45-micron mesh spacing have the same thickness of wire diameter.
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Figure 3. Current-width-temperature graph of the heating element with mesh spacing a) 33 p, b) 45 nc) 61 u, d) 91 p, e) 109 p, f) 154 p

In addition, it has been determined that as the width of the heating elements increases, the number of wires
increases and the current per wire will decrease, and more temperature can be obtained by giving more current to
the heating element. It has been observed that the current values given according to the width dimension do not

increase linearly in order to reach the desired temperature value to be obtained from the heating elements.

The mathematical formulation for obtaining temperature values for each heating element was derived through
regression analysis in the conducted study. The formulation, presented in Table 2, includes statistical metrics such

as R-squared (R?) and adjusted R-squared (R? adj) values.
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Figure 4 shows the resistance values of the heating elements at different temperatures and currents. By reading the
output voltage values of the heating elements, which are energized by the power source used, the resistance of the
heating elements according to the varying temperatures and different widths, together with the given current

values, was calculated from the connection between the current and voltage.
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Figure 4. Current-width-resistance graph of the heating element with mesh spacing a) 33 p, b) 45 pc) 61 u, d) 91 p, e) 109 p, f) 154 u

The reason why the resistance value of the heating element with 61-micron mesh gap is higher than the heating
element with 45-micron can be shown as the same wire diameter. It can be seen that this has a great effect since
the resistance of the material depends on the cross-section area. In addition, since the heating elements produce

energy according to the Joule law, the resistance values greatly affect the heating of the said elements.
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Table 2. The formulas for temperature values of the heating elements based on current and width

Mesh

Spacing Formulation R? R? adj

(W
33 Temperature (°C) = 387,7 + 9,290 Current (A) - 5,849 Width (mm) 91.28 % 88.28 %
5 Temperature (°C) =252,9 + 8,971 Current (A) - 5,047 Width (mm) 92.92 % 92.36 %
61 Temperature (°C) = 356,2 + 9,042 Current (A) - 6,113 Width (mm) 82.31% 80.54 %
91 Temperature (°C) = 322,6 + 6,806 Current (A) - 5,013 Width (mm) 91.16 % 90.51 %
109 Temperature (°C) = 314,1 + 8,074 Current (A) - 5,553 Width (mm) 93.28 % 92.67 %
154 Temperature (°C) = 342,1 + 4,214 Current (A) - 4,259 Width (mm) 91.70 % 91.04 %

When we look at the study of Wei et al., [11], it was seen that the resistance value of the heating elements decreased
as the mesh spacing of the these elements increased. In addition, it has been determined that the amount of current
required to reach the desired temperature value increases with the increase in the width and thickness of the heating

elements.

IV. CONCLUSIONS

In this study, a resistance welding unit was designed to weld thermoplastic matrix composite materials. By means
of the designed resistance welding device, the temperature ranges that the heating elements made of stainless-steel
material, which serves as an implant in the welding of composite materials, can be reached by cutting in 6 different
sizes, the line length to which the current is supplied and in different widths, were measured. The measurement
results show the minimum temperatures to be given to the composite material according to the melting and
operating temperature of the thermoplastic composite materials to be welded. Due to the heat loss that may occur
when composite materials are added on the materials, it has been determined that welding can be performed by
taking 10% more of the current value in the current-width-temperature graph of the heating element desired to

weld, in order to reach the operating temperature required for the welding of thermoplastic composite materials.
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