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Timokinon ve Timol'iin Histamin Reseptorleri Uzerinde
Molekiiler Kenetleme Analizi

Emre Fatih EDIiZ " ©© Meltem DEMIREL KARS 2

! Necmettin Erbakan University, Research and Application Center of Science and Technology (BITAM), Konya,
Tirkiye
2 Necmettin Erbakan University, Faculty of Engineering, Department of Biomedical Engineering, Konya,
Tirkiye

Makale Bilgisi OZET

Corek otu veya N. sativa L., diinya ¢apinda genis bir alana yayilmis olan degerli bitkiler
arasinda popiiler bir sifali ottur. Geleneksel tipta, solunum, sindirim ve kardiyovaskiiler
sistemlerle ilgili hastaliklar1 tedavi etmek i¢in kullanilmigtir. Timokinon, 6zellikle Nigella
sativa L. bitkisinde bulunan bitki kékenli bir bilesik olan timoliin tiirevidir ve antioksidan, anti-
enflamatuar ve antitimor Ozelliklere sahip dogal bir fenolik bilesiktir. Timol ise bir

Gelis Tarihi: 31.01.2024
Kabul Tarihi: 30.06.2024
Yayin Tarihi: 30.04.2025

A_naht_ar Kelimeler: monoterpendir ve gesitli bitkilerde dogal olarak bulunan bir ugucu yag bilesenidir. Antioksidan,
Timokinon, antiseptik, antimikrobiyal ve anti-enflamatuar 6zelliklere sahiptir. Timokinon ve timol, anti-
T'_mOL_ ) alerjik etkilere sahiptir ve alerjik reaksiyonlar: hafifletmek veya onlemek igin kullanilan
Histamin reseptorleri, bilesenler olarak bilinir. Bu ¢aligmada insan viicudunda bulunan alerji reseptorii olan HIR,
Molekﬁler }(enetlenme, H2R, H3R, and H4R histamine reseptorleri tercih edilmistir. Yapilan molekiiler yerlestirme
Nigella sativa L. caligmalar1 sonucunda timokinon ve timoliin HIR, H2R, H3R, and H4R histamine reseptérleri

icin 6nemli afiniteye sahip bir molekiil oldugu gosterilmistir.

Molecular Docking Analysis of Thymoquinone and Thymol on Histamine Receptors

Article Info ABSTRACT

Black cumin or N. sativa L. is a popular medicinal herb among the valuable plants, native to a
wide range of areas around the world. In traditional medicine, it was used to treat diseases
related to the respiratory, digestive, and cardiovascular systems. Thymoquinone is a derivative
of thymol, a plant-derived compound primarily found in Nigella sativa L., and it is a natural
phenolic compound with antioxidant, anti-inflammatory, and antitumor properties. Thymol, on
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Keyword_s: the other hand, is a monoterpene and a volatile oil component naturally occurring in various
Thymoquinone, plants. It possesses antioxidant, antiseptic, antimicrobial, and anti-inflammatory properties.
Thymo_l, Both thymoquinone and thymol exhibit anti-allergic effects and are known as components used
Histamine receptors, to alleviate or prevent allergic reactions. In this study, the allergy receptors present in the human
Molecular docking, body, namely H1R, H2R, H3R, and H4R histamine receptors, were specifically targeted.
Nigella sativa L. Molecular docking studies revealed that thymoquinone and thymol exhibited significant

affinity towards H1R, H2R, H3R, and H4R histamine receptors, indicating their potential as
molecules of importance in the context of allergic reactions.
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INTRODUCTION

The use of plants as medicine dates back to the beginning of human history. Among the promising
medicinal plants, Nigella Sativa L. is considered a sacred seed in Islamic countries, believed to possess
the cure for every ailment except death. Both Ibn Sina and Hippocrates accorded special importance to
black cumin in their prescriptions [1]. Black cumin or N. sativa L. is a popular medicinal herb among
the valuable plants, native to a wide range of areas around the world [2]. In traditional medicine, it was
used to treat diseases related to the respiratory, digestive, and cardiovascular systems. Moreover, many
publications have exhibited a wide range of potential beneficial effects for N. sativa, such as antiviral,
anti-inflammatory, hypotensive, hypoglycemic, and antitumor properties. Furthermore, the beneficial
effects of it have been reported by various studies for some allergic disorders such as allergic asthma,
allergic diarrhea, allergic rhinitis, and allergic conjunctivitis [3]. These beneficial properties are related
to certain phytochemicals found in N. sativa, such as thymoquinone, terpenes, saponins, flavonoids, and
essential oils [4]. Thymoquinone is present in N. sativa oil seeds as the highest amount of volatile oil.
The most beneficial features of N. sativa are essentially related to thymoquinone. According to research,
thymoquinone exhibits several important health-friendly properties, including antioxidant activity, anti-
inflammatory properties, immunomodulatory effects, antihistaminic effects, antimicrobial effects and
antitumor effects. Moreover, it has been reported that thymoquinone demonstrates gastroprotective,
hepatoprotective, nephroprotective, and neuroprotective effects [5]. Thymol is another important
bioactive compound in N. sativa. It has antimicrobial, anti-inflammatory, antitumor and fungicidal
effects [6,7]. Histamine was formally defined by Windaus and Vogt in 1907, with its biological roles
later elucidated by Sir Henry Dale and Laidlaw in 1910 [8]. Until 1932, the role of histamine in allergic
reactions was not clearly defined. However, from that point onward, researchers identified histamine as
a key regulator of allergic reactions [9]. On the other hand, histamine can be considered as one of the
principal mediators of the inflammatory response [10]. The H1 receptor is implicated in early-type
hypersensitivity reactions, encompassing symptoms such as itching, redness, swelling, rhinitis,
bronchospasm, anaphylaxis, conjunctivitis, and urticaria. Additionally, it exerts central nervous system
effects, impacting sleep, attention, convulsions, and food consumption. The H2 receptor contributes to
immune system activities, including mast cell degranulation, antibody synthesis, and Thl cytokine
production. The H3 receptor plays a role in the regulation of the sleep-wake cycle, cognition and
learning, inflammation, and energy level maintenance. As for H4R, it is involved in functions such as
immune cell chemotaxis, cytokine production, autoimmune diseases, and the modulation of colon and
breast cancer, as well as nociception [11]. The advent of computer-based approaches has transformed
research in life sciences, alleviating the financial burden associated with laboratory expenses and animal
experimentation for medical institutions. In silico methods prove valuable for classifying proteins
according to their structure and function, offering assistance in the examination of molecular
interactions. Molecular docking becomes a valuable tool for assessing potential ligands and receptor
complexes in natural therapeutics, contributing significantly to future studies in genetic engineering,
biotechnology, and drug development [12]. Thymogquinone and thymol are known compounds that may
possess anti-allergic potential. Therefore, performing molecular docking with histamine receptors aims
to understand their effects on histamine receptors and elucidate potential anti-allergic mechanisms. This
is the first study on the application of molecular docking of thymoquinone and thymol against Histamine
1, Histamine 2, Histamine 3, and Histamine 4 receptors. In this study, the aim is to understand and
delineate how the molecular docking of histamine receptors with thymoquinone and thymol affects the
allergenic reactions of cells.



Molecular Docking Analysis of Thymoquinone and Thymol on Histamine Receptors

MATERIALS AND METHODS

Preparation of Receptors and Ligands

The crystal structures of HIR, H2R, H3R, and H4R histamine receptors were obtained from the
Protein Data Bank (PDB) [13] with the following accession numbers: 3RZE, 7UL3, 7F61, and 3P0G,
respectively. The resolutions of these receptors were 3.10 A, 3.00 A, 2.60 A, and 3.50 A, respectively.

To prepare the receptors for molecular docking, the water molecules were removed, and hydrogen
atoms and Kollman charges were added to the protein structures using AutoDockTools-1.5.7 software.
The structures were then optimized, and output files were obtained in PDBQT format.

The ligands used in the molecular docking, thymoquinone and thymol, were obtained from the
PubChem databases (Thymoquinone: 10281 and Thymol: 6989). The molecular structures of
thymoquinone and thymol were optimized using PerkinElmer Chemdraw V.22.0.0.22 at the Hartree-
Fock theory level prior to the molecular docking. In summary, the crystal structures of histamine
receptors H1R, H2R, H3R, and H4R were obtained from PDB. The receptors were then prepared for
molecular docking by removing water molecules, adding hydrogen atoms and Kollman charges, and
optimizing the protein structures. The ligands, thymoquinone and thymol, were obtained from
PubChem, and their molecular structures were optimized prior to the molecular docking.

A B

Figure 1
Molecular structures of A) thymoquinone [14] and B) thymol [15]

Molecular Docking

Molecular docking was performed using AutoDock Vina v1.1.2. The values for the dimensions
of the grid box and the coordinates of its center are presented in Table 1. The dimensions of the grid box
were selected to fully encompass the entire proteins for blind docking. The positions of receptor-ligand
binding were visualized using Pymol Edu v.2.5.4, and the resulting binding structures were identified
in 2D visual form using the BIOVIA Discovery Studio 2021 software [16,17].

Table 1
Grid box dimensions and center coordinate values for thymoquinone and thymol
RECEPTOR NAME CODE Center Coordinate Values (X, Y, Z) Grid Box Values (X, Y, 2Z)
H1R 3RZE 27, 30, 46 70, 70, 97
H2R 7UL3 165, 165, 185 47, 40, 59
H3R 7F61 -19, 46, 0 41,94, 42
H4R 3P0G 42,15, 11 101, 48, 62

Determination of Pharmacokinetic/ ADMET Profile

The ADMET (absorption, distribution, metabolism, excretion, and toxicity) profiles of
thymoquinone and thymol were determined using the SwisSADME online software from the Swiss
Institute of Bioinformatics [18] to assess their pharmacokinetic properties. The SMILES strings of
thymoquinone and thymol were calculated using the PubChem OEChem V2.3.0 software and shown in
Table 2. The canonical SMILES strings of thymoquinone and thymol were input into the online software
to calculate various parameters, including blood-brain barrier permeability, Log Kp value, binding to P-
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glycoprotein, inhibition of cytochrome P450 (CYP450), clearance and volume distribution, Lipinski's
rule, and bioavailability. Additionally, the in silico toxicity of thymoquinone and thymol was evaluated
based on the OECD guidelines for oral LD50 in mice using the GUSAR-Online web-based server [19].

Table 2
SMILES strings of thymoquinone and thymol
LIGAND SMILES STRINGS

thymoquinone  [H]C1=C(C(=0)C([H])=C(C1=0)C([HN(C((HD(HDIHDC(HD(IHDIHDC(HN)(HDIH]
thymol [H]OC1=C(C([H])=C([H]) C(=CLHDCHD(HDIHD CHN(CAHDN(HDIHD C(HD) (HDIH]

RESULTS

Thymogquinone and thymol molecules were molecularly docked to four different histamine
receptors (H1R, H2R, H3R, and H4R) at the molecular level, and the binding energies were calculated.
The highest affinity values for each receptor were shown in Table 3 for thymoquinone and in Table 4
for thymol.

Table 3
Molecular docking results of thymoquinone to target receptors
BINDING
REggETEOR REISE,'\DATEOR ENERGY  RMSDA INTERACTIONS INTERACTION TYPE
(KCAL/MOL)
LEU A:201, LEU A:205, PHE
A:119, ILE A:120, PHE A:116, s
3RZE H1R -5.3 1.859 ALA A:151, LEU A:154, PRO Van Der Waals, Pi-Sigma
A:202
LEY Ad2d, PRO £:123, PRO  v/an Der Waals, Pi-Pi, Pi-
A:127, ALA A:119, TYR A:126, .
7UL3 H2R -5.5 1.197 ) . Alkyl, Conventional
LEU A:229, ARG A:116, ILE s
A:232 Hydrogen Bond, Pi-Sigma
ALA A:372, PHE A:207, PHE
A:211, TRP A:371, GLY A:368,
7F61 H3R -6.4 2.333 PRO A:210, PHE A:367, VAL Van Der Waals, Pi-Pi
A:214, VAL A:364, ILE A:125,
THR A:215
LEU A:340, LEU A:53, VAL A
' ' Van Der Waals, Pi-Pi
A:54, GLY A:50, PRO A:323, . ' ’
3P0G H4R -6.2 1.245 LEU A:324. CYS A:327, PHE Conventlténoar:dHydrogen
A:336, ARG A:333
Table 4
Molecular docking results of thymol to target receptors
BINDING
REggEEOR RENCE:\DAEOR ENERGY RMSD A INTERACTIONS INTERACTION TYPE
(KCAL/MOL)

ILE A:160, PRO A:161, PHE
3RZE H1R -5.8 3.427  A:190, VAL A:187, HIS A:167,
PHE A:184, TRP A:189
FO A:9401, CYS A:102, VAL
A:99, TYR A:250, ASP A:186,
GLY A:187, PHE A:254. THR Van der Waals, Unfavorable

Van der Waals, Pi-Pi, Alkyl,
Pi-Alkyl

7UL3 H2R -5.9 2.019 A190, PHE A:251, THR A:103, BumgulrflurPlplli’lS,lAlnl?él Pi-
TRP A:247, ASP A:98, VAL LY
A:176
SER A:365, VAL A:364, GLY
A:368, VAL A:214, TRP A:371, Van Der Waals, Pi-Sigma,
7F61 H3R 63 1.829 PRO A:210, PHE A:211, PHE Alkyl, Pi-Alkyl
A:367, THR A:215, ILE A:125
ARG A:333, PHE A:336, CYS
3P0G HAR 6.4 0997 A:327, ARG A:328, LEU A:324, VVan der Waals, Conventional

PRO A:323, GLY A:50, LEU Hydrogen Bond, Pi-Pi, Alkyl
A:53, VAL A:54
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The highest affinity binding position of thymoquinone to the H1R receptor is shown and the
binding interactions are illustrated in Figure 2. Thymoquinone binds to the H1R receptor with an affinity
of -5.3 kcal/mol.

ILE
A:120

PRO.
A:202

LEU ‘PHE
A154 A:116

ALA
A:151

Figure 2
Interaction of the thymoquinone analog with the H1R receptor with the highest energy and two-dimensional
depiction of thymoquinone binding interactions with H1R receptor

Thymoquinone's highest affinity binding position to the H2R receptor is shown and the binding
interactions are illustrated in Figure 3. Thymogquinone binds to the H2R receptor with a binding energy
of -5.5 kcal/mol.

LEU ARG
Ry w229 4116
A:126 ¥ Re

\ . ILE
ALA . . . A232
A119 s

Figure 3
Interaction of the thymoquinone analog with the H2R receptor showing the highest energy conformation and
two-dimensional representation of the binding interactions of thymoquinone with the H2R receptor

The highest affinity binding position of thymoquinone to the H3R receptor is depicted and the
binding interactions are illustrated in Figure 4. Thymoguinone binds to the H3R receptor with a binding
energy of -6.4 kcal/mol.
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Figure 4
Interaction of the highest energy thymoquinone analog with the H3R receptor and two-dimensional
representation of the interaction of thymoquinone with the H3R receptor

The binding position of thymoguinone with the highest affinity to the H4R receptor is shown and
along with the binding interactions displayed in Figure 5. Thymoquinone has a binding affinity of -6.2
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kcal/mol to the H4R receptor.
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Figure 5

Interaction of the highest energy thymoquinone analogue with the H4R receptor and two-dimensional depiction
of the binding interactions of thymoquinone with the H4R receptor

The binding position of thymol with the highest affinity to the H1R receptor is shown and along

with the binding interactions displayed in Figure 6. Thymol has a binding affinity of -5.8 kcal/mol for
the H1R receptor.
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Figure 6

Interaction of the highest energy thymol analogue with the H1R receptor and two-dimensional depiction of the
binding interactions of thymol with the H1R receptor.

The binding position of thymol with the highest affinity to the H2R receptor is shown and along
with the binding interactions displayed in Figure 7. Thymol has a binding affinity of -5.9 kcal/mol for

the H2R receptor.
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Figure 7
Interaction of the highest energy thymol analogue with the H2R receptor and two-dimensional depiction of the
binding interactions of thymol with the H2R receptor.

The binding position of thymol with the highest affinity to the H3R receptor is shown and along

with the binding interactions displayed in Figure 8. Thymol has a binding affinity of -6.3 kcal/mol for
the H3R receptor.
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Figure 8
Interaction of the highest energy thymol analogue with the H3R receptor and two-dimensional depiction of the
binding interactions of thymol with the H3R receptor.

The binding position of thymol with the highest affinity to the H4R receptor is shown and along
with the binding interactions displayed in Figure 9. Thymol has a binding affinity of -6.4 kcal/mol for
the H4R receptor.

GLY

A:364
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A365 : A371

Figure 8
Interaction of the highest energy thymol analogue with the H4R receptor and two-dimensional depiction of the
binding interactions of thymol with the H4R receptor.

Thymoquinone and thymol’s pharmacokinetic/ ADMET profile results, which were conducted to
determine whether they can be considered as potential drug-like compounds, are listed in Table 5.

Table 5
ADMET parameters and acute oral toxicity of Thymoquinone and Thymol predicted by SwissADME and GUSAR
online estimations

PARAMETER THYMOQUINONE THYMOL
Blood-brain barrier (BBB) permeability BBB+ BBB+
Gastrointestinal drug absorption (GI-DA) High High
P-glycoprotein (P-gp) substrate Non-substrate Non-substrate
CYP1A2 inhibitor No Yes
CYP2C19 inhibitor No No
CYP2C9 inhibitor No No
CYP2D6 inhibitor No No
CYP3A4 inhibitor No No
Daily Kp (skin permeability) —5.74 cm/sn -4.87 cm/sn
Lipinski's Rule Acceptable Acceptable
(MW <500, logP <5, HBD <5, HBA <10) MLOGP>4.15 MLOGP>4.15
Bioavailability score 0.55 0.55

Rat LDso lethal dose (mg/kg) / OECD Class 1979/ (IV) 1303/ (1V)
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DISCUSSION AND CONCLUSIONS

In this study, the specific allergy receptors present in the human body, namely H1R, H2R, H3R,
and H4R histamine receptors, were targeted. Molecular docking studies revealed that thymogquinone and
thymol exhibited significant affinity towards H1R, H2R, H3R, and H4R histamine receptors, indicating
their potential importance as molecules in the context of allergic reactions.

Within the scope of this study, thymol and thymoquinone molecules were modelled in a computer
environment, and their binding to histamine receptors and possible interactions are discussed in the
conclusion section. Table 3 demonstrates that thymoquinone has the lowest binding energy among the
target receptors and Table 4 illustrates the lowest binding energies among the target receptors for thymol.
As a result of docking, the H3 receptor exhibits the highest affinity. When the RMSD is high, as shown
in Figure 2, thymoquinone exhibits a strong affinity for binding to the active site. However, due to the
presence of methyl groups in its structure on the receptors ALA A:372, PHE A:207, PHE A:211, TRP
A:371, GLY A:368, PRO A:210, PHE A:367, VAL A:214, VAL A:364, ILE A:125, and THR A:215,
there is a steric hindrance that results in a high value of 2,333 A in the same plane as the amino acid
groups. This is the structure of thymoquinone, with an RMSD value of 1.245 and a bond energy of -6.2
kcal/mol to its active site, LEU A:340, LEU A:53, VAL A:54, GLY A:50, PRO A:323, and LEU in its
active region. Van der Waals, Pi-Pi, and conventional hydrogen bonds involving structures A:324, CYS
A:327, PHE A:336, and ARG A:333 suggest a preference for the H4R receptor, indicating selective
blocking. In Table 4, ARG A:333, PHE A:336, CYS A:327, ARG A:328, LEU A:324, and PRO are
located in the active site with a binding energy of -6.4 kcal/mol to H4R and 0.997 RMSD of the thymol
target receptor. A:323, GLY A:50, LEU A:53, VAL A:54, and Van der Waals, Conventional Hydrogen
Bond, Pi-Pi, and Alkyl interactions with amino acids in the region closer to the active center, compared
to the thymoquinone structure, showed no steric effect as much as thymoquinone. In Figure 7, FO9401
exhibits an interaction classified as an Unfavorable Bump. Such interactions typically involve physical
clashes or steric hindrances between molecules. This scenario can prevent the molecules from aligning
or binding properly, thereby negatively impacting the overall binding affinity. The binding position of
FO9401 may involve one or more of these unfavorable interactions. Consequently, the interaction
between FO9401 and the H2R receptor is characterized as unfavorable. It is shown in Figure 9 that it
adapts more to the active center conformation. Both thymoquinone and thymol exhibit similar properties
in terms of ADMET parameters and oral toxicity trials (Table 5). Both thymokinon and thymol possess
the ability to cross the blood-brain barrier (BBB+), indicating their potential effects on the central
nervous system [20]. Both compounds are highly absorbed from the gastrointestinal system, suggesting
that they could possess high bioavailability when administered orally [21]. Thymogquinone and thymol
are not substrates of P-glycoprotein, meaning they are not actively pumped out of cells, which may
suggest that their effects could be more prolonged. Specifically, thymogquinone has been shown not to
inhibit any CYP isozymes, indicating a low potential for interactions with other drugs [22]. However,
thymol has slower skin permeability compared to thymoquinone. Herein, we suggest that inhibiting
CYP1A2, one of the most crucial enzymes in the microsomal P450 system, may extend the
bioavailability of thymol-based drugs. In particular, we suggest that the thymol-based formulations may
serve as an alternative to chemically synthesized drugs, for the symptomatic treatment of allergic
asthma, pruritus, and dermatitis symptoms, as Histamine H4R receptor antagonists. In the existing
literature, Badary et al. (1998) reported in their study that the LD50 value of thymoquinone was
determined to 2400 mg/kg (1520-3770 mg/kg) following oral administration [15]. This value surpasses
the prediction obtained through the GUSAR online tool. In a study conducted by Tisserand and Young
in 2013, an acute toxicity investigation associated with oral administration of thymol revealed an LD50
dose of 1220 mg/kg [16]. The GUSAR online prediction estimated LD50 values lower than the in vivo
experimental results, with a dose value of 1979 mg/kg for thymoquinone and 1303 mg/kg for thymol.
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The results obtained from GUSAR online prediction align with the findings of in vitro studies.
Considering the results, predictions emerged from in silico analyses are noteworthy as such they ease to
estimate the interactions of thymol and thymoquinone based drugs to a considerable extent and reduce
the number of animal experiments during drug development.
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Goriintii igleme dijital gorlintiiyii isleyip analiz ederek belirli bilgileri ¢ikarmay1 ve nesnelerin
tanimlanmasint hedefleyen bilgisayar bilimidir. Goriintiileme sistemleri giiniimiizde tip, savunma
sanayi, giivenlik, otomotiv ve otomasyon alanlar1 basta olmak iizere hayatimizin her alaninda yer
almaktadir. Bundan dolay1 goriintiiniin belirlenen amaglar dogrultusunda iglenmesi gerekmektedir.
Blob tespiti goriintii islemede nesne tanima, algilama igin kullanilan bir kavramdir ve goriintideki
bir nesnenin sinirlarini belirleyen bir grup pikseli ifade eder. Blob analizi i¢in farkli algoritmalar
gelistirilmistir. Bu algoritmalardan birisi goriintii islemede yaygin olarak kullanilan ve amaci bir
nesneye ait tiim piksellere ayni etiketi atamak olan baglantili bilesen etiketleme algoritmasidir. Bu
calismada goriintiideki nesnelerin tespiti i¢in baglantili bilesen etiketleme algoritmasi FPGA yapist
iizerinde uygulanmak iizere hazirlanmig ve simiilasyon ortaminda test edilmistir. Bir goriinti
karesinin tamaminin ayni anda iglenmesi bellek kaynaklar1 agisindan verimsiz oldugundan dolay1
goriintii satir satir okunup iglenmistir. Goriintii karesinden tek gegciste her piksel etiketlenmis ve
baglantili pikseller birlestirilerek her blobun alani, sinirlar1 ve agirlik merkezi hesaplanmistir. Bu
sekilde PL-PS yapilarinin bir arada kullanilmasima imkéan saglayacak CCL algoritmasinin
uygulanmast igin altyap1 saglanmustir. flerde yapilacak caligmalarda blob tespiti islemi ZYNQ
yapisinin PS ve PL kisimlarina uygulanarak verimli bir sistem gelistirilmesi hedeflenmektedir.
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Image processing is a branch of computer science that tries to extract information and identify
objects from digital photographs through processing and analysis. Today, imaging systems are used
in almost every aspect of our lives, particularly in medicine, the defense industry, security,
automobile, and automation. As a result, the image must be processed in accordance with the
intended purposes. Blob detection is a concept used in image processing to recognize and detect
objects. It refers to a group of pixels that define the borders of an object in the image. Blob analysis
algorithms vary. One of these techniques is the linked component labeling algorithm, which is
commonly used in image processing and assigns the same label to all pixels of an object. In this
study, the connected component labeling algorithm for detecting objects in the image was prepared
to be implemented on the FPGA structure and tested in a simulation environment. Since processing
a full image frame at once is inefficient in terms of memory resources, the image was read and
processed line by line. Each pixel was labeled in a single pass through the image frame, and the
area, boundaries, and centroid of each blob were determined by combining the corresponding
pixels. This provides the foundation for the application of the CCL algorithm, allowing the use of
PL-PS structures together. Future research will focus on constructing an efficient system that
applies the blob identification procedure to the PS and PL components of the ZYNQ structure.
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Implementation of Single-Scan Connected Component Labeling for FPGA Hardware

INTRODUCTION

Camera systems have grown commonplace in many aspects of our life as technology has
advanced. The images must be processed in order to get the desired information. As a result, image
processing algorithms are continually improving. The majority of this improvement is due to the
development of new data processing methods, but the development of image sensors has resulted
in higher refresh rates and image resolutions over time. The development of image sensors has
improved not only image quality but also the efficiency of vision algorithms. However, increasing
the resolution increases the amount of data to be processed [1].

Image processing has been useful in practically any field. When combined with optimization
methods, they produce particularly successful results. For example, it has been reported that multi-
level image thresholding, a popular image processing technique for segmenting images into highly
meaningful features, can be combined with metaheuristic optimization algorithms to achieve
successful results in terms of calculation time [2]. Another example of using image processing tools
in a different field is to generate 3D body measurements from 2D images [3]. It will be a useful
application for users, particularly if electronic purchasing becomes more widespread. Artificial
intelligence is another topic that is fast evolving today. The most important factor in this progress
is the development of high-performance computing equipment. Today, artificial intelligence is
widely employed in a variety of industries, including health, the defense industry, image
processing, security, voice and text processing, autonomous cars, and weather forecasting [4].

The connected component labeling (CCL) algorithm, which assigns a unique label to all
pixels of each object (connected components) in a binary image, is critical for distinguishing
different objects in the image and is required for image analysis and object recognition. As a result,
CCL is a critical process in image analysis, understanding, perception, pattern recognition,
segmentation, and computer vision [5-9].

Raster approaches are often preferred for the CCL algorithm, as they involve sequential
processes based on label assignment and merging of equivalent labels [10]. Because the physical
design and connectivity of connected components might be complicated, the CCL algorithm can
be time-consuming, and the microprocessor in an embedded system frequently fails to analyze
input binary images efficiently. As a result, hardware architectures tailored to the CCL algorithm
have received significant attention [11]. There are three kinds of labeling algorithms for computer
architectures and pixel representation images: 1) Raster scanning and label equivalence resolution
methods; 2) search and label propagation algorithms; and 3) contour tracing and label propagation
algorithms. Raster scanning and label equivalence resolution technigues scan an image in a raster
direction (line by line, beginning in the upper-left corner and moving downward) and give a
temporary label to each new pixel that is not linked to the previously scanned pixels. Temporary
labels assigned to the same linked component are referred to as equivalent labels. There are three
approaches for resolving label equivalence [12]. These methods can be classified into three groups
based on the number of scans of the image frame in CCL algorithms [13]. Single-scan algorithms
execute labeling and label merging on all picture pixels at the same time. Studies [14-18] are
instances of this strategy. The two-scan approach stores the label equivalences discovered during
the first scan in a 1-D or 2-D table array. Following the initial scanning, label equivalences are
resolved using a search technique. The parsed results are typically kept in a 1D table. Then, during
the second scan, the temporary labels are replaced with the smallest equivalent label from the table
[12]. Studies [12], [19-21] provide instances of two scan approaches. Multiscan approach scans the
image in both forward and reverse directions, propagating label equivalents until no labels change.
The geometric complexity of the connecting components determines how many scans are
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performed [12].

Some selected studies on the use of the CCL algorithm are summarized below. Selguk et al.
studied how different enzymes and additives affected bread production quality. They used the CCL
algorithm to find pores in the bread [22]. Grana, et al. in their study, they compared the two most
advanced CCL algorithms and evaluated their performance on an FPGA-based SoC architecture
[23]. Pandey et al. proposed an FPGA platform-based strategy to implementing an efficient and
improved two-scan equivalence-based linked component labeling algorithm [24]. Zhao et al. They
suggested a single-scan, resource-efficient parallel CCL algorithm [25].

In this study, the CCL algorithm was used in the FPGA structure to recognize objects in the
image. CCL typically utilizes an 8-element neighborhood; however, a 4-element neighborhood can
also be employed. Labeling in the application was done using a single scan of an 8-element
neighborhood. The CCL algorithm was originally tested using the Vivado program simulation
environment. For this aim, an image file was read and given to the CCL algorithm line by line, the
blob values discovered were read and painted on the image file, and the CCL algorithm's
performance was evaluated. Since the constructed system was intended to be used for blob
identification in video pictures in future investigations, video control signals were added to the read
image frame and sent to the CCL algorithm. Then it was tested on the ZYNQ SoC.

MATERIALS AND METHODS

Zyng System on Chip

The FPGA development environment consisted of a Zedboard development board with the
Zyng-7000 architecture. Figure 1 depicts the appearance of the Zedboard development board. The
Z-7020 family chip is used on the Zedboard development board [26]. The Zynq architecture is
known as System on Chip (SoC). A SoC structure is one that integrates various hardware
components required for an application onto a single chip. These structures may include
programmable logic structures, processors, microcontrollers, and digital signal processing units, as
needed. These structures allow a complicated set of system functions to be executed on a single
chip.

Figure 1
Zedboard development board

It has a fully programmable structure that includes an FPGA and a dual-core ARM Cortex-
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A9 architecture CPU on the Zyng-7020 chip. AXI (Advanced eXtensible Interface) buses are used
to transmit data between the FPGA and the ARM processor. AXI is a bus and control interface
specifically intended for high-performance systems. AXI4 has several versions, including AXI14-
Lite and AXI4-Stream, each designed to meet a specific requirement. The AXI interface offers a
large bandwidth for high data transmission, allowing for high performance and rapid data
connection between the FPGA and the processor. This ensures that these two parts collaborate in
order to ensure that a complicated system runs smoothly. The programmable logic unit of the Zynq-
7020 chip is referred to as PL (Programmable Logic), whereas the processor unit is known as PS
(Processing System) [27]. Figure 2 shows a simplified representation of the ZYNQ 7000
architecture.

ZYNQ

AXl Interface

AXI Interface

PL - Programmable Logic )

Figure 2
Zyng-7000 simplified architecture

Connected component labeling

The CCL method attempts to recognize objects in images by assigning the same label to
adjacent pixels in black-and-white images. The algorithm's primary goal is to identify various items
or sections of the image and assign them unique labels. The CCL algorithm can employ either four
or eight neighborhoods. CCL algorithms are often designed as single-scan, double-scan, or multi-
scan. These scan types specify how pixels in a picture are processed and related components are
identified. The single-scan CCL algorithm analyzes the image in a single scan and discovers
connected components after passing through it once. Single-scan algorithms are generally simple
and fast, but they might be difficult to label precisely when coupled components are too close
together. Two-scan algorithms label images using two independent scans. The first scan detects
related components, and the second scan performs additional analysis and accurately labels
connected components. Although it produces more accurate findings, it may incur a greater
computational load. Multi-scan CCL techniques are used to scan more than two image frames.
Multi-scan algorithms are employed in situations that need handling of exceptional instances or the
reduction of greater detail. This approach may achieve great accuracy in complicated image frames,
however each scan may result in increased computational load and delay. Which scan type to utilize
in the CCL algorithm is governed by the application's requirements and the hardware resources to
be used in the calculation.

The CCL algorithm labels pixels with a value of 1 on binary pictures. A pixel can get a label
value of top-left, top-right, top-right, or one of the label values of the pixel to its left. If none of
these pixels have a label, the label counter is increased and a new label is applied to the current
pixel. Figure 3 illustrates the labeling process for the current pixel.
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Top left Top Top right
pixel label pixel label pixel label
Left Current
pixel label pixel to label

Figure 3
Labeling process of the current pixel

While labeling, you may come across more than one pixel with a different label than the
adjacent pixels. Although the connected components labeled 1 and 2 appear to be two different
components, when it comes to the current pixel to be labeled, the upper left neighbor pixel has label
1, and the upper right neighbor pixel has label 2. While the current pixel is being labeled, the
algorithm determines that labels 1 and 2 need to be merged and marks them for correction.
Components with labels 1 and 2 are actually part of the same blob, and after correction, all pixels
with label 2 have label value 1. This ensures that all connected components are properly labeled in
a single scan.

1 1 2 2
1 1 2 2
1 1 2
C—>> Pixel to label

Figure 4
The process of combining labels

Simulation and Testing

The CCL algorithm was tested using a testbench file created using the Vivado program. The
appropriate signals were generated by reading the image file that would be tested with this file.
Because image processing is typically performed on a pixel, line, or neighboring pixels rather than
a whole image frame, and to make better use of resources, the lines of the image file received by
another module were taken one at a time and supplied to the CCL algorithm with video control
signals. Figure 5 depicts the simulation screen.

4 clk

¥ hStart

¥ hEnd

d vStart
vEnd

¥ valid

W 0_data[7:0]

W VSP[9:0]

Figure 5
Realized simulation image
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Video images are made up of two signals: data and control signals. Pixel values are supplied
serially via data signals, while the position of these pixels in the image is defined by control signals.
The video frame is sent from left to right and top to bottom. Gap signals are used to modify the
timing of visual frames. The horizontal space range generated between the end of one image line
and the beginning of the next line is known as the back porch and the front porch. The vertical gap
signal [28] refers to the space between the image square's final active line and the beginning of the
next active line. Figure 6 depicts the framework utilized to transport video images.

Total Number of Pixels in Row

Active Line Start [
2 I

Total Number of Video Lines

~V

\\ — 1 Active Line End

Figure 6
Transmission structure of the video frame

Figure 7 depicts an example of sending a 2x3-pixel image frame with video control signals.
The zero-value pixels surrounding the image frame generate horizontal and vertical gaps. In the
example, one line space precedes the first active line and one line space follows the last active line.
Similarly, there is one pixel of backspace and two pixels of front space. Video control signals are
made up of five signals: hStart, hEnd, vStart, vEnd, and valid. With these control signals, the
position of each pixel within the image frame is determined.

100 120

Line 1 Line 2 Line 3 Line 4

Figure 7
Transmission signals of an example video frame
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RESULTS

The CCL algorithm was tested by creating several image files. With the written testbench,
image files were read and passed to the CCL algorithm, which read the frame and center of gravity
data that constituted the borders of the connected components and drawn on the corresponding
image file. Figure 8 depicts an example image frame with the boundaries of the related components
discovered as a consequence of the simulation marked in green and the center of gravity noted in
red. As seen in the image, the CCL algorithm successfully identified all of the items in the image
frame.

Figure 8
Finding connected components in a sample image frame

To ensure that the CCL algorithm successfully classifies items in a single scan, an image
frame identical to Figure 4 was used. The simulation was used to conduct the test, which involved
merging the three coins in the bottom left corner of Figure 9. There is no pixel connecting the coins
in the upper left and upper right before reaching the image pixels of the coin in the lower middle,
hence these two coins are labeled differently. However, as the pixels on the bottom coin began to
be labeled, the labels were updated, and the same label was assigned to all three coins as the pixels
on the top coins were merged. Drawing the boundaries of the components in Figure 9 showed that
the related components were accurately identified. Figure 10 depicts a binary (black-white) image
demonstrating that the labeling was correct.

Figure 9
Example of correct labeling of connected components
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Figure 10
Binary (black-white) image of found connected components

DISCUSSION AND CONCLUSIONS

In this study, the single-scan CCL algorithm was developed, implemented to the FPGA
structure, and tested in a simulation environment. The prepared images were read and delivered as
lines to the CCL algorithm, which then read and drew the values of the related components. Data
for connected components includes a frame and a center of gravity, which indicate the component's
limits. Its performance was tested by running the CCL algorithm on various image files. The
simulation results showed that the BBE algorithm correctly identified and labeled all components
in the images. At a clock frequency of 100 MHz, all connected components in a 240x320 pixel
image are detected in around 980 microseconds. Future research will focus on testing the CCL
algorithm on real-time video images utilizing the Zynq SoC.
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Makale Bilgisi OZET

Yiiksek entropili alagimlar (YEA'lar), mukavemet-siineklik dengesi gibi benzersiz mekanik
Gelis Tarihi: 23.01.2024 ozellikler sergiler. Son zamanlarda hafif YEA diisiik yogunluklar ve karakteristik 6zellikleri
Kabul Tarihi: 24.07.2024  nedeniyle dikkat cekmektedir. Bu ¢alismada, hafif (AICrMnV)100xTix (x=0, 5, 25, 50 at. %)
Yayn Tarihi: 30.04.2025  YEA’s: igerisine Ti eklenmis ve ark ergitme metodu ile iiretilerek, Ti ilavesinin yapisal ve
mekanik ozelliklere etkisi incelenmistir. Dokiim numunelerin faz analizi, mikro yapilari,

Anahtar Kelimeler: bilesimsel heterojenligi sirasiyla X-1gin1 difraktometresi (XRD), taramali elektron mikroskobu
Hafif Alagimlar, (SEM) ve enerji dagilimli spektrometre (EDS) ile belirlenmistir. Dékiim numunelerinin sertligi
Mikroyapi, ise Vickers sertlik testiyle tespit edilmistir. Elde edilen sonuglara gére AICtMnV YEAsida V-
Sertlik, Cr ve Al-Mn agisindan zengin bolgeler goriiliirken (AICrMnV)esTis YEAsinda herhangi bir

Yiiksek Entropili Alagimlar.  segregasyon gdzlemlenmemistir. Artan titanyum igerigi ile yapiya ait kafes parametresi
biiytiyerek, difraksiyon pikleri sola kaymasina sebep olmustur. Titanyum igerigi at. % 0'dan at.
% 25'e ¢ikarildiginda ise dokiim numunelerinin sertligi 471 HV’den 494 HV degerine artmustir.
%S5 ve %50 Ti iceren numunelerde kalip kenarlarina yakin bdlgelerde kolonsal, orta bolgelerde
ise dendritik yapilar igeren ingot dokiim yapilari goézlemlenmistir. Titanyum ilavesinin
(AICrMnV)100-xTix'in mikroyapisal ve mekanik 6zellikleri tizerinde 6nemli etkisi vardir.

Microstructure and Hardness Evolution of AICrMnV-based Lightweight High Entropy
Alloy through Titanium Alloying

Avrticle Info ABSTRACT

High-entropy alloys (HEAs) exhibit unique mechanical properties such as strength-ductility
Received: 23.01.2024 balance. Recently, light HEAs have attracted attention due to their low density and
Accepted: 24.07.2024 characteristic properties. In this study, Ti was gradually added to lightweight (AICrMnV)100-
Published: 30.04.2025 «Tix(x=0, 5, 25, 50 at. %) HEAs and produced by the arc melting method, and the effect of Ti

addition on structural and mechanical properties was examined. Phase analysis, microstructures
Keywords: and compositional heterogeneity of the cast samples were determined by X-ray diffractometer
Lightweight alloys, (XRD), scanning electron microscope (SEM) and energy dispersive spectrometry (EDS),
Microstructure, respectively. The hardness of the casting samples was determined by the Vickers hardness test.
Hardness, The results showed that V-Cr and Al-Mn rich regions were observed in the AICrMnV sample,
High Entropy Alloy. while no segregation was observed in the (AICrMnV)gsTis sample. As the titanium content

increased, the lattice parameter of the structure increased, causing the diffraction peaks to shift
to the left. Accordingly, when the Ti content was increased from 0 at. % to 25 at. %, the hardness
of the casting samples increased from 471 HV to 494 HV, respectively. Ingot cast structures,
columnar at the edges, and dendritic structures, at the center zones were obtained in samples
with 5 at% and 50 at.% Ti. The addition of titanium has a substantial impact on the structural
and mechanical properties of (AICrMnV)100-xTix.
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Microstructure and Hardness Evolution of AICrMnV-based Lightweight High Entropy Alloy through Titanium Alloying

INTRODUCTION

The concepts of high entropy alloys (HEAS) or multi-principal elements alloys (MPEAS) were
first introduced and defined in 2004 by Cantor et al.[1] and Yeh et al. [2] as alloys consisting of at least
five principle elements causing large configurational entropy values. These alloys can also be broadly
defined as solid solution alloys, including equiatomic or near equiatomic concentration [2,3]. Although
this first definition of HEAs includes the exact number and amount of the elements in the composition
[4], the subsequent studies showed that this definition is restrictive and not adequate for the formation
of single solid solutions [2,5]. That is, the non-equiatomic ratios and minor alloying strategy can also
result in the formation of solid solution phases [6,7].

The four core effects, including high configurational entropy, lattice distortion, sluggish diffusion,
and cocktail effects, are defined to reveal the influence of the different elements on the structural and
mechanical properties of HEAs [6]. The application of HEAs could be expanded by tuning these basic
four effects [8]. For instance, the increased number of elements can cause stable single-solid solution
phases, even at elevated temperatures, due to the increased configurational entropy (ASmix). In addition,
the microstructure and mechanical properties of HEAs can be enhanced with the lower diffusion rates
of the atoms, resulting from high ASmix [9]. HEASs show high strength, hardness, high wear and corrosion
resistance, high-temperature strength, and also the combination of these properties compared to
conventional alloys and other materials such as composites [9-12]. Thus, HEASs have a critical role in
engineering applications such as aerospace, civil transportation, catalytic, energy, biomedical, and
automotive industry [6,13].

Recently, lightweight high entropy alloys (LWHEAS) having solid solution phases and enhanced
properties for aerospace, transportation, and energy applications have received much attention [14,15].
Although LWHEASs consist of relatively low-density elements such as Al, Ti, Si, and Mg, the
combination of Al and Ti elements with high concentrations is used to produce lightweight alloys [16—
18]. Huang et al. [17] stated that Ti content significantly affects the mechanical properties of AICITiV
alloy [17]. They also stated that increasing Ti content leads to an increase in ductility because of the
reduced degree of ordering. For Al1oCrioTiznoV1o HEA, 877 MPa yield strength and 889 MPa ultimate
tensile strength were obtained from the tensile test, according to Huang et al. [17]. Liao et al. [14] studied
the effect of different amounts of V on the mechanical properties and microstructure of AITiCrMn alloy.
Accordingly, Also(TiCrMn)sVs alloy showed the highest compression strength of 1995 MPa and a
ductility of 30% [14].

In this study, (AICrMnV)100xTix (x=0, 5, 25, 50 at. %) HEAs were prepared by vacuum arc
melting, and the structural and microstructural analyses were conducted using X-ray Diffractometer
(XRD) and Scanning Electron Microscope (SEM) techniques, respectively. In addition, the influence of
Ti on the mechanical properties was investigated by micro Vickers tests.

MATERIALS AND METHODS

High-purity Al shots (99.9%), Ti granules (99.99%), Cr pieces (99.2%), Mn pieces (99.95%), and
V pieces (99.7%) supplied from Alfa Aesar were used to produce the (AICrMnV)100xTix (X=0, 5, 25, 50
at. %). The nominal compositions of the HEAs are provided in Table 1. A total metal mixture of 3 gr
was prepared precisely for each set of the alloy mixture. From now on, the 0, 5, 25, and 50 at. % added
HEAs were denoted as Ti0, Ti5, Ti25 and Ti50, respectively.

HEAs were produced via vacuum arc melter (Optosense, Turkey) using the current values of 130-
180 A under an argon atmosphere. The ingots were remelted at least three times to ensure chemical
homogeneity in the alloys. Then, the ingots were suction cast into a water-cooled cylindrical copper
mold with 5 mm diameter. The cylindrical samples were mounted vertically in polyester resin to
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Table 1
Nomenclatures of Samples and Concentration of Elements
HEAs Al (at. %) Cr (at. %) Mn (at. %) V (at. %) Ti (at. %)
Ti0 25.00 25.00 25.00 25.00 -
Ti5 23.75 23.75 23.75 23.75 5.00
Ti25 18.75 18.75 18.75 18.75 25.00
Ti50 12.50 12.50 12.50 12.50 50.00

investigate the vertical cross-sections of the HEAs. Then, conventional metallographic techniques
(grinding and polishing) were performed to prepare the as-cast samples. The densities of samples were
measured using the Archimedes technique setup combined with a balance (RADWAG, AS 220.R2
Plus).

Phase analysis of as-cast HEAs was performed via PANalytical EMPYREAN X-ray
diffractometer with Cu-Ka radiation with 0.01 step size between 10 and 100 degrees at a scanning rate
of 1°/min. Hardness values of polished HEAs were obtained using the Vickers microhardness test
(Emcotest, Durascan G5) under 0.5 kgf and ten seconds of indentation duration. The hardness values
representing the mechanical properties [19] of the HEAs taken from five different points were used as
the average hardness for each sample. The microstructure of samples was examined before and after the
etching process to detect reactive phases. Etching was carried out with a solution of 5 mL HF, 4 mL
HNOs3, and 65 mL H,0 for 1 min etching duration. Imaging and compositional analysis were performed
via scanning electron microscope (SEM) with a tungsten filament (HITACHI, SU1510) and energy
dispersive spectrometer (EDS) (Oxford Instruments, X-Act).

RESULTS AND DISCUSSION

X-ray diffraction patterns of as-cast HEAs are given in Figure 1. Phases and indexed planes were
labeled on the top of the peaks. Ti0 and Ti5 samples have similar patterns compared with Ti25 and Ti50
samples, as shown in Figure 1. According to Qui et al. [20], since the BCC and B2 phases have similar
lattice parameters, the XRD method cannot be sufficient to distinguish the corresponding reflections.
That is, the exact amount of the B2 and BCC phases in Ti0 and Ti5 HEAs cannot be determined due to
the overlapping diffraction lines in the XRD technique. In the XRD pattern, only the BCC phase peaks
are visible. However, studies indicate that the B2 structure is also present in the alloys of similar
composition to the samples in this study [20-22]. However, since the amount of the phase formed in
this study is below 3%, it may not be visible in XRD [23]. However, the peaks could be distinguishable
at higher diffraction angles, as can be seen in the XRD pattern of Ti0 and Ti5 samples, which have
multiple peaks around 77-80°. A zoom-in view of the peak pattern for the Ti0 sample is given in Figure
1. These findings agree well with the previous studies by Knipling et al. [24]. However, peak positions
of the BCC structures were shifted towards lower angles with increasing Ti content. As can be seen in
Figure 1, 20 degrees of the diffraction peaks belonging to (111)scc plane appeared at 43.11°, 42.75°,
42.10°, and 41.07° with increasing Ti content from 0 to 50 (at. %). Accordingly, the lattice parameters
of BCC structures were calculated to be 2.969 A, 2.988 A, 3.033 A, and 3.111 A for the Ti contents of
0, 5, 25, 50 (at. %), respectively. This suggests that the increasing Ti content causes a systematic increase
in the lattice parameters of the HEAs due to solid solution. It can be indicated that severe lattice
distortion occurred with the increasing Ti content having a relatively large atomic radius.

The formation of the BCC phase was also confirmed by thermo-physical calculations [23]
provided in Table 2. As can be seen in the table, the atomic size differences (6 %) of the HEAs are well
below the critical value of 6.67 % to form the solid solution in HEAs. In addition, the valance electron
concentration (VEC) values of the HEAs are between 4.62 and 5.25, indicating the BCC solid solution.
However, the VEC value decreases up to 4.62 in the Ti50 HEA, which further stabilizes the BCC phase,
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Figure 1
X-ray diffraction patterns of as-cast HEAs

and the AHmix values of the HEAs are below the critical value of -22 kJ/mol to form solid solution phases
in HEAs [25]. In addition, the thermo-physical calculation showed a decrease in the density values of
the HEAs from 4.54 gr/cm?® to 3.64 gr/cm® with increasing Ti. Nevertheless, the results showed the
formation of solid solution phases and a decrease in the density of the HEAs with the increasing Ti
content. The density values of the samples measured experimentally by Archimedes method were found
to be 5.43+0.05, 5.36+0.05, 5.29+0.05, 4.94+0.03 g/cm® for Ti0, Ti5, Ti25, and Ti50 samples,
respectively. The experimental densities of the samples show very slight deviations from the theoretical
values provided in Table 2, indicating negligible porosity defects in the as-cast samples [26].

Table 2

Calculated thermo-physical properties of the HEAs
HEA Zﬁ?ﬁ% o (%) (éﬁgn VEC (kﬁri"é'i k ™K VEthrsee?:):ted
TiO 5.6 4.54 -11.50 5.25 11.53 1686 BCC
Ti5 55 4.49 -12.61 5.19 12.60 1698 BCC
Ti25 5.3 4.20 -15.28 4.94 13.32 1748 BCC
Ti50 5.0 3.64 -14.62 4.62 11.53 1810 BCC

EDS mapping was conducted on the Ti0 and Ti5 HEASs to reveal the elemental distribution in
the microstructure of Ti-free and Ti-added unetched samples. Figure 2 shows Ti0 HEA has two main
regions, including Al-Mn rich and Cr-V rich phases. The segregation could be explained by mixing
enthalpy (AHmix) values of binary systems using Miedema’s model [27,28]. According to Table 3, the
mixing enthalpy of the Cr-V pair is -2 kJ/mol, indicating the formation of Cr-V solid solution phases
in the matrix. However, the mixing enthalpy of the Al-Mn pair is -19 kJ/mol, which triggers the
formation of Al-Mn intermetallic compounds (ICs).

Similarly, Son et al. [21] determined that Cr-V segregation occurred due to the mixing enthalpy
in AlsoVVCr alloy. However, the distributions of the elements are more homogenous in Ti5 HEA, as seen

25



Journal of Science and Engineering

in Figure 2. Huang et al. [29] stated that Ti -V and Cr-V are miscible couples and Ti- Cr can dissolve in
each other to form a solid solution. In addition, Al has a wide range of solubility in Ti, Cr, and V elements
[29]. Therefore, the Ti5 sample has a relatively more homogeneous structure regarding elemental
dispersion than Ti-free samples. These results are in line with the EDS mapping provided in Figure 2.

The HEASs were etched for detailed microstructural analyses and investigated using secondary
electrons (SE) under SEM from the surface of the samples close to the mold and up to its center. Figure
3 showed SEM images taken from the overall (up to center from the surface), edge, and center regions
of etched Ti5 and Ti50 samples. Cooling gradient during solidification caused ingot cast structure across
both materials, as seen in Figures 3b and 3e. Columnar structures were seen at the edge of the Ti5 and
Ti50 samples, while dendritic structures were formed at the center regions of the samples.

Similar microstructural features were observed by Cao et al. [30] with the addition of the V into
CoCrFeNiVy (x = 0, 0.25, 0.5, 0.7, 0.8, 0.9, and 1.0). They showed the transformation of dendritic
structure to distinct equiaxed grains with 0.9-1.0 V addition, which is in line with the current study.

Figure 2
X-ray diffraction patterns of as-cast HEAs

Table 3
AHnix values for atomic pairs calculated with Miedema’s Model [28]

Al Cr Mn V Ti

Al 0 -10 -19 -16 -30
Cr 0 2 -2 -7
Mn 0 -1 -8
\Y 0 -2
Ti 0

The chemical composition of the as-cast HEAs obtained by the EDS method is given in Table 4.
It can be seen that the Al, Cr, and V contents have almost the same atomic ratios as indicated in Table
1. However, although similar amounts of Mn with Al, Cr, and V were expected in the composition, it is
well below these critical ratios. This indicates the depletion of Mn in the microstructure, which can be
due to the oxidation of the Mn with the trace amount of oxygen in the melting system.

26



Microstructure and Hardness Evolution of AICrMnV-based Lightweight High Entropy Alloy through Titanium Alloying

S —

/7’?‘7\

Tj
SUIS1!?§k 11.0mim x500 SE

<
>

Figure 3
SEM images of etched a) Edge of Ti5 (500x), b) Overall structure of Ti5 (80x), ¢) Center of Ti5 (500x), d) Edge
of Ti50 (500x), €) Overall structure of Ti50 (80x), f) Center of Ti50 (500x).

Table 4
Chemical composition of HEAs obtained by EDS (without etching)
at. %

Element Ti0 Ti5 Ti25 Ti50
Al 27.18 24.79 18.98 12.84
Cr 27.27 24.53 18.31 12.27
Mn 17.51 19.60 17.98 12.11
Vv 28.04 25.07 18.41 11.74
Ti - 6.01 26.32 51.04

The Vickers hardnesses of as-cast HEAs are given in Figure 4. Hardness values were found to be
471+£7 HV, 49445 HV, 65244 HV, and 532411 HV for Ti0, Ti5, Ti25 and Ti50 HEAs, respectively.
That is, a systematic increase was observed in the hardness of the HEAs up to 25 at. % Ti addition. The
increase in the hardness could be attributed to the increased lattice distortion of the HEAs with increasing
Ti into the base (Ti0) HEA. The increasing lattice distortion could be correlated with the XRD patterns
provided in Figure 1. As can be seen, the systematic addition of Ti causes a shift in the main peaks of
the BCC lattice towards lower angles, indicating the expansion of the lattice

On the other hand, further increase in Ti content of 50 at. % resulted in a decrease in the hardness
from 652+4 HV to 532+11 HV. The reason for the decrease in the hardness of the Ti50 HEA can be
seen in Figure 1, the Ti content increased by 50%, disappearing B2 phase and causing almost a single
BCC phase in the microstructure. That is, the brittle B2 phases transform into a relatively soft BCC
phase, softening the hardness. Moreover, Huang et al. [17] stated that Ti has a vital role in increasing
the hardness of AICrTiV HEA. However, an excess amount of titanium in AICrTiV alloy decreases
hardness due to a reduced degree of ordering and decreasing lattice distortion. That is, as shown in Table
2, the atomic size difference of the HEAs decreases by 3.64 % in Ti50 HEA, thus triggering solid
solution strengthening [17]. Nevertheless, a decrease in the hardness of the HEAs was observed in the
Ti50 HEA due to formation of a relatively soft single BCC phase, and decreasing lattice distortion.
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Ti effect on hardness of as-cast HEAS

CONCLUSIONS

In this study, 5 mm cylindrical (AICrMnV)00xTix (X=0, 5, 25, 50 at. %) low-density HEAs were
produced by vacuum arc melting, and the influence of Ti on the microstructural and mechanical
properties was investigated. The XRD results showed the formation of the BCC phase in HEAs. The
XRD analysis also indicates that the diffraction peaks of the BCC phase shifted toward the lower angles
due to the increasing lattice parameter. The increasing Ti content caused a lattice distortion and increased
the hardness of the HEAs. However, hardness decreased from 652 HV to 532 HV. The microstructures
of HEAs were examined using SEM to investigate the cooling gradient effect. Columnar structures were
found near the outer edges close to the mold, while dendritic structures were present in the central zones
of the samples. The results also showed that Ti addition provided almost a homogeneous distribution of
the elements in the matrix of the HEAs. In conclusion, Ti addition has a significant effect on the
properties of (AICrMnV)100xTix in terms of the formation of solid solution phases and tuning the
corresponding mechanical properties.
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Sanayilesmenin hizlanmasiyla birlikte artan enerji arz talebi artik konutlarda da kullanilan yeni nesil elektronik ekipmanlar
Gelis Tarihi: 09.03.2024 nedeniyle her gegen giin artmaktadir. Enerjinin klasik yontemlerle (dogalgaz, sosil yakitlar vb.) tiretilmesine alternatif

e olarak gelistirilen be yesil enerji adi verilen yenilenebilir enerjinin kullaniminin yayginlasmasiyla beraber bazi sorunlar
Kabul Tarihi: 02.09.2024 ortaya glkmaktadlr‘ Ei/de ediler;l elektrigin sis}t,eme entegre bir J§ekilde verilip takig ey(‘igilebilmesiyi(;in veri izlemesi biiyiik
Yaym Tarihi: 30.04.2025 onem arz etmektedir. Bu amagla kurulan mikro ve makro 6lgekteki akilli sebekelerin dinamik role haberlesmesi sayesinde
biiyiik olgeklerde enerji verileri elde edilmektedir. Nesnelerin interneti (IoT) ¢aginda elde edilen bu verilerin islenmesi ve
. analiz edilmesi i¢in derin 6grenmek algoritmalar1 ve makine 6grenmesi yontemleri kullamlmaktadir. Bu yontemlerin
Anahtar Kelimeler: saglamis oldugu dogru analizler sayesinde akilli sebekeler daha az kayipla (yiiksek verimle) ¢alismaktadir. En kiigiik
Akilli sistemler, 6lgekli bir kullanicinin enerji tilketim hesabi kestirimi optimize bir enerji yonetimi saglamaktadir. Elektrigin dogru
Derin 6grenme’ miktarda (giigte) akisi saglandiktan sonra ortaya ¢ikabilecek israfin da 6niine gegilebilmektedir. Makine ve derin 6grenme
algoritmalarinin hizli ve geligmis tepkileri sayesinde hem kullanicilar hem de iireticiler daha planli ve siirdiiriilebilir bir
enerji yonetimine sahip olmaktadirlar. Bu ¢alismada konutlara ait 4 yillik elektrik enerji verileri Convolutional Neural
Network, Long Short-Term Memory, Random Forest ve K-Nearest Neighbors Regression gibi yontemlerle analiz
edilmistir. Bu analizler neticesinde tiiketilecek enerjinin tahmini yapilmistir. Calismadaki 6grenme algoritmalarinin
etkinligini degisen egitim ve test veri oranlarina gore degerlendirmek igin veri seti ti¢ farkli bdlme yontemi kullanilarak
bolimlendi: %90 egitim - %10 test, %80 egitim - %20 test ve %67 egitim - %33 test bolimi. Ek olarak, daha ileri
degerlendirme igin 10 katli ¢apraz dogrulama yaklasimi kullanildi. Karsilastirmali analiz, LSTM modelinin giinliik
tahminler i¢in en diisitk MSE degeri olan 0,0054 ile en iyi performans gosteren model olarak ortaya ¢iktigini ortaya ¢ikardi.

Makine 6grenmesi.

Application of Contemporary Artificial Intelligence Algorithms in Real Energy
Consumption Estimation in Residences

Article Info ABSTRACT

. The acceleration of industrialisation has resulted in a corresponding increase in the demand for energy supplies, driven by
Received: 09.03.2024 the growing use of new generation electronic equipment in residential settings. The advent of renewable energy, or green
Accepted: 02.09.2024 energy, has prompted a shift away from traditional methods of energy production, such as the use of natural gas and fossil
Published: 30.04.2025 fuels. However, this transition has given rise to a number of challenges. It is of great importance to monitor data in order

to integrate the obtained electricity into the system and to monitor it. The acquisition of energy data on a large scale is
made possible by the implementation of dynamic relay communication within micro and macro scale smart grids, which
Keywords: have been specifically designed for this purpose. Deep learning algorithms and machine learning methods are employed
for the processing and analysis of data obtained in the context of the Internet of Things (10T). The implementation of these
Smart syste_ms, methods enables smart grids to operate with reduced loss and enhanced efficiency. The estimation of energy consumption
Deep Iearnlng, at the smallest scale facilitates the implementation of optimised energy management strategies. By ensuring the flow of
Machine learning. electricity in the optimal amount (power), the potential for waste can be mitigated. The rapid and sophisticated responses
of machine and deep learning algorithms facilitate more structured and sustainable energy management for both users and
producers. In this study, four years' worth of electrical energy data from residential sources was analysed using techniques
such as Convolutional Neural Network, Long Short-Term Memory, Random Forest and K-Nearest Neighbours Regression.
The resulting analyses enabled the estimation of energy consumption. To assess the efficacy of learning algorithms in the
study across varying training and test data ratios, the dataset was partitioned using three distinct division methods: hold-
out (90% training - 10% testing), hold-out (80% training - 20% testing), and a 67% training - 33% testing split.
Additionally, a 10-fold cross-validation approach was employed for further evaluation. Comparative analysis revealed that
the LSTM model emerged as the top-performing model, boasting the lowest MSE value of 0.0054 for daily forecasts.
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INTRODUCTION

In the current landscape, residential and commercial buildings account for approximately 30% to
40% of total energy demand [1,2], with projections indicating a further rise in this proportion. This
escalation in energy demand underscores the growing significance of renewable energy production. The
effective integration of renewable energy into the grid requires the development of efficient energy
transfer mechanisms, which has led to a significant increase in research activity focused on smart
electricity grids and the ability to meet societal demands.

Smart grids, characterized by enhanced communication channels between producers and
consumers [3,4], enable real-time monitoring, prediction, scheduling, and adaptive production based on
local energy consumption patterns. These networks promise substantial environmental and economic
benefits, including optimized electricity transmission with minimized energy losses due to shorter
transmission lines, expedited outage resolution, heightened security against sabotage, seamless
integration of renewable energy sources, and reduced costs associated with fault detection and repair

[5].

The incorporation of artificial intelligence (Al) in electrical network management facilitates
efficient planning and real-time control of dynamically evolving power supplies. Consequently, recent
research efforts have increasingly delved into this domain [6], with a notable emphasis on leveraging
deep learning and machine learning techniques for energy consumption estimation. Such endeavors hold
the promise of enabling future electricity networks to forecast energy consumption accurately, allowing
users to implement energy-saving measures at the building level. Traditionally, energy consumption
forecasting encompasses three temporal categories: short-term forecasts (ranging from one day to one
week), medium-term forecasts (spanning from one week to one year), and long-term forecasts
(extending beyond one year).

Energy estimation of buildings is a difficult problem because it depends on many different factors
(climatic conditions, devices used by the consumer, frequency of use, etc.) [7]. Therefore, taking
everything into account when estimating energy will produce more efficient results. Estimating energy
consumption; It will make it easier to calculate the amount of energy that needs to be produced and the
amount of energy that needs to be stored. In addition, it will enable quick decisions in energy
management as it will allow predicting where, when and how much cost will be required. In this way,
time-saving methods will be implemented more easily. Future programming will be healthier and more
reliable.

In the 2016 study led by Elena Mocanu and her colleagues, the focus was on estimating energy
consumption in buildings using deep learning methodologies. Specifically, newly developed stochastic
models, namely CRBM (Conditional Restricted Boltzmann Machine) and FCRBM (Fully Conditional
Restricted Boltzmann Machine), were employed for this purpose. The researchers utilized the
"Individual Household Electric Power Consumption Data Set" obtained by Hebrail and Berard, which
is publicly available in the UCI Machine Learning Repository [8]. This dataset comprises individual
residential customer data recorded at 1-minute intervals over a span of four years.

The study encompassed the application of predictions under seven distinct scenarios, each
employing various machine learning techniques. Specifically, Artificial Neural Networks (ANN),
Support Vector Machines (SVM), Recurrent Neural Networks (RNN), CRBM, and FCRBM methods
were employed across these scenarios. The scenarios investigated are delineated as in Table 1:
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Table 1
Different scenarios for deep learning (DL) application
Scenario Energy Consumption Solution Duration for DL
1 15 minutes 1 minute
2 1 hour 1 minute
3 1 day 1 minute
4 1 day 15 minutes
5 1 week 15 minutes
6 1 week 1 hour
7 1 year 1 week

In summary, the Fully Conditional Restricted Boltzmann Machine (FCRBM) demonstrated
superior performance compared to state-of-the-art prediction methods such as Artificial Neural
Networks (ANN), Support Vector Machines (SVM), Recurrent Neural Networks (RNN), and the
Conditional Restricted Boltzmann Machine (CRBM). As the prediction horizon expands, both FCRBM
and CRBM exhibit heightened efficacy, with error rates approximately half that of the ANN method.
These methodologies yield comparable results and demonstrate potential for real-time applications in
home and building automation systems. Notably, rather than estimating total active power directly, a
more efficient approach involves estimating and aggregating sub-measurements to arrive at total active
power.

In a separate study by Tae-Young Kim et al., minute, hourly, daily, and weekly predictions were
conducted using Linear Regression, Long Short-Term Memory (LSTM), and Convolutional Neural
Network-Long Short-Term Memory (CNN-LSTM) algorithms [9]. The "Individual Household Electric
Power Consumption Data Set" by Hebrail and Berard served as the dataset [10]. Results indicate that
the CNN-LSTM algorithm outperformed other algorithms, achieving mean squared error (MSE) values
of 0.3738 per minute, 0.3549 per hour, 0.1037 per day, and 0.0952 per week.

In the research conducted by Xiaoou Monica Zhang and colleagues, the Support Vector
Regression (SVM) modeling approach served as the predictive algorithm. This methodology was
applied to conduct hourly and daily predictions for 15 distinct households' electricity usage data
spanning the years 2014 to 2016 [11]. Feature selection and data visualization techniques were employed
through exploratory data analysis. The ensuing analyses revealed the feasibility and reliability of
predicting residential energy consumption by leveraging weather conditions, calendar parameters, and
time-of-use pricing. Notably, the SVM model exhibited satisfactory accuracy in both daily and hourly
forecasts for specific residential applications.

Yasemin Kocadayi and her team endeavored to estimate the annual energy consumption of the
TR81 region (comprising Zonguldak, Karabuk, and Bartin) utilizing artificial neural networks (ANNS).
Input data for the ANN model included building surface areas, population figures, as well as import and
export data [12]. The model's performance was evaluated based on metrics such as mean square error,
mean absolute error, and correlation coefficient. Through the ANN model, energy consumption
projections for the TR81 region spanning 2016 to 2020 were obtained. The findings underscored the
ANN model's proficiency in accurately predicting electrical energy consumption within the region,
demonstrating a high level of precision.

Derya Yilmaz and her team investigated project risks with a specific focus on heating and
electricity demands in buildings. They introduced an innovative model for predicting performance gaps
using machine learning classification techniques. The study gathered data on performance gaps and
project risks through a web-based survey conducted across 77 buildings. Four machine learning
algorithms—Naive Bayes, k-NN, SVM and RF—were evaluated to determine the most effective model.

The results revealed that Naive Bayes demonstrated superior accuracy in predicting the direction
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of heating performance gaps (72.50%), negative heating performance gaps (71.81%), positive electricity
performance gaps (77.08%), and negative electricity performance gaps (83.85%). Furthermore, both k-
NN and SVM exhibited higher accuracy in predicting the direction of electricity performance gaps
(79.00%) and positive heating performance gaps (76.04%) [13].

A study performed by Flavian Emmanuel_Sapnken et al. utilizes a dataset from 7,559 buildings
and employs nine Machine Learning (ML) models to estimate their energy consumption. Results
indicate that the deep neural network (DNN) emerges as the most effective ML model, achieving MAE,
MSD, and RMSE of 0.93, 1.12, and 1.06, respectively, in less than 7 seconds, despite the large dataset
size. Its R? value is also the highest at 0.96, indicating that the DNN approach can explain 96% of the
energy consumption in buildings, with only 4% remaining unexplained, likely due to limitations in
independent variables. Moreover, this outcome remains consistent across building clusters and various
climate zones. Their model proposes a model that professionals can utilize during the design phase of
construction projects. This model enables consideration of all critical aspects for designing energy-
efficient buildings. It serves as a decision-making tool to control and optimize projects, allowing for
anticipation of energy consumption even before construction begins [14].

P. Balakumar et. al. suggest implementing a Demand Side Management (DSM) program within
a smart grid to decrease the utility grid's Peak to Average Ratio (PAR) and lower end-users' electricity
tariffs. It advocates for the use of renewable energy combined with an Energy Storage System (ESS) in
the DSM controller to improve both economic and environmental aspects for end-users. To develop the
DSM program, the article proposes a framework based on Recurrent Neural Network (RNN),
specifically Long Short-Term Memory (LSTM), for forecasting Science Block (SCB) energy
consumption every minute and 5 minutes for Energy Production Control (EPC) and Renewable Energy
Generation (REG). The performance of this deep learning model is evaluated using metrics such as
Mean Squared Error (MSE), Mean Absolute Error (MAE), Root Mean Square Error (RMSE), and R-
squared. The suggested LSTM framework demonstrates superior performance compared to other listed
rival techniques in short-term Energy Production Control (EPC) for Science Block (SEIB) and
Renewable Energy Generation (REG). For both short-term REG and EPC forecasting, the LSTM model
achieves an accuracy with an R? value nearly close to one. With their proposed deep learning-based real-
time DSM controller, the electricity tariff of SEIB is reduced by 4.4% on January 1st, 2022, and by
14.86% on January 2nd, 2022. Similarly, the utility grid's Peak to Average Ratio (PAR) is minimized to
5.10% and 11.79%, respectively [15].

This study examined the estimation of energy consumption in a house where smart systems are
used, comparing it with DL and ML methods. The findings may vary depending on the type of house,
for example if it is a smart building or in an urban area. Therefore, in this study, commercial enterprises
were excluded, as their consumption could not be evaluated. Within the scope of this study it is not to
estimate the demand factor or consumption, but rather to identify the most efficient method using
existing consumption data.

MATERIALS AND METHODS

With the advent of technological advancements, researchers are fervently engaged in enhancing
efficiency across various domains [16-18]. Among these endeavors, numerous studies are dedicated to
advancing the energy sector. Notably, smart grids represent a pivotal facet of these efforts, offering
streamlined energy distribution, management capabilities, and integration of renewable energy sources
into production processes [19-21]. Across such endeavors, the efficacy of predictive methodologies has
seen significant enhancement through the development of novel algorithms [22,23].

The principal objective of this study is twofold: firstly, to glean insights into future energy
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consumption patterns through the estimation of energy usage employing deep learning and machine
learning techniques; and secondly, to devise a model that not only aids in curbing energy consumption
but also facilitates prudent household expenditure planning.

Data Set

The dataset utilized in this study originates from the Individual Household Electric Power
Consumption dataset retrieved from the UCI Machine Learning Repository database. This dataset
comprises records of electrical power consumption, measured in kilowatt-hours, recorded every minute
within a household located in France, spanning from December 2006 to November 2010 (47 months).
The dataset, a time series, encompasses a total of 2,075,259 measurements, capturing various time-
dependent power-related variables. Notably, the dataset primarily focuses on the total active power
measurement values, denoted as "Global_active_power," representing kilowatts consumed by
households, amidst seven distinct variables [10].

To facilitate compatibility with machine learning and deep learning algorithms, the dataset
necessitated preprocessing and conversion into a suitable format. Notably, the household electrical
power consumption dataset exhibited some missing values within the measurements, such as observed
on April 28, 2007. Addressing this issue, missing values were imputed by replacing them with the
average power consumption values recorded during corresponding minutes across other years.
Subsequently, the processed dataset was saved as a new entity, ready for analysis.

In the final stage of data preprocessing, the observations recorded every minute were transformed
into daily electrical power consumption quantities measured in kilowatt-hours (kWh). This conversion
was implemented to facilitate the estimation of daily energy consumption, thereby condensing minute-
by-minute observations into daily totals. Consequently, the dataset encompasses a total of 1442 daily
observation values. The actual daily electrical power consumptions following the data preprocessing
phase are visually depicted in Figure 1, illustrating the variations in kWh consumption over time.
Furthermore, the characteristics of the active power data subsequent to the conversion of the dataset into
daily values are detailed in Table 2, providing insights into the statistical properties and distributional
aspects of the transformed dataset.
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Figure 1
Actual daily electrical power consumption graph after data preview phase

35



Journal of Science and Engineering

Table 2
Properties of the data set

Data Set Length 1442
Average 1567.839069
Std 597.306856
Minimum 250.298000
25% 1176.195000
50% 1543.253000
75% 1894.467500
Maximum 4773.386000

When conducting time series analysis, the first step involves assessing whether the series exhibits
stationarity. Stationarity is characterized by consistent mean and variance of observations over time,
indicating that the series does not undergo significant changes across time periods. A stationary time
series typically lacks discernible trends or seasonality, making it more amenable to modeling. Statistical
modeling techniques often presuppose stationarity for effective application.

In contrast, non-stationary time series display temporal variations such as trends, seasonal effects,
or other structural dependencies on the time index. In such cases, summary statistics like mean and
variance may fluctuate over time, complicating the modeling process by introducing shifts in the
underlying data dynamics. Traditional time series analysis and forecasting methodologies aim to
stabilize non-stationary data by identifying and mitigating trends and seasonal effects.

Several approaches exist to assess stationarity in a time series dataset. These include:

Graphical Examination: Time series plots can be visually inspected for evident trends or seasonal
patterns.

Summary Statistics: Statistical metrics computed over different seasons or random segments of
the data can be compared to identify any pronounced differences, which may indicate non-stationarity.

Statistical tests serve as a valuable tool for assessing whether time series data meet the criteria for
stationarity. While these tests rely on certain data assumptions, they offer a swift means of confirming
stationarity or non-stationarity. In this study, the Augmented Dickey-Fuller (ADF) test was employed
to scrutinize the stationarity of the time series [24]. The ADF test belongs to a class of statistical tests
known as unit root tests and is among the most widely utilized methods in this domain. This test
leverages an autoregressive model and employs an information criterion to optimize across various lag
values.

The null hypothesis (HO) posited by the ADF test suggests that the time series contains a unit root
and is thus non-stationary. Conversely, the alternative hypothesis (H1) refutes the null hypothesis,
indicating that the time series lacks a unit root and is stationary. The outcome of the ADF test is typically
interpreted through the computed p-value. A p-value below a specified threshold (e.g., 5% or 1%)
signifies rejection of the null hypothesis, signaling stationarity. Conversely, a p-value surpassing the
threshold indicates failure to reject the null hypothesis, implying non-stationarity.

In the context of the Augmented Dickey-Fuller (ADF) test:

o When the p-value is greater than 0.05, the null hypothesis (HO) is not rejected. This indicates
that the data contains a unit root and is non-stationary.

e Conversely, when the p-value is less than or equal to 0.05, the null hypothesis (HO) is rejected.
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This suggests that the data lacks a unit root and is stationary.

The results of the Augmented Dickey-Fuller (ADF) test are presented in Table 3. The computed
ADF test statistics yielded a value of -3.697385. In the context of the ADF test, a more negative statistic
increases the likelihood of rejecting the null hypothesis. Notably, the calculated ADF value fell below
the critical value corresponding to a significance level of 1%. This discrepancy implies that the null
hypothesis will indeed be rejected with a significance level of less than 1%. Moreover, the computed p-
value was found to be less than or equal to 0.05. This observation leads to the rejection of the null
hypothesis, indicating that the time series exhibits stationarity or lacks a time-dependent structure. In
summary, both the ADF test statistic and the p-value converge to suggest the rejection of the null
hypothesis, thus affirming the stationarity of the time series data.

Table 3
ADF test results

ADF Statistics -3.697385
p-value 0.004150
Critical Values

1% -3.4357
5% -2.8645
10% -2.5686

Application of MLA

In machine and deep learning algorithms, it is worth noting that the percentages of training and
testing data can vary for different applications [25,26]. In studies involving large data sets, it is often the
case that set division is done at different percentages in order to get the most accurate results [27-29].
Therefore, in our study, we tested data division percentages at different rates in order to gain a better
understanding of the impact of this on the results.

To assess the efficacy of learning algorithms in the study across varying training and test data
ratios, the dataset was partitioned using three distinct division methods: hold-out (90% training - 10%
testing), hold-out (80% training - 20% testing), and a 67% training - 33% testing split. Additionally, a
10-fold cross-validation approach was employed for further evaluation. The implementation of the
proposed models was executed utilizing Keras version 2.2.4 with Tensorflow backend, leveraging the
Python 3.6 programming language. The machine learning and deep learning algorithms employed in
our investigation are extensively documented in scholarly literature. These methodologies find
application across various disciplines and are notably prevalent in estimating household energy
consumption, which constitutes the focal point of our research [30,31].The selected machine learning
algorithms for time series prediction tasks included RF, KNN and LR. By employing a range of diverse
partitioning strategies and meticulous algorithmic selections, the study sought to conduct a
comprehensive evaluation of the efficacy and resilience of the learning models in accurately forecasting
time series data.

Random Forest Algorithm

The Random Forest algorithm is comprised of multiple decision trees operating as an ensemble.
In this approach, each individual tree generates a set of predictions, and the class with the highest number
of votes among the trees is selected as the final prediction of the model [32].

Eanll tress*normfiij (1)

RFfii = T
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Rffii = Importance of feature calculated from all trees in RF algorithm
normfiij = Normalized coefficient for i in tree j
T= Total number of decision trees

The "n_estimators" parameter, which indicates how many decision trees will be drawn in the RF
algorithm, is taken as 10.

K-Nearest Neighbours Regression

The k-NNR algorithm is often employed in applications prioritizing interpretability of output,
computational efficiency, and predictive accuracy. When utilizing the k-NNR algorithm, the Euclidean
distance metric (as represented in equation 2) is frequently employed as the distance measure. This
metric is applicable to real-valued vectors and quantifies the straight-line distance between the query
point and another observed point, as depicted by the following formula [33].

Zi'{=1(xi —yi)? (2)

The Manhattan distance, denoted by Equation 3, is an alternative distance measure commonly
used in various applications. This metric calculates the absolute difference between two points
(x; ve ;). Due to its visualization resembling movement along city blocks, it is also known as taxi
distance or city block distance. This distance measure is often depicted using a grid, illustrating the path
one must traverse via city streets to travel from one address to another.

T lx — il (3)

(T, (i — y) 1) @)

The Minkowski distance, as expressed in Equation 4, serves as a versatile distance metric that
encompasses both Euclidean and Manhattan distance measurements. The parameter p within the formula
facilitates the creation of additional distance metrics. Specifically, when p equals two, the formula
reduces to represent the Euclidean distance, while when p equals one, it represents the Manhattan
distance. In the context of the k-Nearest Neighbors Regression (k-NNR) algorithm, the n_neighbors
parameter, indicating the value of k, is set to 3.

Linear Regression

Linear Regression stands as one of the fundamental models in machine learning, employed to
discern the relationship between one or more predictor variables and outcome variables. This technique
is widely utilized for predictive analysis and modeling purposes, known by various names such as simple
linear regression, multiple regression, multivariate regression, ordinary least squares regression, and
simply regression.

The formulation of linear regression is represented by the equation:
y=ax+b

where: y denotes the dependent variable, x represents the independent variable(s), b signifies the slope
of the line, and a denotes the intersection point of the line with the y-axis.

The objective of this model is to establish a linear relationship that optimally describes the
association between the independent and dependent variables by fitting a straight line to the data points.
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Application of Deep Learning Algorithms

Traditionally, linear methods have been favored in time series forecasting due to their well-
established principles and effectiveness in handling simple forecasting tasks. However, deep learning
methods offer a compelling alternative by enabling the automatic learning of complex mappings from
inputs to outputs, accommodating multiple inputs and outputs simultaneously. CNNs are a specialized
type of neural network architecture tailored for processing image data. They are highly effective for
tasks like image recognition, classification, and object detection. Leveraging their capacity to
autonomously extract intricate features from raw input data, CNNs can be effectively applied to time
series forecasting problems. On the other hand, Recurrent Neural Networks (RNNSs), such as the Long
Short-Term Memory (LSTM) network, possess the capability to directly learn across multiple parallel
sequences of input data. This characteristic makes them particularly well-suited for time series
forecasting tasks. Given the effectiveness demonstrated by CNNs and LSTM methods in addressing
time series forecasting challenges, these methodologies were selected for inclusion in the study.

Convolutional Neural Networks

The foundational principles of the Convolutional Neural Network (CNN) algorithm were initially
introduced by Kunihiko Fukushima in 1980 [34]. Since its inception, continuous development has led
to its current state, where the CNN algorithm has emerged as one of the most prevalent techniques within
the realm of deep learning. Notably, CNNs are primarily utilized for the analysis of visual images and
are also referred to as invariant space artificial neural networks [35]. Their applications span diverse
domains including image and video recognition, recommendation systems, image classification, medical
image analysis, natural language processing, and data prediction.

In the proposed CNN model, a series of layers were employed, each serving specific functions
within the architecture. These layers include a 1D convolution layer, a dropout layer, a 1D maximum
pooling layer, a flatten layer, a fully connected layer (hidden layer), and a final fully connected layer for
output. Figure 2 illustrates the arrangement of these layers along with their respective parameter values.

INPUT

1D CONVOLUTION LAYER
filters=64, kernel_size=1, activation=relu

i)

DROPOUT LAYER
dropout rate=2=0.2

)

1D MAX POOLING LAYER
pool_size=1

i)

FLATTEN LAYER

)

FULLY CONNECTED LAYER(DENSE)
units=4, activation=relu

)

FULLY CONNECTED LAYER(DENSE)
units=1

OUTPUT

Figure 2
The layers of CNN model
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Long-Short Term Memory

LSTM networks are a type of Recurrent Neural Network (RNN) architecture designed to
effectively handle sequential data and address the vanishing gradient problem typically found in
traditional RNNs. LSTMs are widely used in deep learning for tasks involving time-series data, natural
language processing, and other sequence prediction problems [36]. The motivation behind the
development of the LSTM algorithm stems from the inherent long-term memory recall challenges
observed in traditional RNN algorithms. In contrast to the single layer in RNN models, LSTM models
incorporate four distinct layers, each representing feedback connections. These layers encompass
various gates, including the input gate, forget gate, and output gate [37].

LSTM algorithms are particularly well-suited for tasks involving classification, processing, and
prediction based on time series data. In the proposed Bidirectional LSTM (BLSTM) model, an LSTM
layer and a fully connected layer are employed for the output. Figure 3 provides a visual representation
of the model's layers, along with their respective parameter values.

FULLY
LSTM LAYER CONNECTED
INPUT |—p units=32, —» LAYER —p| OUTPUT
activation=relu (DENSE)
units=1

Figure 3
The layers of LSTM Model.

Evaluation Criterias
Root Mean Squared Error

RMSE serves as a metric to quantify the error rate between two datasets, specifically comparing
predicted values to observed values. As depicted in Equation 5, RMSE calculates the square root of the
average of the squared differences between predicted and observed values. A smaller RMSE value
indicates a closer correspondence between the predicted and observed values, reflecting higher accuracy
in the predictive model.

LEmi- oo ©

T = expected values, o = observed values, n = number of samples
Mean Squared Error

MSE quantifies the proximity of a regression line to a set of data points. It serves as a risk function,
representing the expected value of the square of the error loss. Calculated by averaging the squared
errors from the data regarding a function, MSE is expressed as the mean of these squared errors. Unlike
RMSE, which involves taking the square root of the average squared errors, the formula for MSE
(equation 6) does not include the root operation, thereby providing a measure of the average squared
discrepancy between predicted and observed values [38].

~YI (fy — 0)? (6)

The implemented code encompasses the following steps:

1. Perform the data reading operation: Read the dataset containing the relevant information for the
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analysis.

2. Prepare for cross-validation: Define the parameters and setup necessary for conducting cross-
validation.

3. Normalize the data: Scale the input features to ensure uniformity and facilitate the modeling
process.

4. Separate the data into training and testing: Partition the dataset into training and testing subsets
for model evaluation.

Model building: Construct the machine learning or deep learning model using the training data.
Make predictions: Utilize the trained model to predict outcomes for the testing data.

Obtain cross-validation results: Evaluate the model's performance using cross-validation
techniques to assess its generalization ability.

8. Calculate MSE, RMSE, and Accuracy Rates: Compute performance metrics such as MSE,
RMSE and Accuracy Rates to quantify the model's predictive accuracy and effectiveness.

These steps collectively form a structured approach to data analysis and model building, ensuring
thoroughness and reliability in the analytical process.

RESULTS

In this article, various algorithms were applied with optimized parameter values using different
data splitting methods (90% training - 10% test, 80% training - 20% test, and 67% training - 33% test)
and cross-validation techniques. Performance analysis results were then presented. Specifically,
evaluations of the algorithms applied to the dataset, where training and test data were different splitting
rate test method, were conducted based on performance criteria, focusing on daily and weekly data. The
findings of these evaluations are summarized in Table 4.

According to the results presented in Table 4, the LSTM model yielded the lowest MSE value of
0.0055. Comparatively, the CNN algorithm achieved an MSE of 0.0056, the RF algorithm attained
0.0066, the k-NNR algorithm resulted in 0.0073 MSE, and the LR algorithm produced an MSE of
0.0058.

Table 4
The comparison of algorithms based on different splitting data rate
- . Daily Weekly
Data Splitting Algorithm MSE RMSE Accuracy rate MSE RMSE Accuracy rate
CNN 0.0056 0.0750 0.9944 0.01 0.10 0.9899
LSTM  0.0054 0.0748 0.9946 0.01 0.1022 0.9896

90% training

10% testing RF 0.0066 0.0816 0.9933 0.015 0.122 0.9849

k-NNR  0.0073 0.0856 0.9927 0.0085 0.0919 0.9915
LR 0.0058 0.0765 0.9941 0.0090 0.0949 0.9909
CNN 0.0057 0.0760 0.9943 0.0068 0.0828 0.9931
LSTM  0.0056 0.0753 0.9944 0.0075 0.0866 0.9925
RF 0.0072 0.0851 0.9927 0.0098 0.0988 0.9902
k-NNR  0.0084 0.0921 0.9915 0.0067 0.0825 0.9932
LR 0.0055 0.0745 0.9945 0.0073 0.084 0.9927
CNN 0.0061 0.0785 0.9939 0.0084 0.0919 0.9916
LSTM  0.0059 0.0774 0.9941 0.0089 0.0944 0.9910
RF 0.0075 0.0868 0.9924 0.010 0.10 0.9891
k-NNR  0.0094 0.0973 0.9905 0.012 0.1122 0.9874
LR 0.0062 0.0786 0.9938 0.0088 0.094 0.9911

80% training
20% testing

67% training
33% testing

According to the results in Table 4, it was seen that the Linear Regression model was the model
that gave the smallest MSE value with a value of 0.0055. When MSE values of other methods are
examined; The CNN algorithm showed performance with 0.0057, LSTM algorithm 0.0056, RF
algorithm 0.0072 and k-NNR algorithm 0.0084 MSE values, respectively.
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The LSTM model demonstrated the lowest MSE value, registering at 0.0059. In comparison, the
CNN algorithm exhibited an MSE of 0.0060, the RF algorithm yielded 0.0075, the k-NNR algorithm
resulted in 0.0094 MSE, and the LR algorithm achieved an MSE of 0.0062.

Additionally, Table 5 outlines the accuracy rates obtained from transactions conducted with
Cross-Validation. These results provide further insights into the performance of the algorithms under
evaluation.

Table 5
Comparison of Algorithms According to Transactions Performed with Cross-validation.
Daily Weekly
Algorithm Accuracy Accuracy
MSE RMSE rate MSE RMSE rate

RF 0.006011 0.07752 0.993998 0.013841 0.11764 0.986162
k-NNR  0.03121 0.17665 0.96884 0.11812 0.34374 0.88198

According to the comparisons made, the loss rate graph of the LSTM model, which is the best
performing model applied to the data set for which training and test data were created with the 90%
training-10% test splitting method, is shown in Figure 4.
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Loss (Mse)
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Figure 4
LSTM model loss rate graph (90% training-10% testing)

The figure depicting the comparison between predictions generated by the LSTM model and
actual observations from the dataset, where training and test data were partitioned using the 90%
training-10% test splitting approach, is presented in Figure 5.

Figure 6 illustrates the graph comparing the actual values and predicted values of the k-NNR
algorithm, utilizing the highly effective 80% training-20% test splitting method for estimating weekly
consumption values.

DISCUSSION AND CONCLUSIONS

Given the surge in smart grid technologies and the widespread adoption of electricity generation
methods, the measurement of energy usage and the formulation of savings plans have gained paramount
significance. The literature abounds with numerous studies aimed at estimating consumption through
various methodologies. This is owing to the profound potential of modeling and forecasting future
electricity consumption, which can lead to substantial energy conservation efforts.
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Comparison of real data and k-NNR predicted (weekly) values

The main goal of our work is to establish an infrastructure capable of forecasting future energy
consumption by leveraging DL and ML techniques for estimating energy usage. Moreover, the
envisaged model is poised to contribute significantly to curbing energy consumption and facilitating the
planning of household expenditures. Furthermore, insights will be gleaned into the requisite production
levels. The methodologies selected for our study are extensively employed in scholarly literature.
Specifically, the LSTM method has demonstrated a noteworthy increase in accuracy percentage
compared to existing literature in our research [39,40]. This achievement is readily apparent upon
comparison with the literature, where other utilized methods have also exhibited substantial success
[41]. The research yielded favorable outcomes in estimating electrical power consumption through the
application of CNN, LSTM, RF, k-NNR, and Linear Regression methods. Comparative analysis
revealed that the LSTM model emerged as the top-performing model, boasting the lowest MSE value
of 0.0054 for daily forecasts. Conversely, for weekly predictions, the k-NNR algorithm exhibited
superior performance with an MSE value of 0.0067. Notably, the study indicated a higher success rate
in estimating daily energy consumption compared to weekly energy consumption.

Furthermore, when subjected to Cross-Validation, the Linear Regression algorithm demonstrated
perfect accuracy with an accuracy rate of 1.0, signifying an exact match with the dataset. The developed
model is poised to estimate electrical power consumption with remarkable precision, closely
approximating actual observation values. Consequently, the LSTM model, which demonstrated superior
performance in estimating electrical power consumption, was deemed the most suitable choice.
Moreover, the developed LSTM model showcased enhanced efficacy in smart grid management or
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evaluation compared to other applied methods. Through the predictions generated by this approach,
savings plans can be formulated effortlessly and with heightened reliability.

When evaluating the performances of LSTM models across different division methods, notably,
a superior success rate was attained with the LSTM model applied to the dataset partitioned with the
90% training-10% test splitting method, surpassing other splitting techniques. Similarly, for CNN
models, enhanced performance was evident when employing the 90% training-10% test splitting method
compared to alternative methods. In the case of RF models, optimal success rates were achieved when
utilizing the 90% training-10% test splitting method. Likewise, for k-NNR models, superior
performance was observed with the 90% training-10% test splitting method. Conversely, when
analyzing the performances of Linear Regression models across division methods, intriguingly, a higher
success rate was attained with the Linear Regression model applied to the dataset partitioned with the
80% training-20% test splitting method, diverging from the trends observed with other algorithms. It is
noteworthy that Linear Regression did not exhibit a proportional increase in efficiency with the
extension of the training series, distinguishing it from other algorithms.

Upon examining the impact of training and test data splitting methods on the performance of the
proposed models, a discernible trend emerges: as the size of the training set increases across the utilized
splitting methods, the prediction performance of the models demonstrates a consistent improvement.
This observation underscores the pivotal role of a larger training set in enhancing model training and
subsequently yielding more accurate and reliable predictions. This finding underscores the importance
of expanding the dataset for future studies, as it facilitates the development of more robust models and
ensures greater consistency in predictions. Moreover, future endeavors may explore the potential of
enhancing predictions through the utilization of different deep learning models, leveraging increased
dataset sizes to further refine and optimize model performance.
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Protein kinaz B (PKB/AKT), hiicre metabolizmasi, biiylime, ¢ogalma ve tiimor invazyonu dahil olmak tizere ¢ok
Gelis Tarihi: 31.08.2024 cesitli fizyolojik ve patolojik siiregleri diizenleyen fosfatidilinositol-3-kinaz (PI3K)/AKT sinyal yolagmin temel

i diizenleyicisidir. AKT enzimi, EGF gibi hiicresel uyarici molekiiller tarafindan aktive edilebilen bir serin/treonin
Kabul Tar.l h.l - 20.11.2024 kinazdir. Aktive AKT enzimi, hedef substratlarin1 RxRxxS/T konsensus dizisine baglanarak fosforile eder. Bazi
Yaym Tarihi: 30.04.2025 AKT hedefleri, farkli serin/treonin kinazlar tarafindan benzer rezidulardan fosforile edilebilmektedir. Bu
substratlar tizerinde yapilan birgok c¢alisma, sinyal yolaklar: arasi etkilesimi saglayan ortak molekiillerin ve yeni
Anahtar Kelimeler: terapGtik hedeflerin belirlenmesi igin degerli bilgiler sunmaktadir. Bu baglamda soz konusu ¢alismada, EGF
PI3K/AKT Yolag uyarimina bagli olarak MDA-MB-231 Uglii negatif metastatik meme kanseri hiicrelerinde, AKT substrat
' fosforilasyonlarin1 mimik eden PKA, PKB(AKT) ve PKC hedefli yeni molekiillerin belirlenmesi amaglanmustir.
AKT Substraty, AKT substratlarinin fosforilasyon diizeyleri Western blot analizi ile degerlendirildi. Elde edilen sonuglara gore,
PKA, PKB ve PKC PKA, PKB ve PKC inhibitorlerinin varliginda ve EGF uyarimu ile birlikte 30 kDa agirliginda bir fosfo-proteininin
inhibisyonu. (pp30), AKT substrat fosforilasyon diizeyinin degistigi saptandi. EGF uyarimina bagli olarak, beklendigi tizere
AKT substratlarinin fosforilasyon diizeyleri artarken, inhibitorler bu fosforilasyonlar: baskilamaktadir. Dikkat
cekici bir sekilde, PKC inhibitdrii varliginda pp30’un fosforilasyon diizeyinin, EGF uyarimina ragmen kontrole
kiyasla azaldig1 belirlendi. Bu sonug, pp30”un hiicresel regiilasyonunun PKC tarafindan AKT ile ayn1 bolgeden
gergeklesebilecegini ortaya koymaktadir. Caliymamizdaki metodoloji, AKT ile PKC sinyal yolaklar1 arasindaki
etkilesimde rolii olabilecek yeni potansiyel diizenleyicilerin tanimlanabilmesinin miimkiin oldugunu

gostermektedir. Ancak, bu etkilesimin ne yonde oldugunu agiklayabilmek igin ileri ¢aligmalara ihtiyag vardir.
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Changes in Phosphorylation Levels of PKA, AKT(PKB) and PKC Targeted AKT Substrates Upon EGF Stimulation in Metastatic Breast Cancer Cells

INTRODUCTION

Cancer is the second leading cause of death globally after ischemic heart disease [1-2]. According
to the Global Cancer Statistics 2022, there were nearly 20 million new cancer cases and 9.7 million
deaths due to cancer in that year [3]. In women, breast cancer was the most common, while in men, lung
cancer was the most frequent, both in terms of cases and deaths in 2022 [3]. Breast cancer is the most
frequently diagnosed cancer and one of the main causes of cancer-related deaths in women worldwide
[4-5]. This cancer is characterized by the abnormal growth and proliferation of cells originating in the
breast tissue [6]. It is a metastatic cancer and often spreads to distant organs such as the liver, bone, lung,
and brain, which primarily accounts for its incurability [7]. Numerous risk factors associated with breast
cancer have been established, including older age, female gender, early menarche, late menopause,
positive family history, long-term hormone replacement therapy, a history of radiation therapy to the
chest, and BRCA1/2 gene mutations [5, 8-9]. The prognosis of breast cancer and the patient’s response
to distinct types of therapies vary among subtypes of this heterogeneous disease [10]. These subtypes
are typically classified into four categories depending on the immunohistochemical expression of
specific biomarkers: estrogen receptor-positive (ER+), progesterone receptor-positive (PR+), human
epidermal growth factor receptor 2-positive (HER2+), and triple-negative breast cancer (TNBC), which
is characterized by the absence of expression of any of these receptors [11]. HER2-positive and
endocrine-sensitive diseases can be treated with targeted therapies, whereas chemotherapy remains the
primary treatment for TNBC [12]. The effectiveness of targeted treatments is limited by primary or
secondary resistance [12]. Increasing evidence indicates that the active phosphatidylinositol 3-kinase
(P13K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR) signaling pathway plays a key
role in treatment resistance and disease progression [12].

The persistence of proliferation stimulation is among the distinguishing features of cancer and
many genes and proteins, especially kinases and kinase receptors, play an active role in this process.
[13]. One member of the protein kinase family is protein kinase B (PKB) which is also known as AKT
[14]. PKB/AKT is a serine-threonine kinase which is a member of the AGC (protein kinase A, PKC,
PKG) kinase superfamily [14-15]. It has three isoforms (AKT1, AKT2 and AKT3) in mammals and
their kinase domains have extensive homology to these AGC kinases [16]. AKT is activated by growth
factors, cytokines and other cellular stimulatory molecules and activated AKT phosphorylates a large
number of substrates which play roles in many cellular signaling pathways [16]. These pathways are
involved in several important cellular processes including cell survival, proliferation, cell size in
response to nutrient availability, growth, metabolism, angiogenesis, and tumor invasion [14].
Furthermore, the activation of AKT involves the phosphorylation of two regulatory phosphorylation
sites, threonine-308 (Thr308) and serine-473 (Ser473) [17]. Co-phosphorylation of these two amino
acids is essential for full activation of AKT [18]. Activated AKT specifically phosphorylates many
downstream substrates harboring the recognition motif R-X-R-X-X-S/T-B (where X is any amino acid
and B represents a bulky hydrophobic amino acid) in the cytosol and nucleus [16, 19-20] (Figure 1).
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Figure 1
Target sequences of substrate recognition motif for Activated AKT (phosphorylated on S473 and T308) [20]
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Various factors such as proteins, ligands, receptors and effector molecules play a role in AKT
activation [21]. In this context, AKT serves as a central node within a signaling pathway that includes
numerous components, and various cellular signaling pathways intersect at the AKT molecule. [14].
Therefore, AKT has a significant number and variety of downstream substrates or targets [22] (Table
1). Studies investigating these substrates are crucial because they provide an effective approach to
discovering new therapeutic targets. In this study, we aimed to determine the potential AKT substrates
in the presence of different protein kinase inhibitors in MDA-MB-231 breast adenocarcinoma cells
which belong to the TNBC category. For this purpose, PKA, PI3K/PKB and PKCs, were targeted and
an inhibitor of one of these proteins was used each time. Phospho-forms of AKT substrates were
determined by Western blot analysis from cell lysates after stimulation with epidermal growth factor
(EGF), which is one of the important factors that enable AKT activation.

Table 1
List of some of the known AKT substrates and their phosphorylation sites
GENE
SYMBOL GENE NAME P-SITE FUNCTION
FOXO1A Forkhead box O1A T24 FoxO Signaling
FOXO1A Forkhead box O1A S256 FoxO Signaling
FOXO1A Forkhead box O1A S319 FoxO Signaling
FOX03 Forkhead box O3 S253 FoxO Signaling
FOX03 Forkhead box O3 T32 FoxO Signaling
FOXO4 Forkhead box O4 S197 FoxO Signaling
FOXO4 Forkhead box O4 T32 FoxO Signaling
FOX0O4 Forkhead box O4 S262 FoxO Signaling
NOS3 Nitric oxide synthase 3 S1177 NO Signaling
BRF1 B - related factor 1 S92 RNA Metabolism
PFKFB2 6-phosphofructo-2-kinase/fructose-2,6- 5466 Insulin and carbohydrate metabolism
biphosphatase 2
PFKFB2 6-phosphofructo-2-kinase/fructose-2,6- 5483 Insulin and carbohydrate metabolism
biphosphatase 2
CLK2 CDC-like kinase 2 S34 Insulin and carbohydrate metabolism
CLK2 CDC-like kinase 2 T127 Insulin and carbohydrate metabolism
DNA repair, modification, and
BRCA1 Breast cancer gene 1 T509 chromatin regulation
DNA repair, modification, and
BRCA1 Breast cancer gene 1 S694 chromatin regulation
ESR1 Estrogen receptor 1 S167 Hormone receptors
ESR1 Estrogen receptor 1 S305 Hormone receptors
AR Androgen receptor S791 Hormone receptors
AR Androgen receptor S213 Hormone receptors
AKT1 Eiﬁgs'slpha serine/threonine-protein S246 Cell growth and survival
AKT1 Eiﬁgs'slpha serine/threonine-protein T72 Cell growth and survival
BRAF Eihzi‘gproto-oncogene, serine/threonine S365 Cell growth and survival
BRAF Eihiifezproto-oncogene, serine/threonine S429 Cell growth and survival
TSC2 Tuberous sclerosis complex 2 S939 Cell growth and survival
TSC2 Tuberous sclerosis complex 2 S981 Cell growth and survival
MDM2 Mouse double minute 2 homolog S186 Apoptosis
MDM2 Mouse double minute 2 homolog S188 Apoptosis
MDM2 Mouse double minute 2 homolog S166 Apoptosis
PDCD4 Programmed cell death 4 S67 Apoptosis
PDCD4 Programmed cell death 4 S457 Apoptosis
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MATERIALS AND METHODS
Cell Culture

The MDA-MB-231 (ATCC, HTB-26) breast adenocarcinoma cells were obtained from American
Type Culture Collection. The cells were incubated in an incubator (ESCO-CCL-170B-8) 5% CO;
atmosphere, 90% humidified air at 37°C. The culture medium was DMEM high glucose medium
(D5796, Sigma-Aldrich, St. Louis, Missouri, USA) supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (F9665, Merck, Darmstadt, Germany) and 1% penicillin-streptomycin (15140122,
Gibco, ThermoFisher Sci., Waltham, Massachusetts, USA) in 25 cm? culture flask (CLS430639,
Corning, New York, USA). Cell morphologies and confluency were visualized using an inverted
microscope (Primovert, Zeiss, Jena, Germany).

EGF Stimulation and Treatment of Cells with PKA, PISK/PKB and PKC Inhibitors

The MDA-MB-231 cells were seeded into a 6-well culture plate at 1x10° cells/well concentration.
The day before treatment, the cells were incubated in serum-free media overnight and then treated with
protein kinase inhibitors: H-89 Dihydrochloride (MedChemExpress, HY-15979) as a PKA inhibitor,
LY294002 (Thermo Fisher Scientific, Inc., PHZ1144) as a PI3K/PKB inhibitor, and R0O318220
(Abcam, ab120374) as a PKC inhibitor. After washing the cells with 1xPBS, they were treated for 2
hours with two different inhibitor concentrations: 2 and 5 uM for H-89 Dihydrochloride (PKA inhibitor)
[23], 1 and 5 uM for LY294002 (PI3K/PKB inhibitor) [24], and 1 and 5 pM for RO318220 (PKC
inhibitor) [25]. Following treatment, the cells were stimulated with EGF (10 ng/mL) in medium
containing 1% FBS and incubated for 72 hours [26]. Cells that were not treated with EGF or inhibitors
were used as controls.

Western blot

Following treatment with inhibitors and EGF described above at the indicated times, the cells
were harvested and the cell lysates were prepared from the untreated and treated MDA-MB-231 cells.
Cell lysates were obtained by 1X cell lysis buffer (cat.9806, Cell Signaling Tech., USA) and incubated
on ice for 30 min. The cell lysate samples were clarified by centrifugation at 10.000 rpm for 1 min, and
the total protein concentration was determined by the Bradford method. A hundred micrograms of total
protein were size-fractioned on a 10 % SDS page and transferred to the PVDF membrane (cat. 88518,
ThermoFisher Sci., USA). For immunoblotting, the membranes were incubated overnight with primary
antibody (1:1000) (rabbit Phospho-Akt Substrate (cat. 9614, Cell Signaling Tech., USA) and then with
horseradish peroxidase-conjugated anti-rabbit secondary antibody (cat. sc-2357, Santa Cruz
Biotechnology, Inc., USA) (1:5000) for 2 h. The protein immunoreactivity was visualized using X-ray
imaging.

Statistical Analysis

Analyses of experimental data were performed using GraphPad Prism 9.0 software. p values of
the results were calculated using One-way ANOVA (Dunnet t-test). A p value of <0.05 was considered
statistically significant. The results were normalized and presented by determining + standard error
values.

RESULTS

To determine the potential AKT substrates in the presence of different protein kinase inhibitors,
the MDA-MB-231 cells were treated or untreated with H-89 (PKA inhibitor), LY294002 (PKB
inhibitor) or RO318220 (PKC inhibitor) and then subsequently exposed to EGF or not. Whole-cell
lysates were blotted with phospho-AKT substrate antibody. In this study, we demonstrated that the
phosphorylation level of an approximately 30 kDa AKT substrate (pp30), which has not been previously
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described in the literature, varies depending on the presence of EGF and the specific inhibitors. We
found that the phosphorylation level of pp30 increased by 1.11 to 1.44-fold with EGF stimulation
compared to the control. In the presence of inhibitors, the phosphorylation level of pp30 decreased in a
dose-dependent manner in both control and treated cells. Despite PKA and PKB inhibition,
phosphorylation still increased with EGF, although PKC treatment suppressed this increase by %52 at
5 uM concentration. These results indicate that AKT targets are regulated not only by the PI3K/AKT
axis but also by the PKC pathway under EGF stimulation. In this context, it can be inferred that AKT,
which is known to have an inverse relationship with PKC signaling in cancer cells, could interacts with
some of AKT substrates (Figure 2).
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Figure 2

Western blot analysis of various phosphorylated AKT substrates in MDA-MB-231 cells, treated or untreated with
PKA, PI3K/PKB, and PKC wmhibitors upon EGF stimulation, revealed a 30 kDa Phospho-protein (pp30) (black
arrows) (*, p<0.05).

DISCUSSION

AKT (PKB) was discovered about 32 years ago and has since been the subject of tens of thousands
of studies in various fields of medicine and biology [27]. The broad range of AKT's functions arises
from its numerous downstream substrates, with over 200 AKT substrates identified to date [27-28]. The
molecular interactions of the AKT signaling network are better understood by determining and
identifying these diverse AKT substrates [27]. This study presents a method for identifying novel AKT
substrates using specific inhibitors and phosphomotif-specific antibodies. The method involves
activating the kinase through stimulation and comparing phosphoproteins based on the presence or
absence of pathway blockade [29]. Using this approach, this study determined a novel candidate AKT
substrate (pp30) regulated also by PKC (Figure 2). Similarly, Kane et al. [29] applied this method and
isolated a novel 160-kDa substrate for AKT from adipocytes. Then, the characterization studies of the
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protein revealed that the 160 kDa protein was a GTPase activating protein for Rab. AKT-mediated
phosphorylation of this protein plays an important role in insulin-stimulated transport of the glucose
transporter GLUT4 to the plasma membrane [30]. Another giving evidence, four novel phospho-proteins
(47, 75, 105, and 250 kDa) were identified using an AKT phosphomotif-specific antibody through
insulin stimulation [31]. In addition to this, the lack of change in the phosphorylation level of the
described 75 kDa protein upon treatment with PI3K inhibitors suggests that this protein may not be an
AKT substrate [31]. According to these findings, it can be said that the combination of different
inhibition strategies is needed to confirm the data obtained.

The relationship between PKC inhibitor RO318220 and PI3K/AKT signal pathway was examined
by Zhu et al [32]. They showed that adding the PKC inhibitor RO318220 increased AKT
phosphorylation and neuronal survival suggesting that RO318220 protects rat cerebellar granule cell
neurons by activating AKT [32]. Similarly, Wen et. al [33] showed that PKC inhibitors RO318220,
bisindolylmaleimide VIII, and PKC inhibitor LY379196 increased phosphorylation and stimulation of
AKT in human airway epithelial A549 cells and human embryonic kidney HEK293 cells. In another
study, the regulation and role of mitogen-activated protein kinase (MAPK) and PI3K/AKT signaling in
uveal melanoma responses to PKC inhibition were investigated [34]. They indicated that in UM patients
treated with the PKC inhibitor IDE196, the PI3K/AKT pathway was active and not inhibited by PKC
inhibition, whereas the (MAPK) signaling pathway was inhibited [34].

The results of the present study are preliminary and demonstrate how new AKT targets can be
identified through the cooperation of different pathways. Whether pp30 is indeed phosphorylated by
AKT can be confirmed through immunoprecipitation and in vitro kinase assays. Additionally, proteomic
approaches using Matrix-Assisted Laser Desorption/lonization Time-of-Flight/Time-of-Flight Mass
Spectrometry (MALDI-TOF/TOF-MS) are needed for molecular characterization. In the next stage, it
will be important to determine the phosphorylation site and cellular function of pp30.

In conclusion, studies investigating novel AKT targets are crucial for identifying new therapeutic
options. Moreover, the methodology used in this study demonstrated that cellular pathways can crosstalk
to achieve common goals. Different enzymes, such as PKC, can activate distinct signaling pathways and
targets, including AKT substrates.
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Makale Bilgisi OZET

Bu caliymada, giimiiy nanopargaciklarin katalitik verimliligini artirmak amaciyla, Cinko katkili Giimiis
Gelis Tarihi: 08.05.2024 Nanopargaciklar (Zn katkili Ag NP'ler) sentezlenmistir. Polygonum cognatum oziitii ile ¢inko katkilama oram
Kabul Tarihi: 02.10.2024 sistematik olarak degistirilerek (¢iplak Ag NP, %1,6 Zn katkili Ag NP ve %9,0 Zn katkili Ag NP) kontrollii bir
Yayin Tarihi: 30.04.2025 yesil sentez yapilmugtir. Endiiktif Egslesmis Plazma Optik Emisyon Spektroskopisi (ICP-OES), Taramali Gegirimli
Elektron Mikroskopisi (STEM), Enerji Dagilimli X-Isin1 Spektroskopisi (EDS), X-1smn1 Floresans1 (XRF), X-1s1n1
Kirnmm (XRD) ve Fourier Déniisiimlii Kiziltesi Spektroskopisi (FTIR) analizleri, NP’lerin olusumunu,

Anahtar Kelimeler: elemental igerigini, kristal yapisini ve Zn'nin Ag NP matrisine etkili bir sekilde dahil edildigini dogrulamistir.

Cinko, Yesil sentezlenmis Zn katkili Ag NP'lerin, indirgeyici ajan olarak sodyum borohidriir (NaBH4) ¢ozeltisi

Giimiis kullanilarak metil turuncusunun (MO) ve metilen mavisinin (MB) bozunmasindaki katalitik aktiviteleri
B

Metil Turuncusu arastirllmistir. Sonuglara gore, Zn katkili Ag NP'ler ¢iplak Ag NP'lere kiyasla ustiin katalitik performans
. A sergilemigtir. Sonuglar, %9,0 Zn katkili Ag NP'nin MO'yu 15 dakika iginde 0,2199 dk™* hiz sabiti (kapp) ve 1,65
Metilen Mavisi, x 10-3 mol.g! dk? devir frekansi (TOF) ile %96,56 oraninda pargaladigini gostermektedir. MB degradasyonunda
Nanopargacik. pargalama yiizdesi, 0,4445 dk* kapp ve 2,54 x 10~ mol.g-1dk* TOF ile 10 dakikada %98,38'e, ulagmistir. Her iki
boya i¢in de Zn katkilama miktarinin %1,6'dan %9,0'a ¢ikarilmasi reaksiyon siirelerini biiyiik 6lgiide kisaltmis ve
bozunma verimliligini artirmustir. 9.0 % Zn katkili Ag NP'lerin toksik organik boyalarin hizl1 ve verimli bir sekilde
bozunmasi i¢in oldukga etkili katalizorler oldugu bulunmustur. Bu ¢alismanin bulgulari, gevresel aritma ve diger
uygulamalar i¢in daha etkili ve Ozellestirilebilir katalitik malzemelerin gelistirilmesini saglayacak olan ¢inko

katkilama yoluyla giimiis nanopartikiillerin etkinliginin ayarlanabilirligi hakkinda degerli bilgiler saglamaktadir.

Influence of Zinc Doping Ratio on Silver Nanoparticles Synthesized via Green Method
for Enhanced Catalytic Degradation of Toxic Organic Dyes

Avrticle Info ABSTRACT

. Zinc doped Silver Nanoparticles (Zn doped Ag NPs) were synthesized in this study to improve catalytic efficiency
Received: 08.05.2024 of Ag NPs. A controlled green synthesis was achieved with Polygonum cognatum extract by systematically
Accepted: 02.10.2024 varying zinc doping ratio (bare Ag NP, 1.6% Zn-doped Ag NP, and 9.0% Zn-doped Ag NP). Inductively Coupled
Published: 30.04.2025 Plasma Optical Emission Spectroscopy (ICP-OES), Scanning Transmission Electron Microscopy (STEM), Energy

Dispersive X-ray Spectroscopy (EDS), X-ray Fluorescence (XRF), X-ray Diffraction (XRD), and Fourier
Transform Infrared Spectroscopy (FTIR) analyses verified the NP formation, its elemental content, crystal

Keywords: structure and successful incorporation of Zn into the Ag NP matrix. The catalytic activity of green synthesized Zn
Metyl Orange, doped Ag NPs was investigated in the degradation of methyl orange (MO) and methylene blue (MB) using sodium
Metylene Blue, borohydride (NaBH4) as a reducing agent. According to results, Zn doped Ag NPs exhibited superior catalytic

Nanoparticles performance compared to bare Ag NPs. The results indicate that the 9.0% Zn-doped Ag NP degraded MO 96.56%
. ' in 15 minutes at a rate constant (kapp) of 0.2199 min™" and turnover frequency (TOF) of 1.65 x 10 mol.g™" min™".
Silver, In MB degradation, it reached 98.38% in 10 minutes with a kapp of 0.4445 min1 and a TOF of 2.54 x 10-3 mol.g-
Zinc. 1 min-1. For both dyes, increasing the doping amount of Zn from 1.6% to 9.0% greatly shortened reaction times
and improved degradation efficiency. 9.0% Zn doped Ag NPs were found highly effective catalysts for the rapid
and efficient degradation of toxic organic dyes. The findings of this study provide valuable insights into the
tunability of silver nanoparticles’ activity through zinc doping, which will enable the development of more

effective and customizable catalytic materials for environmental treatment and other applications.
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Influence of Zinc Doping Ratio on Silver Nanoparticles Synthesized via Green Method for Enhanced Catalytic Degradation of Toxic

INTRODUCTION

Environmental sustainability and resource management are among the most significant issues in
today’s world. Environmental treatment plays a vital role in protecting and improving natural resources
as a comprehensive process. Environmentally friendly treatment efforts against some environmental
pollutions may contribute to the sustainability of water and other resources such as air and soil [1].
Organic compounds such as methylene blue (MB) and methyl orange (MO) dyes are widely used
indicators in industrial applications, however their environmental impact is also significant [2]. MO is
used primarily in the colorant and dye industry and can cause environmental pollution by entering water
systems through wastewater. MB is another indicator compound used in the textile, paper, and
pharmaceutical industries and has an environmental impact by contaminating water systems [3]. Both
compounds can cause toxic effects in aquatic ecosystems and can be harmful to various living
organisms, especially in case of prolonged exposure to these substances [4]. Therefore, it is important
to develop environmental management strategies for these organic indicator compounds considering
their impact on the environment [5]. Conventional water treatment methods often fall short in effectively
removing a wide range of pollutants, leading to a growing interest in advanced catalytic processes.
Catalytic degradation of pollutants with the use of nanoparticles as catalysts can be considered as a
sustainable and promising approach due to their high surface area and unique chemical properties for
the removal of harmful substances [6-8].

Silver nanoparticles (Ag NPs) with unique properties, may have excellent catalytic performances,
thus they have attracted attention for studies on improving catalytic processes [9]. The most important
characteristics of Ag NPs are their high reactivity towards organic molecules thanks to their large surface
area/volume ratio and their optical properties arising from metal surface plasmon resonances (SPR) [10].
Ag NPs efficiently absorb light and release their free electrons stimulatingly due to their SPR [11].
Therefore, the catalytic utility of Ag NPs holds great potential in environmental treatment and energy
conversion [12]. However, it was revealed that the catalytic activities of NPs can be improved by metal
doping due to a synergetic effect of two metals’ intrinsic catalytic properties [13]. For better catalytic
properties, doping Ag NPs with other metals, such as zinc (Zn), has been proposed [14]. Zn doping can
modify the electronic properties and surface chemistry, thereby altering SPR properties of Ag NPs [15].
SPR causes concentrated electromagnetic fields on the surface, which increase the catalytic activity by
creating a suitable environment for catalytic reactions [16]. The SPR of Zn doped Ag NPs influences
the performance of Ag NPs in different reactions [17]. Moreover, Zn doping causes chemical alterations
on the surface of nanoparticles [18]. The formation of the catalytic active sites on the surface of
nanoparticles could be promoted by the introduction of Zn atom which can interfere with the reaction
mechanisms and increase the rate of the reaction and optimize selectivity [19]. This synergistic effect
between silver and zinc leads to improved performance in the catalytic degradation of pollutants, making
Ag-Zn nanoparticles a superior choice for water treatment applications. Catalytic activity can be
increased with optimal Zn doping ratios, while excessive doping can cause a decrease in the activity
[20]. Activity loss with the excessive doping can be explained by three main factors. The first reason is
that excessive Zn doping can distort SPR [21]. The second reason is that excessive amounts of Zn can
cause the inappropriate location of the formation of critical chemical sites involved in catalytic reactions
or cause agglomeration which decreases the chemically active sites [22, 23]. Finally, controlling electron
and hole recombination may become challenging because of excessive Zn doping [24,25].
Consequently, to enhance the Ag NPs' catalytic performance, the doping ratio must be carefully adjusted
[26].

Catalytic degradation using plants offers an ecological solution to environmental challenges.
Green synthesis of nanoparticles using plant extracts has gained popularity as an environmentally
friendly and sustainable method compared to conventional chemical and physical synthesis techniques
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[27]. While chemical reduction methods are effective, they often contain dangerous chemicals and can
produce toxic byproducts, which pose significant environmental and health risks [28]. Physical methods
such as high-energy ball milling and laser ablation, on the other hand, are energy-intensive and require
sophisticated equipment [29]. In contrast, green synthesis methods using biological materials are
advantageous due to their simplicity, cost effectiveness and low environmental impact [30]. This
biogenic approach not only reduces toxicity, but also utilizes the natural abundance and diversity of
plant resources to produce nanoparticles with unique properties [31]. The effectiveness of plant extracts
in NP synthesizes arise from extract’s contents such as polyphenols, ascorbic acids, carboxylic acids,
terpenoids, amides, flavones which are responsible for reducing metal ions to form nanoparticles and
stabilizing the nanoparticle cores and preventing agglomeration [32, 33]. Polygonum cognatum extract
is preferred in this study for its richness in phytochemicals, particularly polyphenols and flavonoids
providing a controlled synthesis of nanoparticles [34].

Polygonum cognatum is a medicinal and aromatic perennial plant, known as ‘Madimak’ in Turkey
[35]. All anatomical parts of the plant have been used for treatments of several diseases as antioxidant,
antimicrobial and antidiabetic medicine thanks to its high phenolic compounds, vitamin, mineral and
flavonoid contents [34-37]. Polygonum cognatum has gained attention in scientific research for its
potential medicinal and culinary uses in green synthesis processes. The findings of the antimicrobial
activity of the plant extract have displayed a higher effectivity against a broad spectrum of bacteria and
fungi [36, 38]. Moreover, the antiproliferative properties of Polygonum cognatum against some cancer
types were also reported in literature [35, 37, 39].

Green synthesized nanoparticles have improved biocompatibility and reduced toxicity, making
them suitable for various environmental and biomedical applications [40]. Some kinds of green
synthesized nanoparticles by using different kinds of extracts are extensively used for the degradation
of lethal and pestilential dyes [41, 42]. Among them, silver, zinc oxide, gold, iron oxide, palladium NPs
are concluded to be most promising and efficient decolorization catalysist against a wide range of dyes
including MO, MB reported in literature [41- 46]. However, nanoparticles synthesized using Polygonum
cognatum extract has not been used in MO and MB catalytic degradation reaction studies before.

In this study, we present the green synthesis of non-doped and Zn-doped Ag NPs using
Polygonum cognatum extract and investigate their catalytic performance in the degradation of water
pollutants, MO and MB. The methodology and synthesis method adopted for different types of NPs
using Polygonum cognatum extract has been limitedly studied in the literature [47-53]. To the best of
our knowledge, Zn doped Ag NPs were synthesized and stabilized using Polygonum cognatum extract
for the first time. The originality of this study lies both in the novel combination of silver and zinc in a
green synthesis method with Polygonum cognatum extract and the fact that it has not been previously
experienced in environmental treatment field presenting the research a unique perspective. The
successfully synthesized nanoparticles were characterized using advanced analytical techniques,
including STEM, EDS, XRF, XRD, FTIR, and ICP-MS. The catalytic activities of the obtained NPs as
catalysts were evaluated using MO and MB degradation reactions. The reaction progressions were
monitored using UV-Vis spectroscopy to determine turnover frequency (TOF) values and apparent rate
constants (kapp). The results revealed that 9.0% Zn-doped Ag NPs exhibited significantly higher activity
compared to bare Ag and 1.6% Zn-doped Ag NPs. 9.0% Zn-doped Ag NPs degraded 96.56% of MO in
15 minutes with a Kapp 0f 0.2199 min' and a TOF of 1.65 x 107> mol.g! min' . Additionally, 9.0% Zn-
doped Ag NPs degrade 98.38% of MB in 10 minutes with a Kapp 0f 0.4445 min! and a TOF of 2.54 x
10 mol.g’* mint. According to the results, Zn doped Ag NPs offer enhanced catalytic effects for the
degradation of pollutants, emerging as promising agents for this purpose.
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MATERIALS AND METHODS
Materials

The chemicals and materials used in this study were of high purity and commercially obtained.
Zinc acetate dihydrate (Zn(Ac)2), Silver Nitrate (AgNOs), Methyl Orange (MO), Methylene Blue (MB)
and sodium borohydride (NaBH4) were purchased from Sigma-Aldrich. These chemicals and solvents
were used directly without any further purification.

Preparation of Polygonum cognatum Extract

Polygonum cognatum plant was collected from Sivas, Turkey and dried at ambient conditions.
The dried plant was grounded into fine pieces and weighed as 10 mg. The powdered plant was dispersed
in 100 mL distilled water and heated at 80 °C for 1 hour. The resulting extract was filtered using
Whatman no: 1 filter paper to separate it from the pulp. Then, it was centrifuged at 9000 rpm and the
supernatant-containing extract was kept at +4 °C to be used in nanoparticle synthesis and
characterization processes.

Synthesizes of Ag and Zn doped Ag Nanoparticles

In this study, AgNO;3 and Zn(Ac), were used as metal precursors in the synthesis of silver (Ag)
and zinc-doped silver (Zn doped Ag) nanoparticles. Silver nanoparticles were first synthesized by using
Polygonum cognatum extract according to the traditional green synthesis method in literature with some
modifications such as pH, metal concentration and metal:extract volume ratio [54, 55]. These parameters
were optimized by observing the agglomeration and stability of the NP suspension [56]. In a typical
synthesis of Ag nanoparticles, 1 mL of extract was added to 9 mL of 6 mM AgNOs aqueous solution.
The pH of the mixture was adjusted to 9 and color change was observed indicating the formation of Ag
nanoparticles. The reaction mixture was left to stir for 2 hours for the complete formation of
nanoparticles.

In the Zn doping method, core Ag nanoparticles were first synthesized, and these Ag nanoparticles
acted as seeds for the nucleation of zinc nanoparticles on their surface [57]. It is generally proposed that
Zn ions are reduced by components of extract, therefore zinc atoms are supposed to initially obtained in
their metallic form on the surface of the Ag nanoparticles [58]. However, it would readily oxidize to
ZnO under the reaction conditions. This is due to the dissolved oxygen in the reaction environment and
the basic pH adjustments, which promote oxidation [59-61]. Likewise, for the synthesis of Ag
nanoparticles to be acted as seeds for Zn; 1 mL of extract was added to 9 mL of 20 mM AgNOs aqueous
solution [57]. The pH of the mixture was adjusted to 9 and left to stir for 2 hours. Then, 0.5 mL of 10
mM Zn(Ac). aqueous solution was added to the Ag NP suspension. It is well known for the zinc
nanoparticle formation that the average size decreases with increased pH [62, 63]. Therefore, pH of the
mixture was brought to 10 and the mixture was left to stir for another hour. At the end of the reaction,
the pH of the solutions was fixed at 7. The second synthesis for Zn doping was carried out again under
the same conditions by increasing the Zn amount to 3 mL. All the nanoparticle suspensions were
centrifuged at 9000 rpm to separate the agglomerated parts, and the dispersed nanoparticles remaining
in the supernatant were stored at 4 °C for characterization and evaluation of their catalytic activities.

Characterization Studies

Nanoparticle size and morphology were displayed through Scanning Transmission Electron
Microscopy (STEM, ZEISS Gemini SEM 500) using 5 uL of NP suspension by dropping and drying it
on carbon-coated Cu grids. Elemental content of NP suspensions was identified by Energy Dispersive
X-ray Spectroscopy (EDS) analysis (SEM, ZEISS Gemini SEM 500) by coating 10 puL of sample with
a 4.30 nm thick layer of iridium on a carbon band. The elemental analysis was also achieved through
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energy dispersive X-ray fluorescence (EDXRF, Rigaku NEX CG) spectrometry. The measurement
conditions were 50 kV, 2.00 mA, helium atmosphere, and 300 s of measurement time with a 50 kV-
50W end-window palladium-anode X-ray tube. The crystalline structure of NPs was investigated using
X-ray Diffraction measurement (XRD, PANalytical EMPYREAN) with Cu Ka radiation for 26 values
between 10°-90°. The structural analysis of the extract and NPs synthesized with the same extract were
carried out using Fourier Transform Infrared Spectroscopy (FTIR, Thermo Scientific-Nicolet 1S20) to
observe the functional groups of the samples. The quantitative analysis of Ag and Zn elements existing
in NP suspension was achieved using inductively coupled plasma mass spectrometry (ICPMS, Agilent
Technologies 7900) by dissolving samples in conc. HCI prior to the analysis.

Catalytic Studies

The catalytic activity of the biosynthesized Zn doped Ag NP was assessed against MO and MB
using NaBH. as reducing agent. The catalytic tests were carried out by mixing aqueous solution of
NaBH, (100 pL, 0.1 M) and MO (2 mL, 5 mg/mL) or MB (2 mL, 5 mg/mL) with varying amounts of
NP suspensions (400, 600, 800, 900 uL) in 3 mL cuvette against constant Ag concentration (1400 ppm)
for all type of NPs (bare Ag NP, 1.6% Zn doped Ag NP, 9.0% Zn doped Ag NP). The reaction
progressions were followed with UV-Vis spectroscopy. The absorption spectra were recorded at RT.

The rate constants of the reduction reactions were determined by measuring the decrease in the
absorbance of the MO and MB over time. In the degradation studies of MO and MB, NaBH4 was
employed at significantly high concentrations to achieve pseudo-first-order reaction conditions. Under
these circumstances, the concentration of NaBH, remains substantially constant throughout the reaction,
allowing the reaction kinetics to be simplified and treated as first-order with respect to the dye (MO or
MB) alone. The apparent rate constant (kapp) was determined by plotting In(C/Co) versus time, where
C is the concentration of the dye at a given time and Cy is the initial concentration. The slope of this
linear plot corresponds to the apparent rate constant, kapp, under the specified experimental conditions
[64].

The turnover frequency (TOF) is another important parameter for determining the activities of
catalysts and defined as moles of degraded dye per gram of catalyst per minute as given in equation (1),
was further used for the catalyst activity evaluation [65, 66].

mole of dye 1

TOF = (1)

g catalyst  min
RESULTS AND DISCUSSION
Nanoparticle Characterization

Polygonum cognatum extract was used as a reductant and stabilizer for the green synthesis of
non-doped Ag NPs and Zn-doped Ag NPs. After the optimized synthesis of NPs, the reaction mixture
immediately turned into a dark brown color, indicating the formation of NPs. The NPs were then
characterized using the following microscopic and spectroscopic techniques.

The Ag concentration in NP suspensions were determined from ICP-MS measurements. The
catalyst and Zn amounts were estimated from Ag concentrations in NP suspensions and the results are
given in Table 1 and 2. The catalytic reduction of MO and MB was monitored spectrophotometrically
using a UV-Vis Spectrophotometer (Agilent Technologies Cary 60) at intervals of 1 or 5 minutes at
room temperature.

STEM images and EDS analysis of non-doped and Zn-doped Ag NPs were investigated. Figure
1a shows the STEM image of non-doped Ag NPs and in Figure 1b, the EDS spectrum of the same
sample is presented, and the presence of Ag elements is clearly detected. Figure 1c shows the STEM
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image of NPs with 1.6 % Zn doping and in Figure 1d, the EDS spectrum of the same sample is presented,
and the presence of Ag and Zn elements is clearly detected.

Table 1
Ag and Zn amounts (ppm) estimated from ICP-MS measurement in NP suspensions.

Ag, ppm  Zn, ppm

Ag NP 1875.1 -
1.6 % (w/w) Zn doped Ag NP 1832.3 30.0
9.0 % (w/w) Zn doped Ag NP 1478.9 146.3

Table 2
Zn and catalyst amounts (mg) in 0.8 mL NP suspension with constant Ag concentration (1400 ppm Ag)

Ag, ppm Zn,ppm  Catalyst, mg

Ag NP 112 - 1.12
1.6 % (w/w) Zn doped AgNP ~ 1.12 0.017 1.137
9.0 % (w/w) Zn doped AgNP  1.12 0.11 1.23

Similarly, the STEM image (Figure 1e) and EDS spectrum (Figure 1f) of Ag NPs with 9.0% Zn
doping were also analyzed. The EDS spectra clearly reveal the presence of Ag and Zn and obvious
increase in the Zn amount. According to the STEM images, both NPs synthesized through the green
method are of spherical shapes. It was observed that with increasing Zn doping, the NPs had
homogeneous size distribution with a ~15 nm particle size, low agglomeration, and enhanced stability
in aqueous medium for 9.0% Zn doping.
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Figure 1
STEM image and its corresponding EDS spectra of Ag NPs (a-b), 1.6 % Zn Doped Ag NPs (c-d), 9.0 % Zn Doped
Ag NPs (e-f)
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In X-ray fluorescence (XRF) analysis, characteristic prominent peaks for each NP spectrum were
observed at energy levels consistent with the elemental composition of the NPs, as seen in Figure 2.
Additional peaks corresponding to Zn emerged in the spectrum, indicating the successful incorporation
of Zn into the NP structure. Moreover, a proportional increase in the Zn-Ka peak intensity was observed
with the increased Zn doping ratio from 1.6% to 9.0% since Zn incorporation into the lattice sites of Ag
NPs alters the crystal structure and electronic configuration of the NPs, leading to a more pronounced
emission of characteristic X-rays.

=——1.6% Zn doped Ag NP

— Ag NP
9.0% Zn doped Ag NP

_-Zn-Ka
A -—Ag-Ka

Zn-Ka s Ag-Ka
e A ’ Jl R ”
” Ag-Ka
A

5 10 15 20 2
energy (kev)

intensity (a.u)

Figure 2
XRgF spectra of Ag NPs, 1.6 % Zn doped Ag NPs and 9.0 % Zn doped Ag NPs

The X-ray diffraction (XRD) spectra presented in the Figure 3 depict the crystalline structure of
Ag NPs, as well as Ag NPs doped with 9.0% Zn. For the Ag nanoparticles, the peaks are observed at
approximately 38°, 44°, 64°, 77°, and 81°, corresponding to the (111), (200), (220), (311) and (222)
crystallographic planes, respectively [52, 67-69]. The pure Ag NPs exhibit a crystal structure consistent
with face-centered cubic (fcc) silver (JCPDS 87-0720) [69]. The Zn doped Ag NP spectrum presents
both Zn and Ag peaks, despite small deviations for Ag peaks indicating that Zn doping occurred only at
surface level and did not affect the crystalline structure of both species [70]. The peaks belonging ZnO
are located at around 32°, 34°, 48°, 55°, 62°, 72° correspond to the (100), (002), (102), (110), (112) and
(201) planes, respectively [71-73]. Sample reveals that the Zn-doped Ag NPs contain a phase
corresponding to wurtzite ZnO (JCPDS 36-1451), indicating the successful doping of Ag NPs with Zn
[74]. Unidentified peaks below 20 values of 30° are likely attributed to the extract [75].

bare Ag NP
E ——9.0% Zn doped Ag NP

Intensity (a.u.)

20 (degree)

Figure 3
XRD spectra of Ag nanoparticles and 9.0% Zn doped Ag nanoparticles
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FTIR analysis reveals similar spectral characteristics for the synthesized non-doped and Zn doped
Ag NPs compared to the plant extract (Figure 4). In the FTIR spectrums, there are four peaks at similar
positions with slight shifts in peak frequencies since the present functional groups of the extract are
responsible for the reduction and capping of NPs proving the synthesis of NPs from the extract. The
prominent peaks of extract are observed at 3253 cm?, 2921.08 cm?, 1598.53 cm™, 1293.99 cm?,
indicating O-H stretching of phenolic groups [76], aliphatic C-H stretching vibrations [77], C=C
stretching from aromatic rings [50], C-N vibrations [78], respectively. Ago generally absorbs very
poorly in the infrared region and Ag-Ag metallic bond vibrations establish below 400 cm? [79].
Therefore, a distinct absorption band for Ag could not be seen in regions between (4000-400 cm™).
Moreover, the amount of Zn in NP composition is as maximum %9 and the presence of the absorption
bands of functional groups of the plant extract may mask some of the weak and unclear bands of metal
nanoparticles in the FTIR spectrum [70]. Likewise, a distinct absorption band for Zn could not observed
in the spectrum, too. However, an additional peak at 2363.40 cm™ and 2335.88 cm™ as distinct from that
of the extract is expected from vibration of the C=0 bond of the CO, molecule that is chemisorbed
during drying of NP surfaces [80, 81]. Additionally, the peak at 808.10 cm™ observed in both NPs’
spectrum distinct from that of the extract arises from the adsorption of residual NO3™ groups to the extract
components [82, 83].
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Figure 4

FTIR spectra of extract, Ag NPs, and 9.0% Zn doped Ag nanoparticles

Results of the Catalytic Studies

The degradation of MO and MB using Zn-doped Ag nanoparticles was carefully monitored by
UV-Vis spectroscopy in the range 380-600 nm for 30 minutes. This method is a powerful tool to
understand the evolution of the catalytic degradation process over time and to evaluate the efficiency of
the nanomaterial. For monitoring the catalytic degradation of Methyl Orange by UV-Vis spectroscopy,
the most prominent characteristic absorption peak which is around 464 nm is usually followed. When
using UV-Vis spectroscopy to monitor the catalytic degradation of Methylene Blue, characteristic
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absorption peaks at 664 nm are usually observed with time.

As can be seen from the UV-Vis absorption spectra in Figure 5a and Figure 6a, in the presence of
bare Ag NPs, the reaction did not significantly progress, indicating that Ag NPs have a limited
propensity to catalyze the degradation of MO and MB. In contrast, when Ag NPs were doped with Zn,
the increase in activities was observed (Figure 5b, 5¢ and Figure 6b, 6¢). Moreover, as the amount of
Zn doping increased, the degradation of MO and MB increased while the degradation times decreased
(Figure 5d and Figure 6d), indicating an acceleration of the reaction rate (Table 3).

The catalytic activity of bare Ag NPs can be considered very low because the percent degradation
of MO and MB are 24.01 and 37.63, respectively at the end of the 30 min when the bare Ag NPs are
used as the catalyst. On the other hand, when the 1.6 % Zn doped Ag NP was used as the catalyst,
percent conversion was increased to 46.87 for MO degradation and the required time for the conversion
decrease to 25 min (Figure 5b and Table 3). While the Zn doping amount was increased from 1.6 t0 9.0
% methyl orange degradation also increased to 96.56% and the required time decreased to 15 min
(Figure 5c).

As shown in Fig. 5¢, nearly the complete degradation of MO could be observed in 15 min. Based
on the linear relationship between In(C/C0) and reaction time (Figure 7a), the apparent rate constant
(kapp) was calculated as 0.2199 min-1 for the 9.0% Zn doped Ag NP catalyzed MO degradation. The
rate of the reaction was increased nearly 10-fold with the increase of Zn doping. (Figure 7a and Table
3). The TOF value of the 9.0% Zn doped Ag NP was determined as 1.65 x 10-3 mol.g-1 min-1.

Similarly, the toxic MB dye can be degraded quickly in the presence of Zn doped Ag NPs as
evidenced by the rapid disappearance of characteristic absorption peak of MB at 664 nm in 10 min (Fig.
6¢), suggesting its high catalytic activity. When the spectra obtained for MB degradation were analyzed,
it was found that the degradation of methylene blue increased from 78.36 % to 98.38 % when the doping
amount was increased from 1.6% to 9.0% (Figure 6b and c). Further calculation based on the linear
relationship between In(C/C0) and reaction time yielded an apparent rate constant of 0.4445 min-1 for
the reduction reaction of MB catalyzed by the 9.0 % Zn doped Ag NP (Figure 7b). The TOF value of
the 9.0% Zn doped Ag NP was determined as 2.54x10-3 mol.g-1 min-1 and increased nearly 3 fold
according to 1.6% Zn doped Ag NP (0.9x10-3 mol.g-1 min-1) suggesting the activity toward
degradation of MB increase when Zn doping increased. When comparing both the apparent rate and
TOF results, it can be said that 9.0% Zn-doped Ag NPs can be used as a more active catalyst for MB
degradation compared to MO degradation.

With increasing Zn doping, the catalytic activity of the nanoparticles increased in the degradation
reactions of both toxic dyes. (Table 3). The increased activity can be attributed to some factors. Firstly,
Zn doping alters the surface properties of Ag NPs, leading to changes in their catalytic behavior. This
modification can enhance the interaction between the catalyst and the reactants, thereby improving the
catalytic activity [66]. Secondly, Zn doping can create additional active sites on the surface of Ag NPs,
which are facilitate to catalytic reactions. These new active sites may facilitate the adsorption and
activation of reactant molecules, promoting faster reaction rates [65]. Finally, the combination of Ag
and Zn in doped nanoparticles can result in synergistic effects, where the presence of Zn enhances the
catalytic properties of Ag. This synergistic interaction between Ag and Zn can lead to improved catalytic
performance compared to pure Ag nanoparticles [84].
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Table 3
Comparison of the rate constant and TOF for the catalytic reduction of MO and MB
Dve Catalvst Catalyst amount % Time Rate constant, TOF x 1073,
Y Y for 0,8 mL (mg) Degradation (min) Kapp (min™) (mol.g* minh)
> g Ag NP 1.12 24.01 30 0.0106 0.91
S
§ 8 1.6%Zn doped Ag NP 1.137 46.87 25 0.0239 1.10
9.0% Zn doped Ag NP 1.23 96.56 15 0.2199 1.65
@ Ag NP 1.12 37.63 35 0.0171 0.79
2L o
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(3]
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Figure 5

The UV-Vis absorption spectra of MO dye degradation using a) Ag NP, b) 1.6% Zn doped Ag NP, c) 9.0%
Zn doped Ag NP and d) degradation percents of MO vs time for three catalysts
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Figure 6
The UV-Vis absorption spectra of MB dye degradation using a) Ag NP, b) 1.6% Zn doped Ag NP, ¢) 9.0% Zn
doped Ag NP and d) degradation percents of MB vs time for three catalysts
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Figure 7

Plot of In (C4/Cyo) versus time (min) for the degradation of a. MO b. MB using Ag NP, 1.6% Zn doped Ag NP,
and 9.0% Zn doped Ag NP.

After determining the activity of 9.0% Zn doped Ag NP, loading density studies were conducted.
The amounts of dyes added to the reaction medium and the used amount of NaBH4 were kept constant,
and the amounts of 9.0 % Zn doped Ag NP catalyst added to the reaction environment were changed.
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0.4, 0.6, 0.8-, and 0.9-mL NP suspensions were separately added to the reaction environments, and
percentage degradations were monitored. When 0.9 mL NP suspension was added to reaction instead of
0.8 mL than the percent degradation increases only from 96.56% to 97.02% for MO and from 98.38%
to 98.76% for MB. (Table 4) As a result of the studies, it was found that adding 0.8 mL NP suspension
yielded optimal results and increasing the added NP amount beyond 0.8 mL did not result in a significant
change in the percent degradation of the two dyes. This could be attributed to the saturation of reactants
on the catalyst's available surface, where increasing the amount of catalyst did not increase the percent
degradation at the same reaction time [85].

Table 4
MO and MB degradation values with the change of 9.0% Zn doped Ag NP catalyst amount

Dye NP suspension(mL) 9% degradation Time(min)

0.4 87.21 30
MO 0.6 92.19 25
0.8 96.56 15
0.9 97.02 15
0.4 89.49 30
MB 0.6 91.69 25
0.8 98.38 10
0.9 98.76 10

Catalytic degradations of MO and MB in the presence of constant catalyst and NaBH. amount
were also evaluated to examine the impact of the dye concentration on the catalytic reaction process.
The concentrations of the dyes were changed from 2.5 mg/mL to 7.5 mg/mL while maintaining the 9.0%
Zn doped Ag NP catalyst loading (0.8 mL) and NaBH,4 concentration (0.1 M) The variation of the
percent degradation of dyes at the same time interval was presented in Table 5. It is observed that with
the rise of dye concentration the value of percent degradation increased up to a 5 mg/mL concentration
after that it decreased with the rise of dye concentration to 7.5 mg/mL. MO degradation firstly increase
from 96.09 to 96.56 with the increase of dye concentration from 2.5 to 5 mg/mL. However, when the
concentration was increased to 7.5 mg/mL degradation decrease to 90.93%. Similarly, MB degradation
first increase from 92.71 to 98.38 with the increase of dye concentration from 2.5 to 5 mg/mL. However,
degradation decrease to 97.07% with the increase in the concentration. In the low concentrations of the
dyes, the percent degradations were found as low value because most of the catalytic sites were occupied
by the borohydride ions. With the increase in the concentrations of dyes, they began to dominate most
of the catalytic surface, resulting in the increase in the percent degradation. However, at higher
concentrations, a significant portion of the catalytic surface became occupied by the dye molecules due
to their high binding capability. This hindered the reaction with BH4™ ions, consequently reducing the
percent degradation values [86].

Table 5
MO and MB degradation with 9.0% Zn doped Ag NP

Dye amount (mg/mL) % Degradation Time(min)

25 96.09 30
MO 5 96.56 15
7.5 90.93 15
25 92.71 30
MB 5 98.38 10
7.5 97.07 10
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Table 6
Some studies from literature for methylene blue and methyl orange dyes degradation by various biosynthesized
Ag nanoparticles with the use of NaBH..

Biosynthesis Time for Degradation

Nanomaterial source Dye degraded degradation % Ref.
0,
9.0% Zn doped Polygonum Methylene blue 10 98.38 This work
Ag NP cognatum
Lathyrus
Ag brachypterus Methylene blue 6 98 [87]
Ag Albizia procera Methylene blue 70 99.6 [88]
Ag Gmelina arborea Methylene blue 7 100 [89]
C. paradisi
Ag (Paradise citrus) Methylene blue 4 93.29 [90]
Ag Blumea lacera Methylene blue 24 56 [91]
AgiZno Valeriana Methylene blue 2 100 [92]
nanocomposite officinalis
9.0% Zn doped Polygonum .
Ag NP cognatum Methyl orange 15 96.56 This work
Heterotheca
Ag subaxillaris Methyl orange 11 100 [93]
Ag Cassia alata Methyl orange 120 98.6 [94]
Ag Clitoria ternatea Methyl orange 10 100 [95]
Ag Hibiscus tiliaceus Methyl orange 45 100 [96]
Ag S. costus Methyl orange 135 72.88 [97]
Ag/ZnO . Va_I eriana Methyl orange 4 100 [92]
nanocomposite officinalis

In recent studies on the degradation of methylene blue (MB) and methyl orange (MO) dyes using
green synthesized Ag nanoparticles, a variety of biosynthesis sources and their effectiveness have been
explored (Table 6). For instance, NP synthesized using Lathyrus brachypterus extract enabled 98%
degradation of MB in just 6 minutes, while that of Albizia procera showed a 99.6% degradation of MB
in 70 minutes. NP synthesized using Gmelina arborea demonstrated complete degradation (100%) of
MB in 7 minutes. On the other hand, degradation of MO using Ag nanoparticles synthesized from
sources like Heterotheca subaxillaris flower and Cassia alata resulted in 100% degradation in 11 and
120 minutes, respectively. When comparing these literature results to our findings using 9.0% Zn-doped
Ag nanoparticles, it is evident that our method yields superior results. Our nanoparticles achieved
98.38% degradation of 5 mg/mL MB in just 10 minutes and 96.56% degradation of 5 mg/mL MO in 15
minutes. These results demonstrate that our Zn-doped Ag nanoparticles not only achieve high
degradation percentages but also do so in significantly shorter times compared to many biosynthesized
Ag nanoparticles reported in the literature. This highlights the potential of our Zn-doped Ag
nanoparticles as a highly efficient alternative for dye degradation.

CONCLUSION

In this study, Ag NP and Zn doped Ag NP were successfully synthesized using Polyganum
cognatum plant as reducing and stabilizing agent by systematically varying zinc doping ratio (bare Ag
NP, 1.6% Zn-doped Ag NP, and 9.0% Zn-doped Ag NP). The catalytic activities of synthesized
nanoparticles were studied using the MO and MB dyes degradation reactions using a solution of sodium
borohydride (NaBH,) as the reducing agent. Some characterization techniques such as STEM, EDS,
XRF, XRD, FTIR and ICP-MS analyses verified the effective incorporation of Zn into the Ag NP matrix,
demonstrating the presence of components and structural alterations in the 9.0% Zn doped Ag NPs. UV-
Vis spectroscopy was used to observe the process of degradation.

In catalytic experiments, different concentrations of nanoparticle (NP) suspensions (400, 600,
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800, and 900 pL) were added to 3 mL cuvettes while the Ag concentration remained constant (1400
ppm) for all types of NPs (bare Ag NP, 1.6% Zn-doped Ag NP, and 9.0% Zn-doped Ag NP). According
to catalytic degradation experiments, Zn doping at 9.0% significantly improved the degradation
efficiency compared to bare Ag NPs and 1.6% Zn-doped Ag NPs. Specifically, the 9.0% Zn-doped Ag
NPs achieved 96.56% degradation of MO in 15 minutes and 98.38% degradation of MB in 10 minutes,
with rate constants of 0.2199 min' and 0.4445 min!, respectively. Additionally, the turnover
frequencies (TOF) for MO and MB were 1.65 x 107 mol.g! min™ and 2.54 x 107 mol.g™! min,
respectively. Increasing the doping amount of Zn from 1.6% to 9.0% greatly decrease reaction times
and improve degradation efficiency with MO degradation improving from 46.87% in 25 minutes (kapp
= 0.0239 min!, TOF = 1.10 x 10 mol.g! min™") to 96.56% in 15 minutes, and MB degradation
increasing from 78.36% in 30 minutes (kapp = 0.0678 min™', TOF =0.9 x 10 mol.g™ min™") to 98.38%
in 10 minutes. The optimal NP suspension volume was found to be 0.8 mL, beyond which no significant
improvement in degradation was observed. Furthermore, the study found that the optimal dye
concentration for degradation was 5 mg/mL, as higher concentrations led to decreased efficiency due to
surface saturation of the catalyst. These findings highlight the effectiveness of 9.0% Zn-doped Ag NPs
as catalysts for the rapid and efficient degradation of hazardous dyes, presenting a viable solution for
wastewater treatment applications.
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Makale Bilgisi OZET

Nanoteknoloji, malzemelerin nanometre dlgeginde, ozellikle 1 ila 100 nanometre araliginda tasarim ve
Gelis Tarihi: 12.11.2024 manipiilasyonuna odaklanan 6ncii bir aragtirma alanidir. Giimiis nanoparcaciklari, antiseptik 6zellikleri ile
Kabul Tarihi: 06.01.2025 bilinir ve genellikle malzemelerin antibakteriyel etkinligini artirmak amact ile dig hekimligi gibi alanlarda
Yayin Tarihi: 30.04.2025 kullanilir. Son zamanlarda, grafen bazli malzemeler de antibakteriyel ozellikleri nedeniyle 6nem

kazanmistir. Bu ¢alisma ile karabiber ekstrakti kullanilarak mikrodalga yontemi ile sentezlenmis giimiis
nanopargaciklari ile grafen yapilarinin kombinasyonunun antibakteriyel ve antioksidan aktiviteleri

Anahtar Kelimeler: incelenmistir. Sentezlenen malzemeler, UV-Vis spektroskopisi, taramali elektron mikroskobu (SEM) ve
Antibakteriyel, enerji dagitict X-1s11 spektroskopisi (EDS) gibi ¢esitli analitik yontemlerle karakterize edilmistir. Grafen
Antioksidan, ve giimiis nanopargacik kompozitlerinin antibakteriyel etkinligi, Staphylococcus aureus (S. aureus) iizerine
Grafen OKksit, agar well diflizyon yontemi kullanilarak degerlendirilmistir. Ayrica, kompozitlerin serbest radikal siipiirme
Giimiis nanopartikiil. aktiviteleri DPPH, FRAP ve ABTS testleri ile test edilmistir. Sonuglar, grafen oksit ve gimis

nanopargaciklarinin  kombinasyonunun 14.40 mm ile en biiyiik inhibisyon alanini olusturdugunu,
antioksidan aktivitenin ise genel olarak giimiis nanopargaciklar igin grafen ve kompozit yapilara kiyasla
daha istiin oldugunu gostermistir. Bu sonuglar, sentezlenen grafenin, biyosentezlenmis giimis
nanopargaciklar ile entegrasyonunun antibakteriyel aktiviteyi gelistirebilecegi ve biyomedikal alanlarda
kullanilabilecegini gostermektedir.

Combined Antibacterial and Antioxidant Effect of Graphene Structures with Biogenic
Silver Nanoparticles Synthesized by Using Black Pepper Extract

Avrticle Info ABSTRACT

Nanotechnology is a pioneering research field that focuses on the design and manipulation of materials at
Received: 12.11.2024 the nanoscale, particularly within the range of 1 to 100 nanometers. Silver nanoparticles are known for their
Accepted: 06.01.2025 antiseptic properties and are commonly used in fields such as dentistry to enhance the antibacterial efficacy
Published: 30.04.2025 of materials Recently, graphene-based materials have also gained importance due to their antibacterial

properties. In this study, antibacterial and antioxidant activities of the combination of silver nanoparticles
and graphene structures synthesized by microwave method using black pepper extract were investigated.

Keywords: The synthesized materials were characterized by various analytical methods such as UV-Vis spectroscopy,
Antibacterial, scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). The antibacterial
Antioxidant, activity of graphene and silver nanoparticle composites was evaluated using agar well diffusion method on
Graphene oxide, Staphylococcus aureus (S. aureus). In addition, the free radical scavenging activities of the composites were
Silver nanoparticle. tested by DPPH, FRAP and ABTS assays. The results showed that the combination of graphene oxide and

silver nanoparticles produced the largest inhibition area of 14.40 mm, while the antioxidant activity was
generally superior for silver nanoparticles compared to graphene and composite structures. These results
suggest that the integration of synthesized graphene with biosynthesized silver nanoparticles can improve
antibacterial activity and can be used in biomedical fields.
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INTRODUCTION

Nanotechnology is an important and developing field that is utilized in many scientific disciplines
and having an impact on human life. It entails creating and working with materials that range in size
from 1 to 100 nanometers and have special properties like a high surface area-to-volume ratio, which
contribute to their diverse applications and effects [1]. The applications for nanoparticle-based
technologies are numerous and include semiconductors, batteries, pharmaceuticals, and industrial
catalysis. Fullerenes, liposomes, metal nanoparticles, nanodroplets, and dendrimers are some types of
nanomaterials [2]. The synthesis of metallic nanoparticles is primarily conducted through two main
methodologies. The first is the "bottom-up™ approach, which involves constructing materials from
atomic or molecular components. The second is the "top-down" approach, which focuses on breaking
down larger bulk materials into nanoscale particles. Nowadays, silver nanoparticles (AgNPs) are one of
the most popular materials because they have important antibacterial properties. In addition to their
enhanced antibacterial activity, AgQNPs have other beneficial properties that make them useful for a
variety of applications [3]. The biological synthesis of AgNPs has become increasingly popular in recent
years. The use of microorganisms and plant extracts for this synthesis represents a strong alternative to
traditional chemical and physical synthesis methods as they are simpler to use, more economical, more
environmentally friendly, and easily scalable for high-yield production [4].

AgNPs can effectively inhibit the growth of a variety of bacteria, making them a useful addition
to materials such as dental composites and other restorative materials [5,6]. AGNPs have an antibacterial
effect because they release silver ions, which are toxic to bacteria and can damage bacterial cell
membranes, impairing bacterial cell functions and causing cell lysis [7]. This property is particularly
important in some areas such as prosthetic dentistry, where the risk of infection is increased due to the
presence of foreign materials in the oral cavity. Without substantially altering their mechanical qualities,
AgNPs can be added to a variety of dental materials, including acrylic and composite resins, to increase
their antimicrobial efficacy [8,9]. In addition, AgNPs exhibit antioxidant activities due to their ability to
scavenge free radicals. This effect is particularly significant in dental applications, as oxidative stress
can accelerate the progression of oral diseases and lead to the degradation of dental materials [10,11].
The antioxidant capacity of AgNPs has been shown to be comparable to that of ascorbic acid, indicating
their potential role in protecting dental materials from oxidative damage. Additionally, adding AgNPs
to dental materials enhances their antibacterial properties while halting oxidative deterioration, which
increases the materials' stability and durability [12,13]. Investigating environmentally friendly methods
of synthesizing AgNPs, like plant extracts, further increases their appeal for dental applications. Because
they still have antimicrobial and antioxidant qualities but are less damaging to human cells, the green
synthesized AgNPs are safe for use in dental procedures [14,15]. Nanomaterials have shown significant
potential to control bacterial colonization in prosthetic dentistry by highlighting the antibacterial
properties of silver nanoparticles (AgNPs), which can effectively inhibit bacterial growth and biofilm
formation on prosthetic materials. This capability is crucial for enhancing the longevity and success of
dental implants, as bacterial biofilms are a primary cause of implant failure [16].

The antibacterial and antioxidant properties of GO have made it a significant material in various
fields. The unique physical and chemical characteristics of GO primarily contribute to its antibacterial
effects [17] . Studies have demonstrated that GO can damage bacteria membranes, resulting in cell lysis
and death. The bacterial cells suffer physical harm and membrane stress due to the sharp edges of the
graphene sheets, which facilitate this mechanism [18,19]. Furthermore, electron transfer interactions
between graphene and microbial membranes, which depend on direct physical contact and membrane
perturbation rather than just reactive oxygen species (ROS), strengthen the antibacterial effects [20].
GO is a versatile treatment for dental infections because research shows that it has broad-spectrum
antimicrobial activity against a variety of bacterial strains, including both Gram-positive and Gram-
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negative bacteria [21,22]. In addition, GO has significant antioxidant properties. GO has been shown to
be an effective free radical scavenger, outperforming conventional antioxidants such as ascorbic acid
and mannitol under certain conditions [23]. This antioxidant activity is critical in prosthodontics, as
oxidative stress can degrade dental materials and compromise the integrity of prosthetic devices.
Incorporating GO into dental materials can increase their resistance to oxidative degradation, hence
extending their useful lifespan [24]. GO has also been shown to increase the activity of antioxidant
enzymes in biological systems, including catalase (CAT) and superoxide dismutase (SOD), which are
essential for cellular defense against oxidative stress [25].

In this study, we aimed to investigate the synergistic antibacterial and antioxidant properties of
green synthesized AgNPs coupled with graphene materials. To achieve this, we characterized the
synthesized nanoparticles using various analytical methods. The antimicrobial efficacy of the
nanoparticles and graphene structures, both individually and in combination, was evaluated against
Staphylococcus aureus through the agar well diffusion method. Additionally, we conducted DPPH,
FRAP, and ABTS" analyses to assess their antioxidant capacity.

MATERIALS AND METHODS
Chemicals used in the study

All materials used in this study were rinsed with deionized water. The chemicals employed were
sourced from various suppliers, including sulfuric acid (H2SO.), iron (I11) chloride (FeCls), and ABTS
(2,2'-Azino-Bis (3-Ethylbenzothiazoline-6-Sulfonic Acid) from Merck. Additionally, sodium nitrate
(NaNOs), potassium permanganate (KMnO,), Miiller Hinton agar, hydrogen peroxide (H20.), silver
nitrate (AgNOs), DPPH (2,2-Diphenyl-1-picrylhydrazyl), potassium ferricyanide (KsFe(CN)eg),
trichloroacetic acid (TCA), and ammonium acetate (CH;COONH,) were obtained from Sigma-Aldrich.
The graphene structures were purchased from MediSen (Tiirkiye) company.

Graphene oxide synthesis

A modified version of the Hummers method was used to synthesize GO from natural graphite. In
brief, 1 g of NaNOs and 46 mL of H,SO. were mixed with 1 g of natural graphite powder, and the
mixture was continuously stirred in an ice bath to keep the temperature below 20 °C. Gradually, 6 g of
KMnO, was added while stirring. After 60 min., the mixture was taken out of the ice bath, and the
temperature was raised to 35 °C, where it was maintained for an additional 30 min. After that, 70 mL of
water was gently added to the mixture, which was agitated for another 15 min. Then, 80 mL of hot water
(at 60 °C) and a 30% H20- solution were added to reduce any remaining KMnO4 until effervescence
ceased. The resulting product was washed multiple times to remove any residual salt impurities. After
undergoing a thermal reduction process at 200 °C for 3 h, a black powder of GO was obtained.

Synthesis of silver nanoparticles and characterization

The black pepper was subjected to a washing process that included three rinses with distilled
water, followed by removal of impurities and subsequent drying. The dried plant materials were then
ground into a fine powder. 10 g of this powder was boiled in 100 mL of distilled water to extract plant
material. The resulting extracts were centrifuged at 5000 rpm (at 4 °C for 12 min). The obtained
supernatant was collected and then filtered with Whatman filter paper (Grade No. 1). 100 mL of distilled
water was used to dissolve 0-017 g of AgNO3 to create a 1 mM AgNO3 solution. The extract was then
mixed with 80 milliliters of AgNO3 solution to synthesize AgNPs. After that, the mixture was exposed
to microwave radiation for 25 min. in a laboratory-grade microwave with a 700-watt power setting.
AgNP colloidal suspensions were sonicated for 10 min. at 55% power after the synthesis process. The
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resulting pellets were discarded after the suspensions were centrifuged at 4 °C (5000 rpm) for 15 min.
The centrifugation process was carried out again for the supernatants. The residual colloidal
nanoparticles underwent additional purification through centrifugation using ultra-pure water at 10.000
rpm and 4°C for 15 min. to eliminate any residual plant extract. This washing step was performed twice.
Finally, the purified AgNPs were lyophilized and stored at 4°C in a dark container for future
applications. The resulting nanoparticles were then characterized by UV-Vis, SEM, DLS and EDS.

Antibacterial activity test using agar well diffusion assay

The Staphylococcus aureus strain (ATCC 6538P) was provided in lyophilized form. To evaluate
the antibacterial activity, Mueller Hinton agar was prepared. The turbidity of the bacterial suspension
intended for testing was calibrated to match the McFarland 0.5 standard. Following the homogenization
of the liquid culture through shaking, approximately 100 pL was dispensed onto a Petri dish to evenly
moisten the surface, which was then spread using a Drigalski spatula. To assess the antibacterial activity,
wells with a diameter of approximately 7 mm were created on the agar surface, into which composite
suspensions with nanoparticles and graphene structures were introduced in a final volume of 100 pL.
Gentamicin at a concentration of 10 pg/mL served as the positive control. After a pre-incubation period
of 1 h at 25 °C, the bacterial isolate was incubated at 37 °C for 24 h. The zones of inhibition surrounding
each sample were subsequently measured. Each experimental trial was conducted in triplicate for both
the samples and the bacterial isolate.

Free radical (DPPH) scavenging activity

The evaluation of free radical scavenging activity using DPPH (2,2-diphenyl-1-picryl hydrazyl)
was conducted following the protocol established by Blois et al. [26]. A 0.26 mM solution of DPPH was
prepared in ethanol. A specified quantity of stock solutions containing GO and AgNPs, ranging from 10
to 200 mg/mL, was measured out. To achieve a total volume of 4 mL in the reaction vessel, ethanol was
added after adding 1 mL of the DPPH solution (0.26 mM). After that, the mixture was vortexed, and it
was left to incubate for 30 min. Following incubation, a spectrophotometer was used to measure each
sample's absorbance at a wavelength of 517 nm.

Ferric reducing power (FRAP) activity

The analysis was conducted utilizing the Oyaizu method [27], with modifications as described by
Elmastas et al. [27,28]. A stock solution containing 100 uL of GO and AgNPs was prepared by diluting
with phosphate buffer (0.2 M, pH 6.6) to a final volume of 1.25 mL. Subsequently, 1.25 mL of 1%
KsFe(CN)s was added to the mixture. This combination was incubated at 50 °C for 20 min. After
incubation, 1.25 mL of trichloroacetic acid 10% TCA and 0.25 mL of 0.1% FeCI3 were added to the
mixture. The absorbance of the final solution was measured at 700 nm.

ABTS radical scavenging activity

This study was conducted following the methodology established by Re et al. [29]. A 0.1 M
phosphate buffer solution (pH 7.4) was prepared. Subsequently, a 2 mM ABTS (2,2'-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)) solution was prepared using the phosphate buffer, and this was
mixed with a 2.45 mM K2S208 (potassium persulfate) solution in a 1:2 ratio. The mixture was allowed
to stand in the dark for 6 h. After this period, an appropriate volume of stock solutions was taken and
diluted with phosphate buffer to a final volume of 3 mL. Then, 1 mL of the ABTS solution was added,
and the mixture was vortexed to ensure thorough mixing. The resulting solution was incubated at room
temperature for 1 h, after which the absorbance was measured at 734 nm using a spectrophotometer.
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RESULTS AND DISCUSSION

The aqueous extract of black pepper was utilized for the synthesis of AgNPs from silver nitrate
(AgNOQO3). The first signs of AgNPs formation were observed almost immediately after 25 min. constant
stirring and microwave irradiation. A rapid change in color from the initially colorless reaction mixture
to a brownish yellow was the first sign of this formation. UV-Vis spectroscopy was then used to confirm
the presence of AgNPs. This technique is effective because the free electrons within the nanoparticles
generate surface plasmon resonance [30]. In line with earlier findings in the literature, the samples
showed a peak at a wavelength of about 440 nm, according to the UV-Vis analysis [31]. Figure 1
illustrated the UV-Vis spectrum of the synthesized AgNPs.

Black pepper extract
—— Silver nanoparticles

Absorbance
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Figure 1
UV-Vis analysis of silver nanoparticles and black pepper extract synthesized by microwave method

Dynamic light scattering (DLS) was used to measure the polydispersity index (PDI), mean
particle size, and particle size distribution of AgNPs in the reaction mixtures. The DLS analysis
revealed that the average particle size distribution of the nanoparticles in the solution was measured at
60.95 nm, with a polydispersity index of 0.278 (Figure 2).
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Figure 2
Particle size distribution by density and by volume

Zeta potential is an essential parameter for assessing the stability of nanofluids, which are defined
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as liquid mixtures containing water and conductive solid particles with sizes typically below 100 nm
[32,33]. Zeta potential is a crucial metric for evaluating the stability of metal nanoparticles in aqueous
solutions because it reflects the overall charge present on the nanoparticles. The synthesized AgNPs
have a negative charge, as indicated by their zeta potential value of -22.5 mV (Figure 3). This is
significant because it implies that the nanoparticles are coated with biomolecules, which increases their
stability through electrostatic repulsion. This helps keep the nanoparticles from aggregating and
maintains their dispersion in solution [34].
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Figure 3
Zeta potential analysis of synthesized nanoparticles.

To investigate the morphology of the synthesized structures of graphene, GO and AgNPs,
scanning electron microscopy (SEM) analyzes were carried out (Figure 4 and 6). The SEM examination
provided insights into the overall structure of the materials.

Mag = 55.00 KX WD=75mm EHT=15.00kV Signal A=SE1

Figure 4
SEM image of silver nanoparticles.

Energy Dispersive Spectroscopy (EDS) analysis provides both qualitative and quantitative
insights into the elemental composition of nanoparticles, which is crucial for understanding their
formation and stability. The EDS spectrum for the synthesized AgNPs reveals a prominent signal around
3 keV, confirming the presence of silver. This peak is characteristic of metallic silver nanocrystals,
which typically exhibit optical absorption peaks due to their surface plasmon resonance (SPR) [35].
Together with other elements, the presence of silver suggests that black pepper extract was used to create
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the nanoparticles, where biomolecules might have helped stabilize them.
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Figure 5
EDS analysis of silver nanoparticles

As shown in Figure 5, silver was the most prevalent element in the EDS analysis, making up
roughly 56.2% of the total composition. CI, O, Al, and Au were among the other elements that were
observed with Ag. The coating is responsible for the Au peaks in the spectrum, while plant extract may
be the source of other elements. This high silver content is noteworthy because it shows that AgNPs
were successfully synthesized.
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Figure 6
SEM images of A) graphene 1, b) graphene 2 and c¢) graphene oxide structures

In Figure 6, two distinct structures of graphene and graphene oxide are depicted through scanning
electron microscopy (SEM) images. These images illustrate the unique morphological characteristics of
each material. The SEM images clearly demonstrated that both graphene oxide and graphene have been
effectively exfoliated to form separated thin sheets.

In this study, the antibacterial activities of several structures such as GO, G1, G2, AgNPs,
GO+AgNPs, G1+AgNPs and G2+AgNPs against Staphylococcus aureus at a concentration of 100
ug/mLwas evaluated. Gentamicin was employed as a positive control in the experiment.

The investigation into the antibacterial properties of GO and AgNPs reveals significant findings
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regarding their individual and combined effects. The inhibition zone measured for GO was recorded at
9.90 £ 0.85 mm, while AgNPs exhibited a larger inhibition zone of 12.37 £ 0.75 mm. Notably, when
GO and AgNPs were combined in equal proportions and maintained at the same concentration, the
resulting inhibition zone increased to 14.40 + 1.08 mm. This increase suggests a synergistic effect
between GO and AgNPs, which is not typically observed with other graphene-based materials (Figure
7 and 8).
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Figure 7
Inhibition zones of the materials used against S. aureus

Figure 8
Antibacterial activity of synthesized silver nanoparticles and graphene structures a) GO b)G1 ¢)G2
d)Gentamicin €)AgNP f)JGO+AgNP g) G1+AgNP h) G2+AgNP
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The combination of graphite oxide and AgNPs demonstrated strong antibacterial activity,
according to the results. Additionally, it was discovered that structures based on graphene have unique
antibacterial properties. In recent times, there has been a concerning rise in the resistance of pathogenic
bacteria and fungi to commercially available antimicrobial agents, posing a significant global threat.
Drug resistance represents one of the most critical and prevalent challenges [36]. The treatment of
bacterial infections is becoming increasingly complicated, as pathogens are capable of developing
resistance to current antimicrobial agents and antibiotics. Furthermore, resistant pathogens have the
potential to disseminate within healthcare settings and communities, leading to broader issues related to
infection control [37]. To address this issue, innovative methods and strategies are essential. Promising
approaches include the utilization of natural antimicrobials, combination therapies, synergistic
treatments, and more recently, the application of metal nanoparticles in composite structures [38].
Numerous studies have confirmed that silver-graphene-based nanocomposites have antimicrobial
properties. For example, graphene oxide-silver (GO-Ag) nanocomposites have shown antibacterial
gualities against a number of pathogens [39] . Graphene oxide-silver nanoparticles (GO-AgNPs) have
been shown to exhibit antibacterial activity due to a synergistic effect rather than just the additive effects
of bare GO and AgNPs [40].

Antioxidant substances can neutralize radicals present in the environment. Among them, DPPH
radical (2,2-diphenyl-1-picrylhydrazyl) is widely used due to its easy measurement, stability, simplicity
and reproducibility in assessing radical scavenging activity by observing discoloration [41]. The DPPH
radical provides a tool to measure the antioxidant efficacy of different compounds by assessing their
potential to act as hydrogen donors or free radical scavengers. In this study, to determine the radical
scavenging activity of the materials, we used the DPPH radical, which has a maximum absorption at
517 nm.

Table 1
Antioxidant activity (DPPH free radical scavenging activity)

IC50 (ng/mL)

Trolox 5.77+0.11
BHA 4.89+0.15
BHT 7.65+£0.16
GO ND

Gl ND

G2 ND
AgNP 83.51+1.37
GO+ AgNP 161.,33+1.99
G1+ AgNP 183.23+1.23
G2+ AgNP 350.84+3.89

A higher level of antioxidant activity was indicated by a lower 1C50 value. AgNPs produced by
biosynthesis notably exhibited the highest scavenging activity (83.51 ug/mL) (Table 1). Compared to
positive controls, this value was much lower. According to the DPPH scavenging analysis, AgNPs
showed significant inhibitory activity compared to common antioxidants such as Trolox, BHA
(butylated hydroxyanisole) and BHT (butylated hydroxytoluene), although this activity decreased,
especially when graphene-based materials were present. Additionally, graphene structures were found
to have no inherent radical scavenging activity.

As indicated in Table 2, the antioxidant effect of graphene materials, measured by their Ferric
Reducing Antioxidant Power (FRAP) reduction capacity, was significantly lower compared to the
standard antioxidants BHT and BHA.
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Table 2
Ferric reducing power (FRAP) activity
pmol TE/mg sample

BHA 5.36+0.16
BHT 3.96+0.12
GO 0.26+0.03
Gl 0.57+0.06
G2 0.62+0.08
AgNP 3.46+0.18
GO+AgNP 2.26+0,21
G1+AgNP 2.3840.15
G2+AgNP 2.254+0.08

Table 3

ABTS+ Radical Removal Activity

1C50 (ug/mL)

Trolox 6.54+0.15
BHA 5,87+0.18
BHT 6.12+0.23
GO 139.82+1.23
Gl 162.09+2.45
G2 184.74+2.57
AgNP 5.74+0.14
GO+AgNP 23.64+0.15
G1+AgNP 16.12+0.12
G2+AgNP 18.64+0.13

The ABTS assay is a commonly used technique to assess the antioxidant properties of natural
substances, particularly by measuring their ability to eliminate the stable radical action ABTS [42].
AgNPs were observed to have a notably high level of activity (Table 3). However, this activity was
noticeably reduced when graphene structures were coupled with AgNPs.

Several studies have demonstrated that AgNPs contribute the reduction of ferric ions and
stabilizes free radicals, so they increase the overall antioxidant capacity of composite materials [43,44],
as correspondence to our findings. Moreover, it was also reported that graphene and AgNPs show a
synergistic effect, where graphene matrix aids in the dispersion and stabilization of AgNPs, leading to
increased catalytic and antioxidant activities [44,45]. In addition to their antioxidant capabilities, the
antibacterial properties of GO-AgNPs further complement their potential applications in medical and
environmental fields. The antibacterial action is primarily due to the oxidative stress induced by silver
nanoparticles, which can damage bacterial cell walls, while graphene oxide contributes to this effect
through its ability to generate reactive oxygen species [46,47]. This dual functionality of GO-AgNPs
not only enhances their utility as antioxidant agents but also positions them as effective antimicrobial
agents, making them suitable for various biomedical applications, including wound dressings and drug
delivery systems [47,48].

CONCLUSION

In this study, composite structures obtained by combining AgNPs biologically synthesized from
black pepper extract and GO structures have great potential, especially in terms of antibacterial
properties. The study showed that the synergistic combination of AgNPs and GO significantly increased
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antibacterial activity against Staphylococcus aureus. In this study, the antioxidant capacity of
biologically synthesized AgNPs was found to be higher than that of GO structures. However, the
combination of AgNPs with GO structures had a negative impact on the antioxidant capacity and a
decrease in this capacity was observed. While the combination of AgNPs and GO nanocomposites
increases antibacterial effectiveness, reducing antioxidant properties may affect long-term material
performance. It is believed that such nanocomposites can contribute to the development of more
biocompatible, durable and infection-resistant materials such as dental materials. Combining GO
nanocomposites with AgNPs may make it possible to create dental materials that are both mechanically
robust and biologically compatible.
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Yayin Tarihi: 30.04.2025 kompakt yapi gibi 6zel 6zellikler kazandirir. Oldukga 6nemli 6zellikler barindirmalarina ragmen, bu boyar
madde tiirevleri diisiik sentetik verimlere sahip olabilmektedirler. Birkag on y1l i¢inde, kaynasmis BODIPY
yapilarinin gesitli tiirevleri yaymlandi. Bununla birlikte, daha fazla 6zellikten yararlanmak ve sentetik

Anahtar Kelimeler: verimi artirmak i¢in bu boyalarm sayisini artirmak i¢in daha fazla calismaya ihtiyag¢ vardir. Bu ¢alismada,
BODIPY, CTFBOD1-2 olarak adlandirilan iki adet yakin kizildtesi bolgeden absorplama yapabilen tiyofen ile
Boyar maddeler, kaynasmis Bodipy bilesikleri tasarlanmug, sentezlenmis ve cesitli teknikler kullanilarak karakterize
Boya duyarli giines pilleri, edilmigtir. Her iki bilesik de mezo-4-karboksifenil birimleri ile tiirevlendirilmistir, ¢linkii boya duyarli
Fotodinamik terapi, giines pili yapilart i¢in potansiyel bilesik olma durumlari vardir. Ve elektron verici yapilart olarak, bir

donér-alic1 yap1 olusturmak igin 4-metoksifenil ve hegziltiyofen birimleri de ayrica siibstitiie edilmistir.
Fotofiziksel ve dongiisel voltametri karakterizasyonlar1 da gergeklestirilmistir. Hegzil-tiyofen bagli yapida
(CTFBOD2), muhtemelen tiyofen biriminin daha giiglii elektron itme kabiliyetine bagli olarak hem
absorpsiyon hem de emisyonda daha fazla batokromik kayma gozlemlenmistir. Bu yap1 ile 775 nm'ye kadar
absorplama gozlenebilmekte ve giines hasadi igin kompakt yapilarla bu pencereye ulasmak son derece
onemlidir. Bilesiklerin, 1s18a duyarlilastirict olarak boya duyarli giines pili konsepti gibi ¢esitli alanlarda
yapi taglar olarak kullanilabilecegi gozlemlenmistir.

Kimyasal sensorler.
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Synthesis and Properties of Carboxylic Acid Functionalized Near IR Absorbing Thiophene Fused BODIPY Compounds

INTRODUCTION

The research on BODIPY (boron dipyrromethene) compounds and similar dye structures continue
its popularity for a few decades and steadily find more space in literature over the years. Valuable
properties of this kind of dye include high molar absorptivity, high fluorescence quantum yield, stability,
and moderately easily modifiable structure [1]. A variety of different reactions could be performed on
the BODIPY core either post- or pre-modification routes [2]. There have been various efforts to obtain
near IR absorbing or fluorescing dyes/fluorophores [3-7]. Xanthene, rhodamine, and fluorescein are
some of the important classes of compounds and their derivatives are also made available to work in
this region. The dyes working in near IR region have found utilization in organic or bulk heterojunction
solar cells [4, 8-10], photodynamic cancer therapy[11-13], or biological labelling [14, 15]. The reason
for the utilization of near IR dyes in solar cells is due to a large amount of the solar radiation in this
region. Traditional [16] (e.g. silicon-based solar cells) or new generation [17] (e.g. dye-sensitized solar
cells) renewable energy sources play important roles to meet the high energy demand in today’s world.
Also, fluorescence detection methods have been frequently used in various fields such as the
authentication of extra virgin olive oils [18].

Current work

Previous work

Figure 1
Fused BODIPY structures that were studied by our group previously (left) and in this current work (right).
Nomenclature of BODIPY was also shown on BFBOD

BODIPY compounds could be post-modified for their utilization in the near-infrared regions
including Knoevenagel condensation to obtain © electron extension from the methyl units, direct
substitution with ethynyl units and C=N bond substitution [2]. Pre-modification includes synthesizing
benzofused, thiophene-fused or furan-fused pyrroles and then the formation of the BODIPY core using
these building blocks has been accomplished [3, 19, 20]. However, there are not many publications
regarding the synthesis and applications of these fused structures, although they induce rich properties
in the dye core. These properties include a rigid structure, high molar absorptivity and high fluorescence
guantum yield. One drawback of these types of structures is their low synthetic yields.

In this work, two new thiophene fused BODIPY structures have been designed and synthesized
(Figure 1-right). The structures of our previous efforts on fused BODIPY structures were also shown as
a comparison (Figure 1-left) [3, 5]. These compounds have been synthesized with benzocarboxylic acid
units arranged to the meso position of the BODIPY core for their potential utilization in dye sensitized
solar cells concept. Different synthetic pathways have been investigated and the optimum synthetic
path was considered to obtain the final compounds. The synthesized structures CTFBOD1 and
CTFBOD?2 hoth absorb around 700 nm making them available to be used in applications that necessitate
near infrared region absorption or fluorescence. It has also been observed that carboxylic acid unit has
an adverse effect on synthetic yields.
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MATERIALS AND METHODS
Cyclic Voltammetry Measurements

Cyclic voltammetry was recorded on a Gamry Interface 1010E instrument in a single-component
cell under a nitrogen atmosphere. 0.1 M tetrabutylammonium hexafluorophosphate in acetonitrile was
used as an electrolyte was purged with nitrogen gas. Ag wire as reference electrode, Pt wire as auxiliary
electrode and glassy carbon electrode as working electrode were used. Scanning range was between -
1700 mV and +1700 mV and the scanning rate of 200 mV/s was adjusted. BODIPY compounds were
dissolved in CHCI; (1 mg/mL) and they were added to the glassy carbon electrode surface and dried
with nitrogen gas. As internal standard ferrocene was used and added to the electrolyte solution. For the
calculations of optical bandgap, the equation of Eq = 1243/A (A = start of the maximum absorbance) was
used [21]. For the calculation of the HOMO-LUMO following equations were used [21]:

ELumo = —€.[Ered®e +4.4] ; Enomo = —€.[Ea®™ +4.4]
Synthesis

Compound 1: This reaction is performed according to the previous report [19]. 5-bromo-2-
thiophencarboxaldehyde (1.88 g, 9.86 mmol, 1 eq.) was dissolved in methanol (10 mL) and cooled to
0°C. Methylazidoacetate (3.82 g, 29.6 mmol, 3 eq.) was then added to the flask. Sodium methoxide (1.6
g, 29.6 mmol, 3 eq.) suspension was prepared in methanol (30 mL) and added dropwise to the reaction
flask over 20 minutes while keeping the temperature low. It was stirred for another 30 minutes, and
brought to room temperature, then stirred for 3 h in this way. Then, the saturated NH4ClI solution was
added dropwise to form the precipitate, and the precipitate was filtered, washed with water, and dried.
This substance was dissolved in 30 mL of toluene and refluxed for 1.5 hours. The substance was obtained
pure by the removal of the solvent (22% yield). *H NMR 400 MHz, CDCls, ppm: (d) 9.25 (br s, 1H),
7.1-6.9 (m, 2H), 3.90 (s, 3H).

Compound 2: This reaction is performed according to the previous report [19]. 4-
(Methoxy)phenylboronic acid (0.180 g, 1.18 mmol, 1.1 eq.), compound 1 (0.280 g, 1.08 mmol, 1 eq.)
were dissolved in degassed toluene (10 mL) and ethanol (2.5 mL) under inert atmosphere to an oven-
dried two-neck flask fitted with a condenser. Tetrakis(triphenylphosphine)-palladium (0.016 g, 0.022
mmol, 0.02 eq) and NaxCOs solution (0.045 g in 2.5 mL H,O) were added. The mixture was refluxed
for 6 hours at 80°C, and then cooled, extracted with diethyl ether, dried over magnesium sulfate and
concentrated under reduced pressure. The residue was purified by chromatography (silica gel, DCM) to
afford 2 (80 mg, 26 %) as a yellow solid. *H NMR 400 MHz, CDCls, ppm: (d) 9.14 (br s, 1H), 7.54 (d,
J=8.6 Hz, 2H), 7.12 (s, 1H), 7.06 (s, 1H), 6.93 (d, J= 8.6 Hz, 2H), 4.36 (g, J= 7.2 Hz, 2H), 3.85 (s, 3H),
1.40 (t, J="7.1 Hz, 3H).

Compound 3: This reaction is performed by modification of the previous report [22]. 2 (0.380 g,
1.32 mmol, 1 eq.) is dissolved in 22.5 mL of EtOH. Then, NaOH (1.11 g, 21 eq., 27.8 mmol) was
dissolved in 11.3 mL of H,O and added to the flask. The reaction was refluxed and the proceeding of
the reaction was monitored using TLC for 1-2 hours. The flask was then cooled to room temperature
and the pH was adjusted to 3 through addition of 6 M HCI. Then, the precipitates were filtered and
substance 3 was obtained pure (0.336 g, 1.32 mmol, quantitative). *H NMR 400 MHz, DMSO-ds, ppm:
(d) 12.55 (brs, 1H), 11.97 (br s, 1H), 7.60 (m, 2H), 7.25 (s, 1H), 6.99 (m, 3H), 3.76 (s, 3H).

Compound 4: This reaction is performed by modification of the previous report [22]. Compound
3 (0.336 g, 1.23 mmol) was dissolved in TFA (7 mL, degassed with N2) under N, gas. The reaction was
heated to 40°C. After 10 minutes, the reaction was checked with TLC and neutralized with saturated
sodium bicarbonate. Then, chloroform was added (10 mL) and the organic phase was washed with water
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(3x10 mL). The organic phase was dried, and the solvent was removed. Column chromatography is
performed with DCM, resulting in 51.4 mg of pure substance (18% yield). *H NMR 400 MHz, CDCls,
ppm: (d) 8.25 (brs, 1H), 7.55 (d, J= 8.7 Hz, 2H), 7.1 (s, 1H), 6.97 (m, 1H), 6.92 (d, J=8.7 Hz, 2H), 6.46
(m, 1H), 3.83 (s, 3H). HRMS)™; (M)* C13H12NOS" calculated for 230.0634, found 230.0658.

Compound CTFBODL1: Dichloromethane (25 mL) was degassed with N2 gas for 15 minutes.
Then, 4 drops of trifluoroacetic acid (TFA) are added. Compound 4 (0.050 g, 0.22 mmol) and 4-
formylbenzoic acid (0.017 g, 0.11 mmol) were added to the flask and left to stir overnight at room
temperature. DDQ (0.025 g, 0.11 mmol) was then added to the solution. After stirring for 2 hours at
room temperature, 0.3 mL of triethylamine and 0.3 mL of boron trifluoride diethyl ether were added,
and the formation of green colour was observed. The reaction was added DCM (20 mL) and washed
with water (3x20 mL). The organic layer is collected, dried and evaporated to dryness under reduced
pressure. The purification of compound CTFBOD1 was accomplished using silica gel flash column
chromatography (5% MeOH/DCM) and the product was obtained pure in 31% yield (22 mg, dark green
color). *H NMR 400 MHz, CDCls, ppm: (d) 8.25 (d, J= 6.6 Hz, 2H), 7.8-7.6 (m, 6H), 7.40 (s, 2H), 6.97
(d, J=8.4 Hz, 4H), 6.76 (s, 2H), 3.87 (s, 6H). HRMS' (M)~ 635. 1088 calculated for CzsH22BF2N,0.S,™,
found 635.10540.

Compound 5: This reaction is performed according to the previous report [8]. 2,2'-bitiophene (2.0
g, 12.03 mmol, 1 eq.) was dissolved in 10 mL of benzene and cooled to 0°C. Hexanoyl chloride (1.7
mL, 12.51 mmol, 1.04 eq.) and SnCl4 (1.4 mL; 12.87 mmol; 1.07 eq.) were added to the reaction mixture
and stirred at 0°C under N, atmosphere for 15 min. Then the reaction was added ice and extracted with
DCM. The organic phase was then extracted with NaHCOs. Afterwards, the organic layer was collected,
dried with Na;SO4, and the solvent was removed under reduced pressure. In the second part of the
process 2.74 g (6 eq.; 72.18 mmol) of LiAlH, and 2.4 g (1.5 eq.; 18.05 mmol) of AICI; in Et;O (30 mL)
were dissolved. The dried substance from the first part was dissolved in 12 mL of toluene and two
solutions were combined. Then the flask was stirred at RT for 1 hour. Then, 10 mL of EtOAc and 20
mL of 6 M HCI were added to the flask. The organic phase was extracted with Et,O, collected, dried
with Na,SO4 and removed under reduced pressure. Compound 5 was used in the next step without any
further purification (75% vyield) *H NMR 400 MHz, CDCls, ppm: d 7.15 (dd, J = 1.1 Hz; 5.1 Hz, 1H),
7.08 (dd, J=1.1 Hz; 3.7 Hz, 1H), 6.95-7.00 (m, 2H), 6.65 (m, 1H), 2.78 (m, 2H), 1.66 (m, 2H), 1.2-1.5
(m, 6H), 0.88 (m, 3H).

Compound 6: This reaction is performed according to the previous report [8]. 1.02 mL (1.2 eq.;
10.89 mmol) of POCI; was added to 7 mL of DMF at 0 °C. The mixture was stirred for 1 h until it
reached to RT. 2.27 g (1 eq.; 9.08 mmol) of 5-Hexyl-2,2'-bitiophene 5 was added to the reaction mixture
and stirred overnight at 60°C. Then, 150 mL of ice-water was added to the reaction mixture and the pH
value of the reaction was adjusted to around 7 using NaOH solution. Et,O (30 mL) was added, and the
organic layer was washed 3 times with deionized water. Then it was dried with Na.SO., and the solvent
was removed under reduced pressure. The crude mixture was then purified using silica gel column
chromatography (Petroleum ether: EtOAc, 6/1), and the yield was calculated as 77%. *H NMR 400
MHz, CDCls, ppm: 8 9.83 (m, 1H), 7.65 (m, 1H), 7.17 (m, 2H), 6.75 (m, 1H), 2.81 (m, 2H), 1.68 (m,
2H), 1.1-1.5 (m, 6H), 0.88 (t, J= 5.0 Hz, 3H).

Compound 7: 5'-Hexyl-[2,2'-bitiophene]-5-carbaldehyde 6 (1.0 g, 3.58 mmol, 1 eq.) was
dissolved in anhydrous ethanol (30 mL, molecular sieve dried) at RT. Ethylazidoacetate (1.85 g, 14.3
mmol, 4 eq.) was added and stirred at 0°C under N, atmosphere for 20 min. 0.774 g (4 eq.; 14.3 mmol)
of NaOMe (dissolved in 6 mL dry ethanol) was added dropwise at 0°C for 20 min. The reaction mixture
was stirred at this temperature for 30 minutes and stirring was continued at RT for 2 hours. The progress
of the reaction was monitored using TLC, and 10 mL of saturated NH.ClI solution was added to the
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reaction medium as soon as the starting material did not appear in TLC. The solid substance formed was
then filtered and dissolved in 30 mL of toluene and refluxed for 1.5 hours. After evaporating the solvent,
the mixture was submitted to silica gel column chromatography (Pet. Ether: EtOAC, 6/1). Compound 7
was then obtained in 56% yield. *H NMR 400 MHz, CDCls, ppm: (8) 9.02 (br s, 1H), 7.07 (m, 1H), 7.03
(m, 1H), 6.96 (m, 1H), 6.70 (m, 1H), 3.90 (s, 3H), 2.81 (m, 2H), 1.67 (m, 2H), 1.1-1.5 (m, 6H), 0.90 (m,
3H).

Compound 8: Compound 7 (0.333 g, 0.958 mmol, 1 eq.) was dissolved in ethanol (16 mL). In
another flask NaOH (0.804 g, 20.1 mmol, 21 eq.) was dissolved in 8 mL of water and added to the
reaction dropwise, and it was refluxed for 1 hour. After cooling the reaction a few mL of 6 M HCI was
added. Resulting solids were filtered and compound 8 was obtained quantitatively. 'H NMR 400 MHz,
DMSO-ds, ppm: (d) 11.6 (br s, 1H), 7.07 (m, 1H), 6.97 (s, 1H), 6.75 (m, 2H), 2.75 (m, 2H), 1.60 (m,
2H), 1.4-1.1 (m, 6H), 0.85 (m, 3H).

Compound 9: Compound 8 (0.250 g, 0.72 mmol) was dissolved in TFA (7 mL) under N:
atmosphere. Then the reaction was heated to 40 °C and stirred for 10 minutes. The reaction was
completed by the addition of saturated NaHCOs3 solution (20 mL). Then, ethyl acetate (30 mL) was
added, and the organic phase was extracted with water (3x20 mL), filtered, dried, and evaporated under
reduced pressure to obtain compound 9 (75% yield). *H NMR 400 MHz, CDCls, ppm: (d) 8.2 (br s, 1H),
6.9-7.1 (m, 3H), 6.65 (m, 1H), 6.42 (m, 1H), 2.80 (m, 2H), 1.68 (m, 2H), 1.2-1.5 (m, 6H), 0.90 (m, 3H).
HRMS) *; (M)* C16H.ONS,* calculated for 290.1032, found 290.1060.

Compound CTFBOD2: 25 ml of dichloromethane was degassed with nitrogen gas for 15 minutes
and 0.05 g of substance 9 (0.17 mmol) and 0.0125 g of 4-formylbenzoic acid (0.08 mmol) were dissolved
in this solvent. Then, 4 drops of trifluoroacetic acid (TFA) were added and left to stir overnight.
Subsequently, DDQ (0.019 g, 0.08 mmol, 1 eq.) was added to the solution. After stirring at room
temperature for 1 h, 0.25 ml of triethylamine and 0.25 ml of boron trifluoride diethyl ether were added.
After 1 h, deionized water (25 mL) was added. The organic phase was washed 3 times with deionized
water (3x25 mL) and then dried with Na,SO, and the solvent was removed under reduced pressure.
Silica gel column chromatography was performed (MeOH in DCM, 5%) and product CTFBOD2 was
obtained in 44% yield with a dark green colour (0.028 g). *H NMR 400 MHz, CDCls, ppm: (d) 8.25 (m,
2H), 7.68 (m, 2H), 7.25 (m, 4H), 6.77 (m, 2H), 6.63 (m, 2H), 2.85 (m, 4H), 1.72 (m, 4H), 1.1-1.5 (m,
12H), 0.92 (m, 3H). HRMS)~; (M)~ C40H3sBF2N20,S;- calculated for 755.1883, found 755.19975.

RESULTS AND DISCUSSION
Synthesis

Compound CTFBOD1 was synthesized in five steps (Figure 2). First, 5-bromo-2-carboxaldehyde
was submitted to Hemetsberger-Knittel indolization reaction using ethyl azidoacetate, and sodium
methoxide in methanol. Afterwards, a second heating step was applied in toluene and compound 1 was
obtained in 22% vyield. In the second step, 1 and 4-methoxyphenylboronic acid were reacted according
to the Suzuki coupling reaction protocol and 2 was obtained in 13% yield. Later, the methyl ester unit
of 2 was hydrolysed in the basic medium in a quantitative yield. Then, thiophene fused pyrrole derivative
was reacted with TFA and decarboxylation was achieved to obtain the compound 4. In the final step,
compound CTFBOD1 was obtained by utilizing the BODIPY formation procedure, using pyrrole
derivative 4 and 4-carboxybenzaldehyde in 31% yield.

The second compound CTFBOD?2 was synthesized in six steps (Figure 3). First, 2,2’-bithiophene
was alkylated in two steps using tin(1V) chloride and hexanoyl chloride in benzene. Then, the carbonyl
group was reduced using LiAlH. to achieve the compound 5. Then, formylation reaction was applied
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according to the Vilsmeier-Haack reaction procedure to obtain the compound 6. Later, 6 was submitted
to the Hemetsberger-Knittel indolization reaction to obtain the compound 7 and with this critical reaction
thiophene fused pyrrole was obtained. By employing similar steps as compound CTFBOD2, compounds
8, 9 and the final structure CTFBOD2 were obtained. The final three reactions were accomplished with
a total yield of 33%.

1) N3CH,COOEt OMe Pd(dppf),Cly
NaOMe, MeOH  gr__S Na,CO MeO
Br— S\ ~CHO m . a2C05 s
\U - N” ~COOMe Toluene’ \
2) Toluene H EtOH N~ COOMe
_BJ H
reflux 1 HO™ "OH 2
22% 13%
COOH
1) TFA, DCM,
NaOH TFA 4- formylbenzmc acid
EtOH, HZO 50°c DDO
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Figure 2
Synthesis scheme for the CTFBOD1 thiophene fused BODIPY structure
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Figure 3
Synthesis scheme for the CTFBOD?2 thiophene fused BODIPY structure

Photophysical Characterization and Cyclic Voltammetry Measurements

After synthesis of the compounds, absorption, and fluorescence emission of the compounds in
chloroform were obtained (Figure 4). 4-methoxyphenyl substituted structure CTFBOD1 has absorbance
and fluorescence maxima at 681 nm and 714 nm, respectively (Table 1). The regular tetramethyl-Bodipy
core has absorbance maximum of around 500 nm and a huge shift to the red end of the electromagnetic
spectrum of around 200 nm was observed with this thiophene fused structure. For the second structure,
CTFBOD?2, even more redshift was observed in both spectra. The absorbance maximum was observed
at 707 nm and the fluorescence maximum was observed at 735 nm. More, the range of absorption is up
to 800 nm, and for the fluorescence it is 850 nm. The difference between absorbance maxima of
CTFBOD1 and CTFBOD?2 is around 30 nm and this difference can be attributed to the stronger electron
donating effect of the additional thiophene unit upon comparison with the methoxyphenyl unit of
compound CTFBOD1. Both compounds have 4-carboxyphenyl moiety in the meso position of the
BODIPY core. Therefore, an effective electron push-pull has been expected from the edges to this
carboxy unit. Compound CTFBOD2 has a stronger donor unit and, a more effective electron push-pull
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and a smaller HOMO-LUMO bandgap are expected. In our previous work, we have studied a similar
dye, hexylbithiophene fused Bodipy structure, HTFBod (Figure 1) [3]. This structure has a stronger
electron withdrawing trifluoromethyl unit in the meso position of the BODIPY core, then a smaller
bandgap and more bathochromic shift were observed. The compound has absorbance and emission
maxima at 764 and 788 nm, respectively and around 60 nm difference compared to CTFBOD2 was
observed.
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Figure 4
Absorptivity and Fluorescence Spectra of the compounds CTFBOD1 and CTFBOD2

Another fused structure that is similar to the synthesized compounds is the compound BFBOD,
which was studied in our previous work (Figure 1) [5]. This compound has 2,3-benzo fused BODIPY
structure, rather than the 1,2-thiophene fused structures of the current study. BFBOD has absorbance
maxima at 622 nm which corresponds to around 60 nm hypsochromic shift compared to CTFBOD1.
Therefore, it would be concluded that for more near IR absorption applications the design of 2,3-
thiophene-fused structures is more convenient than 1,2-benzofused structures.

Table 1
Photophysical properties of compounds CTFBOD1 and CTFBOD?2
Xabs, max xems, max €
Compounds (nm)! (nm)! (ML.em)!
CTFBOD1 681 714 96000
CTFBOD2 707 735 92000
In CHCls

Electrochemical Characterizations

Synthesized near-IR dyes CTFBOD1-2 were examined by cyclic voltammetry (CV) to obtain the
oxidation and reduction potentials, the corresponding frontier orbital energy levels (HOMO and LUMO
energy levels) and the bandgap (Figure 5a). In these calculations starting points of the first reduction
and oxidation peaks were considered. For calculations of the electrochemical bandgap, potential
difference between LUMO and HOMO were calculated.
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Figure 5
(a) Cyclic voltammograms of the compounds CTFBOD1 and CTFBOD?2. (b) Energy levels of synthesized dyes,
TiO, and iodide-triiodide electrolyte

Table 2
Electrochemical data of the CTFBOD1 and CTFBOD2 compounds based on the CV and spectroscopic
measurements

HOMO HOMO Eregonset LUMO Eg Eg
onset a
Dye BV evyr evp (v (eV)® (V) V)"
CTFBOD1 0.98 -5.38 57 —-0.38 —-4.03 1.36 1.67
CTFBOD2 0.98 -5.38 —-5.56 —-0.43 —-3.97 1.41 1.59

The results of the calculations are shown in Table 2. When determining the HOMO and LUMO
energy levels of compounds CTFBOD1 and CTFBOD2, CV and optical measurements were used, and
HOMO energy levels were calculated as —5.7 and —5.56 eV for CTFBOD1 and CTFBOD2, respectively.
Corresponding LUMO levels are calculated as —4.03 and —3.97 eV, respectively. While calculating these
reduction potentials, optical bandgaps were considered and written in bold in Table 2 since the oxidation
peaks in CV were not clear. These calculated data, TiO, and iodide/triiodide energy levels were depicted
in Figure 5b. According to these data, electron transfer from the LUMO energy levels of CTFBOD1
and CTFBOD?2 to the TiO, conduction band of —4.26 eV seems probable. In the same way, electron
transfer from the electrolyte solution to the HOMO energy levels of the dyes also seems possible.

CONCLUSIONS

In this study, synthesis, and characterization of two novel derivatives of [b]-thiophene fused
BODIPY structures were investigated. Fused BODIPY structures are one of the fascinating derivatives
of this type of dye and have largely been studied in recent decades [19, 22]. These types of structures
could be used in applications such as organic photovoltaics, photodynamic therapy, bioimaging and
chemosensors. In this current work, for the synthesis of thiophene-fused BODIPY structures, various
synthetic routes have been considered, and optimum synthesis routes were accomplished.
Hemetsberger-Knittel indolization reaction by using ethylazidoacetate or methylazidoacetate is the
critical step where ultimate care is necessary to form the corresponding fused-pyrrole. At the end of the
various efforts, we were able to synthesize the compounds CTFBOD1 and CTFBOD?2 in moderate
yields. During photophysical characterizations near IR absorption and fluorescence of the molecules
were achieved. The meso position of the BODIPY core was substituted with carboxy-phenyl
functionality, rendering them suitable for dye-sensitized solar cell applications. The HOMO-LUMO
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energy levels were also determined using cyclic voltammetry studies, and the suitability for electron
injection/collection upon use in this type of solar cell was also confirmed. More, the carboxy groups in
the molecules could also be investigated in biological studies since they facilitate solubility in agueous
medium. Near IR absorption up to 800 nm is highly desired for these types of applications. Therefore,
the derivatives in this study are of great importance in various fields and could be adapted to the growing
area of high technological products. Similar studies with these types of novel structures and their
investigation in various fields are currently under study in our research group.
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Makale Bilgisi OZET

Hidrojen peroksitin farmasdtikten klinik ve gevresel uygulamalara ve gida uygulamalarina
kadar cesitli alanlarda yaygin olarak kullanildigi g6z oniine alindiginda, canli sagligi
iizerindeki zararli etkileri 6nemli bir sorundur. Bu nedenle, H2O2'nin hizli, dogru, ucuz ve
hassas yontemlerle tespiti biiyiik talep gérmektedir. Bu ¢alismada, olduk¢a duyarli H202
sensorleri olusturmak i¢in yeni bir katalizor kompozisyonu onerilmistir. Bu baglamda, ticari
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Ana_htar Kelimeler: olarak aktiflestirilmis karbon yiizeyini 6nce -SO3H gruplariyla modifiye edilmis ve ardindan
Aktif Karbon, H202'ye karsi yiiksek elektrokatalitik aktivite elde etmek i¢in amorf kobalt-boron fazi
El_ektr_okimyasal_Sensér, kullanilmigtir. Co-B@AC-SOsH 6rnekleri SEM, TEM, XPS, XRD ve Raman spektroskopisi
Hidrojen Peroksit, kullanilarak karakterize edilmistir. XRD sonuglariyla amorf bir Co-B fazinin varhg
Kobalt-bor. dogrulanmis ve XRD ve Raman sonuglarinda karakteristik aktiflestirilmis karbon tepe

noktalar1 gosterilmigtir. Co-B@AC-SOsH/GCE tabanli sensorler, AC/GCE ve AC-
SO3H/GCE tabanli karsilastirma yapildiginda ¢ok daha iyi duyarlilik gostermistir. Sensérler,
gergek orneklerde H202 tespiti i¢in yiiksek depolama stabilitesi ve yiiksek giivenilirlik
gostermigtir.

Electrochemical Detection of H202 with SOsH-functionalized Activated Carbon/Co-B
Nanocomposites
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While hydrogen peroxide has been widely used in various applications ranging from
pharmaceutical to clinical and environmental to food applications, its harmful effects on
health are an important challenge. Therefore, the detection of H2O2 with fast, accurate, cheap,
and sensitive methods is in great demand. In this work, we proposed a novel catalyst
composition to construct highly sensitive H202 sensors. In this study, we modified the surface
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INTRODUCTION

The development of electrochemical sensors with high accuracy, good selectivity, wide linear
range, and low limit of detection has been a focus of research to enhance the practical applicability of
sensors against various analytes including glucose [1], hydrogen peroxide (H20-) [2], dopamine [3], uric
acid [4], ascorbic acid [5], and so on. Electrochemical sensors are classified into two main sub-classes:
enzymatic and non-enzymatic electrochemical sensors. While enzymatic sensors pose various
advantages including high specificity and sensitivity, the denaturation of enzymes depending on the
storage conditions is one of the main challenges [6]. In addition, the use of biological enzymes on the
electrode surface as the detection layer increases the cost of the electrochemical sensors, which hinders
their wide use and practical applications. Therefore, the research focused on the development of novel
non-enzymatic electrochemical sensors became a hot topic in electrochemical sensor research. In non-
enzymatic sensors, the enzyme layer is replaced by enzyme-mimicking nanomaterials, which in turn
enhances the storage stability and lowers the cost of the electrochemical sensors [7]. So far, various
carbon-based materials have been implemented in the construction of non-enzymatic electrochemical
sensors such as activated carbon [8], carbon nanotubes [9], graphene [10], graphene-related materials,
and graphdiyne [11,12]. Among those different carbon allotropes, activated carbon has gained a great
focus owing to its low cost, large physical surface area, ease of surface functionalization, high electronic
conductivity, and high chemical stability [8]. The reported studies indicated that the modification of
carbon surface with nanoparticles is one of the effective ways to achieve high electrochemical activity.
This is because carbon itself without defects or nanoparticle decoration shows low electrochemical
activity due to its chemical inertness. So far, various noble, non-noble metal and metal oxide
nanoparticles have been used to decorate the surface of carbon-based materials to enhance the sensing,
mechanical an antifungal performance of the materials [13-15]. On the other hand, especially the use of
noble-metal nanoparticles on carbon surfaces increases the cost of sensor fabrication [3].

Hydrogen peroxide has been widely exploited in different applications ranging from
pharmaceutical to clinical and environmental to food. Owing to its oxidizing nature, it is also used in
disinfectants. While its wide use in various applications, the interaction of H,O, with biological
molecules in cells may cause peroxidation of lipids of the cell membrane and proteins, resulting in
enzyme denaturation in the cells and damage to DNA. For this reason, the determination of H,O; level
with high accuracy, sensitivity, and selectivity in complex media is of great interest to human health.
While different conventional analytical tools have been implemented to determine the H,O; level such
as chemical titration, fluorescence [16], chemiluminescence [17], spectrophotometry [18], and high-
performance liquid chromatography [19]; those methods require a trained person to conduct the
experiments, and the experiments are time-consuming and require complex sample preparation steps.
Therefore, electrochemical sensors show great promise in detecting H,O; in a cost-effective, fast, and
accurate manner.

Among various metal and metal oxide alloy nanoparticles, cobalt-boron-based nanoparticles show
improved electrocatalytic performance due to the electron interaction between Co and B atoms by
making the Co electroactive sites [20]. While Co-B-based catalysts have been widely used in the
hydrolysis of NaBH4 for hydrogen production, their use in electrochemical sensors has not been
reported. In the given study, we designed a novel catalyst structure consisting of sulfonate (-SO3H)-
functionalized activated carbon-supported Co-B nanoparticles for the detection of H.O.. Modifying
activated carbon with -SOsH enables the immobilization of highly dispersed, nanosized metal and metal
oxide nanoparticles [1,21,22]. In the given work, we designed a novel catalyst hybrid consisting of
cobalt-boron decorated SOsH-functionalized activated carbon to develop highly sensitive
electrochemical H.O, sensors. The catalysts were characterized using X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmission electron microscopy (TEM), Raman spectroscopy,
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and X-ray photoelectron spectroscopy (XPS). The sensor performance was evaluated using cyclic
voltammetry and chronoamperometry methods.

MATERIALS AND METHODS

Sulfonic acid, sodium nitrate, sodium borohydride, cobalt (Il) chloride hexahydrate
(CoCl,.6H20), ethanol, and Nafion® 117 solutions were purchased from Sigma-Aldrich. Active carbon
was obtained from Nanografi from Turkey. Sodium hydroxide was purchased from Riedel-de Haén
Company.

Preparation of AC-SOsH Nanoparticles

300 mg of activated carbon (AC) was sonicated in 30 ml DI for 10 minutes using an ultrasonic
bath. The suspension was then stirred at 700 rpm in an ice bath using a magnetic stirrer. Sulfonic acid
was dissolved in another beaker containing NaOH/DI solution. A certain amount of sodium nitrate was
added to the beaker and sonicated for 5 additional minutes in an ultrasonic bath, which was flowed by
stirring in an ice bath at 700 rpm using a magnetic stirrer. The obtained mixture was then added to the
AC and DI-containing suspension drop by drop. The mixture was stirred for 5 h in an ice bath. The
obtained suspension was centrifuged, and the precipitate was washed with DI and ethanol several times,
followed by a drying process at 50 °C.

Preparation of Co NPs@AC-SOzH

20 mM CoClI2.6H20 and 100 ml DI water were mixed in an ice bath. 100 mg of AC-SOsH was
dispersed in ethanol and then introduced into a Co-containing solution. The resultant solution was stirred
at 1300 rpm for 15 h using a magnetic stirrer in an ice bath. Sodium borohydride was added to the
mixture drop by drop and left to stir for an additional hour. After this step, the mixture was centrifuged
and washed several times with DI and ethanol. The precipitate was dried in a vacuum oven. The
synthesized catalysts were named Co-B@AC-SOsH. The synthesis route is shown schematically in
Figure 1.

Sulfonic acid
NaOH

Active - ~ -
Carbon - l

- B8 |
AC-SO;H/CO o ? o — \_, <_~\ <«— AC-SO;H
Figure 1

A schematic showing the synthesis route
Characterization of the Catalysts

The phase analysis and bonding properties of the samples were determined using X-ray diffraction
and Raman spectroscopy methods. The surface topography and the 2D nanoscale images were obtained
using scanning electron (SEM) and transmission electron microscopy (TEM), respectively. The
elemental analysis of AC-SOsH was carried out using X-ray photoelectron spectroscopy (XPS).
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Fabrication of Catalysis Ink and Electrochemical Sensors

A glassy carbon electrode (GCE, 3 mm) was first polished with alumina powder and washed with
an ethanol/ water mixture in an ultrasonic bath. The catalyst ink was prepared by mixing Co-B@AC-
SOsH, Nafion, ethanol, and DI. 5 ul of the ink was dropped onto a pre-polished GCE surface and dried
for 2 h at room temperature. To form a permselective membrane on the sensor surface, a certain amount
of Nafion 117 solution (0.05 wt%) was dropped on the sensor surface. The electroanalytical performance
of the sensors was evaluated using cyclic voltammetry (CV) and amperometry (CA) methods using an
Ivium Compacstat potentiostat. A three-electrode setup was used, in which the glassy carbon electrode
(GCE), Ag/AgCI electrode (3 M NaCl, 0.195 V vs RHE), and the platinum wire were used as the
working, reference, and counter electrodes, respectively. All the electrochemical measurements were
performed at 0.01 M PBS with a pH of 7.4 at room temperature, and DI water was used in all
experiments.

RESULTS AND DISCUSSION
Physical Characterization of the Samples

The SEM images recorded at different magnifications are given in Figure 2a-c. As observed, the
Co-B@AC-SOsH powder showed an agglomerated structure. The images at high magnifications
showed the presence of homogeneously distributed carbon agglomerates as expected. The TEM images
(Figure 2d-f) indicated the presence of regular carbon-shaped particles. It should be noted that no Co-B
nanoparticle was observed on the carbon surface, which is attributed to the small particle size. This is
because as discussed earlier, in the presence of -SOsH on the surface of substrates, fine metal
nanoparticles can be immobilized on the surface. Therefore, it is essential to conduct additional tools to
reveal the presence of Co-B in the catalysts. The XRD and Raman results discussed below also indicated
the presence of Co-B alloy nanoparticles on the activated carbon surface. Therefore, the TEM images
revealed that the Co-B nanoparticles were too small to be observed in the TEM images.

zE1ss, = 1.00kV ignal A= InLens % = 100KV Signal A= inLens
Mag = d L = Mag= 80.00KX b WD = 37 mm Mag = 12000K X

Figure 2
(a-c) SEM and (d-f) TEM images of the samples

The XRD result of Co-B@AC-SOsH is given in Figure 3a. The characteristic carbon peak was
obtained at 25.53°, corresponding to the (002) plane family. In addition, a weak XRD reflection at ca.
43.37° was observed [4]. These results indicated the presence of an amorphous carbon phase. Since Co-
B has an amorphous structure, it is not possible to observe the Co-B in the XRD reflection. On the other
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hand, XRD reflections with very low intensities located at ca. 44.5° (111) and 51.5° (200) correspond
to the crystalline Co nanoparticles (JCPDS #: 15-0806). The presence of diffuse Co reflections indicated
the formation of the amorphous Co-B phase in the catalysts. The Raman spectra of the catalyst indicated
D and G bands at ca. 1368 and 1603 cm, respectively, which are peculiar to the carbon structure. The
intensities of the D and G bands (Io/lg) were found to be 0.94 and 0.92 for AC-SOsH and Co-B@AC-
SOsH. Thus, it may be suggested that the decoration of AC-SOsH with Co-B resulted in a slight recovery
in the defect concentration of activated carbon. The Raman reflections observed below 1000 cm™ are
ascribed to the Co-containing species.

- AC-SO3H

= 3
3 8 —— AC-S03H-CoB
> £
Z @
G =
c i}
2 E
£

10 30 50 70 90 O 1000 2000 3000 4000

2 Theta ( Degree) Raman Shift (cm)
Figure 3

a) XRD and b) Raman Results of the samples

To confirm the -SOsH modification of activated carbon, AC-SOsH was analyzed using X-ray
photoelectron spectroscopy method. The elemental analysis results indicated that after the sulfonation
process, the sample contained S element with 0.25 at.%, indicating the successful modification of the
AC surface. The XPS analysis is shown in Figure 4. Figure 4b shows the O1s spectrum with two
deconvoluted peaks. The peaks at 532.7 and 534.2 eV correspond to C-O and S=0 bonded to organic
groups, respectively. The S2p spectrum is deconvoluted into three peaks, S2p 3/2, S2p 1/2, and thiol
groups at 168.0 eV, 169.3 eV, and 164.4 eV, respectively (Figure 4c). These results explained that
successful sulfonation on the activated carbon surface as SOsH groups [23,24].

Electrochemical Characterization of the Sensors

The CV behaviors of AC-SOsH and Co-B@AC-SOzH-modified GCEs in the absence and
presence of H,O, (2 mM) are shown in Figures 5a and b, respectively. While both electrodes did not
yield any significant redox peaks in the absence of the analyte, significant reduction peaks were observed
with the introduction of H,O, indicating the catalytic activity of the samples. It should be emphasized
that the reduction peak current obtained from Co-B@AC-SO3;H was almost twice compared to that
obtained from AC-SOsH, confirming the electrochemical activity of the amorphous Co-B phase in the
catalyst layer. The change in the peak current with increasing scan rate is displayed in Figure 5¢ and the
corresponding calibration curve is shown in Figure 5d. As observed, the peak current increased linearly
with the square root of the scan rate, indicating that the electrooxidation of H.O, on the sensor surface
is a diffusion-controlled reaction [2,25,26].
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CV curves of a) AC-SOzH and b) Co-B@AC-SOsH, c) Effect of scan rate on the peak current of Co-B@AC-SOsH-

based sensors, and d) Corresponding scan rate-peak current

graph.

To achieve the highest electrocatalytic performance, the working potential of the sensor was
optimized. The calibration (current-concentration) curves obtained from the Co-B@AC-SOsH/GCE-
based sensors at different working potentials are displayed in Figure 6a. The curves showed that the
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highest current values were measured at the working potential of 0.6 V. Therefore, further analytical
measurements were conducted at that potential. To demonstrate the superior performance of our novel
catalyst, we prepared AC/GCE, AC-SO3;H/GCE, and Co-B@AC-SO3;H/GCE-based sensors. The
measured current responses toward the successive addition of H.O. are given in Figure 6b. The
corresponding calibration curves are displayed in Figure 6¢. The highest sensitivity was measured from
the Co-B@AC-SO;H/GCE-based sensors, which is 33.8 and 2.3 times higher than those obtained from
AC/GCE and AC-SO3;H/GCE-based sensors, respectively. Therefore, we can allege that the
modification of the AC-SOsH surface with Co-B yielded much higher electrocatalytic activity. The
linear ranges of the sensors, however, were almost similar to each other. A high sensitivity of -175.958
+7.60 pA mM™cm2 (RSD%: 4.31, n=3) was achieved from the Co-B@AC-SOsH/GCE-based sensors.
The upper linear range of the sensors was found to be 24 mM. The limit of detection of the Co-B@AC-
SO3H/GCE-based sensors was calculated to be 10.8 uM (signal-to-noise ratio of 3). To show the
capability of the detection of low H,O; concentrations, H.O, with various concentrations including 10,
30, 50, and 100 uM were introduced and the recorded currents are displayed in Figures 6d and f, which
indicate the detection of the analyte with concentrations close to the LOD value. The selectivity of Co-
B@AC-SO;H/GCE-based sensors was studied using glucose (GC), NaCl, ascorbic acid (AA), and uric
acid (UA). As displayed in Figure 6e, no significant change in the current response was observed,
confirming the high selectivity of the sensors.
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Figure 6
a) Effect of applied voltage on sensor response, b) Chronoamperometry results of AC/GCE, AC- SO3H/GCE, and
Co-B@AC-SO3H/GCE-based sensors, ¢) Corresponding calibration curves, d, f) Chronoamperometry results
against varying amount of H2O,, €) Selectivity of the sensors

The storage stability of the sensors was evaluated by measuring the amperometric response to
against 2 mM H,O, for 25 days (n=4). As shown in Figure 7, compared to the initial current (-28.67
+0.51 pA), after 25 days, the average current response of -29.96 +0.46 nA was measured. Therefore,
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after 25 days, the sensors did not show any drop in current, indicating a high long-term stability. The
electrodes were kept at room temperature throughout these experiments.
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Figure 7
Storage stability of the Co-B@AC-SO3H/GCE-based sensors (n=4)
Table 1
Comparison of the performance of carbon-based sensors with previously reported sensors
Sensitivity .
Sensor Method 1 Linear range (uM)  LOD (uM) Ref.
(RA pM cm?)
rGO/FeNPs/GCE CA 0.2086 0.1-2150 0.056 [27]
0.4-18
RGO/CNTs-Pt CA 347+5 10-4x10° 0.31 [28]
CoHCFNPs/GR/CPE CA - 0.6-379.5 0.1 [29]
Co(11I)/MWCNT/Nafion cv - 0.05-100 0.05 [30]
. DPV 8.775 2.49-24.5 0.02
VitB12-NGr cv 4.081 19.9-167.7 : [31]
CoFe204/CNTs/GCE CA - 5-50 0.05 [32]
Cu20/GNs CA - 300-7.8x10° 20.8 [33]
Au-HS/SOsH-PMO (Et) CA 635 0.2-4.3x10° 0.05 [34]
rGO/CoPc-COOH/GCE CA 14.5 100-12x10° 60 [35]
Co-B@AC-SO3H/GCE CA 175.958 20-24x103 10.8 This work

CoHCFNPs/ GR: Cobalt hexacyanoferrate nanoparticles/graphene, Vit.B12-NGr: Vitamin B12 functionalized nitrogen-doped graphene,
CoFe;04: Cobalt ferrite, Co30,~rGO: Co30,-reduced graphene oxide, Cu,O/GNs: Cu,O nanocubes wrapped by graphene nanosheets,
Co,P/ITO: Cobalt phosphide/Indium tin oxide, CoPc—COOQOH: Cobalt phthalocyanine tetracarboxylic acid.

Table 2
Detection of H20; in real samples

Exp. # Spiked (mM)  Calculated (mM) Recovery (%)

1 2.0 2.04 102.2
2 4.0 4.07 101.9
3 6.0 6.03 100.5

The performance of the Co-B@AC-SO3H/GCE-based sensors was compared with those reported
previously. Some of the recent reports are listed in Table 1. As observed, our novel sensor surface
yielded higher performance in terms of linear range and sensitivity. On the other hand, the LOD of our
sensor design was higher than those listed in Table 1, suggesting that the LOD of Co-B@AC-
SOsH/GCE-based sensors should be decreased further. The real applicability and the reliability of the
sensor response were evaluated by measuring the H,O, concentration in real samples. In this experiment,
we evaluated the current response of H2O; in a 3 wt% H.O.-containing disinfectant using our sensors.
The analytical results were calculated using the measured and calculated H,O, concentrations. Recovery
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% values were calculated using calculated and spiked H.O, concentrations based on the equation of
Recovery=((calculated/spiked)*100). The calculated value is used to determine the analyte
concentration in the spiked sample using the electrochemical method, while spiked refers to the amount
of a known analyte concentration containing H202. As shown in Table 2, the average recoveries are
between 100.5% and 102.2%, which indicates that the sensors are effective for the detection of H,O; in
practical analysis.

CONCLUSIONS

Herein, we developed a novel catalyst by exploiting the high electrocatalytic activity of the
amorphous Co-B phase precipitated on SOsH-modified activated carbon. The Co-B@AC-SO3zH samples
were characterized using SEM, TEM, XPS, XRD, and Raman spectroscopy. The presence of an
amorphous Co-B phase was confirmed by XRD results, and the characteristic activated carbon peaks
were obtained in both XRD and Raman results. The Co-B@AC-SO3;H/GCE-based sensors showed much
improved sensitivity compared with their AC/GCE and AC-SOsH/GCE-based counterparts. The
sensors showed high storage stability and high reliability in detecting H.O. in real samples.
Electrochemical sensors have been proven to detect hydrogen peroxide with electrochemical sensors in
environmental monitoring applications in a wide range of fields such as food safety, pharmaceuticals,
and water treatment. Their high sensitivity, specificity, and real-time analysis capabilities make them
ideal for applications requiring accurate and rapid detection. As technology advances, the development
of more sophisticated and robust electrochemical sensors will further enhance their use and expand their
applications, contributing to safety and quality improvement in many industries.
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INTRODUCTION

For centuries, energy has been one of the indispensables of humanity. Energy has a large share of
all our needs and its use is increasing day by day. That's why generating energy with the least harm to
our environment and using it in the most efficient way has become the subject of very different scientific
disciplines. For example, while the reuse of coal waste in energy generation is a subject of materials
engineering, designing buildings according to minimum energy needs is a subject of architecture [1,2].

Energy audit is one of the most popular methods to examine the efficient use of energy. It has a
large scale of application for residences, hotels, hospitals and factories etc. Energy audits have become
mandatory in many countries in businesses with high energy consumption. According to the law
prepared by the Ministry of Energy and Natural Resources in Turkey, in the industrial facilities with an
average energy consumption value of 1000 TOE (tons of oil equivalent) or more for the last three years
or with a total construction area more than 20,000 m?, in the commercial enterprises with an energy
consumption above 500 TOE or with a total construction area more than10,000 m?, in the public
buildings with an energy consumption of 250 TOE and in the facilities generates electricity above 100
MW is mandatory to appoint an energy manager. [3].

According to the Food and Agriculture Organization (FAO) reports, world milk production in
2023 is approximately 950 million tons [4]. Turkey is one of the leading countries in milk production.
It is the 8™ largest milk producer in the world and the 3™ largest milk producer in Europe. Total milk
production in 2021 is determined as 23.2 million tons [5]. Therefore, it is important to reduce the energy
consumption of dairies by researching energy saving methods in that sector.

A high amount of energy is used in dairy and other food industries processing, manufacture and
storage of various products [6-7]. So, the use of energy and its saving is one of the important subjects
of the dairy sector. The energy audit and analysis of energy saving potential in the dairy sector have
been carried out by some researchers. Of these, Altan and Kayisoglu [8] conducted an energy audit in a
raw milk production enterprise in Tekirdag province and identified energy saving opportunities by
making cost analyzes of efficiency-increasing projects. They determined that there will be an energy
saving potential of 16 kW through the implementation of some energy saving projects. Josijevic et al
[9] conducted a case study for a medium dairy production company from Central Serbia. They
determined that the proposed energy conservation measures can ensure 11-15% energy savings for
electricity and 20-23% of heat energy annually. Boutaghriout et al [10] carried out the energy use and
cost analysis of three dairies in Algerian that their main energy sources were electricity and natural gas.
They suggested the possibilities of replacing old pumps with high-efficiency ones and integrating solar
thermal energy into the system. Sogiit et al [11] developed energy consumption equations for a tomato
paste factory based on its production and energy consumption data. They calculated that the energy
saving potential of the enterprise at a rate of 10.13% depending on the specific energy consumption. Isik
and Akan [12] carried out the energy saving study of the industrial double face sheepskins
manufacturing plant. They calculated that the energy saving potential of the enterprise can be realized
as 9.9%, that is, 36,168 TOE per year. Aydin and Cankaya [13] examined energy consumption of an
enterprise with an annual energy consumption of over thousand TOE in the food sector. They determined
128 TOE annual energy savings thanks to some proposed solutions.

In this study, the energy saving potential of a dairy enterprise with an annual energy consumption
above 1000 TOE was examined based on energy audit. Within this scope, energy consumption data of
the enterprise was obtained and its energy saving potential was determined with standard and target
equations that were generated according to the current energy consumption of enterprise. By making
some measurements on energy consuming devices, the inefficient devices and points where energy leaks
were determined. Some projects were suggested for energy saving. According to the projects to be
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implemented, the annual energy saving amount of the business and how much of the energy saving
potential of the business can be achieved have been determined.

MATERIALS AND METHODS

The enterprise where energy audit was conducted is a dairy facility with a daily milk processing
capacity of 900 tons and the primary product group being milk powder, as well as producing cheese,
kashar, butter, clarified butter, cream, yoghurt and derivatives. Natural gas and electrical energy are used
as energy sources in the facility. Within the scope of the energy audit, first, the energy consumption
amounts of the enterprise in the last three years were determined. Subsequently, the energy consumption
points of the enterprise were determined, and their energy performances were measured with some
devices such as energy analyzer, compressed air flow meter, thermal camera, flue gas analyzer,
ultrasonic liquid flow meter, air quality probe, ultrasonic leak detector, pitot tube and propeller speed
probe. The brands and intended uses of the measurement devices used in the energy audit are presented
in Table 1.

Table 1
The brands and intended uses of the measurement devices

Purpose of the measurement Device Brand of the device
Determination of heat losses Thermal camera Testo 883-2
Determination of flue gas
. Flue gas analyzer Nova Plus
Boilers components
fI:I)Sit((irmmatlon of linear velocity of Speed Probe Testo/440 dP
Determination of liquid Immersion Temperature Testo 435
temperature Probe
Insulation Determination of heat losses Thermal camera Testo 883-2
Determination of surface
temperature Surface Temperature Probe  Testo 435
Determination of air flow rate Compressed air flow meter VP Instruments/\VPS
Compressors I[;zg;matlon of compressed air Ultrasonic leak detector UE Systems /UP3000SL
Determination of energy
. consumption, harmonics and Energy analyzer Fluke / 1732
Electric
power factor
Motors S
Determination of power Clamp ammeter Unit Clamp Ammeter
consumption P P
Determination of energy
LTS consumption, harmonics and Energy analyzer Fluke /1732
P power factor
Flow measurements Ultrasonic liquid flowmeter ~ GE Transport / PT 878
. Determlna_ltlon of energy Energy analyzer Fluke /1732
Cooling consumption
Flow measurements Ultrasonic liquid flowmeter ~ GE Transport / PT 878
Fans (I)Dfe;:eurirg ination of linear velocity Speed Probe Testo/440 dP
Lightings Determination of lightening Luxmeter UNIT Luxmeter

Energy Saving Projects

Depending on the measurements, the energy audit study was evaluated under eight main projects
in the inefficient devices and points where energy leaks were determined.

Boilers

There are two natural gas-fired steam boilers in the enterprise: Selnikel boiler and Theta boiler.
The efficiencies and waste heat potentials of the boilers were determined according to the measurements.
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To determine the efficiency of the boiler system, flue gas content and temperature were measured with
a flue gas analyzer in the boiler chimneys. The linear velocity must be known to determine the flue gas
flow rate. Dynamic pressure was measured with a pitot tube to determine the linear velocity. Chimney
dimensions were also measured. The surface temperatures of the boiler were measured with a probe to
determine the thermal losses on the surfaces. The boiler efficiencies were calculated with the following
equation:

mp * ib_ms* is
Hp B+ H,

1)

1,: Boiler efficiency, my: Steam flow rate (kg/h), mg: Water flow rate (kg/h), i,: Steam enthalpy (kcal/kg),
is: Feed water enthalpy (kcal/kg), B: Fuel flow rate (kg/h), H,,: Fuel lower heating value (kcal/kg)

The waste heat amount of the boilers was calculated with the following equation:
Q=mx*(c;*Ty —c; *Ty) (2)

Q: Waste heat amount (kcal), m: Air/Water flow rate (kg/h), ¢4, c,: Air/Water specific heat (kcal/Nm°C), T, ,
T,: Heat transfer fluid temperatures (°C)

As a result, it was concluded that it was necessary to apply combustion adjustment to the Theta
steam boiler, to apply an economizer to the Selnikel boiler and to operate the Theta steam boiler as the
primary boiler.

Insulation

Energy leaks in the prosses were measured with a thermal camera and surface temperature probe.
The heat losses were calculated with the following basic heat transfer equations. The target surface
temperature intended to be at 50°C after insulation. According to the calculations, some insulation
applications were suggested for valves, hot lines and surfaces in order to prevent heat losses.

Qc=Ux*(T; — Tq) (3)
Qr=¢exox(T,*— T3*) 4)

Q: Heat flow density by conduction and convection (W/m?), Qg: Heat transfer by radiation (W), T 4: Surface
temperature (K), T ,: Ambient Temperature (K), U: Heat transfer coefficient by conduction and convection
(W/m?K), o: Boltzmann’s constant ( 5,67 x 10® W/m2K* ), &: Emission Coefficient (0< e<1), T 3: Ambient wall
temperature (K)

Compressors

There are three compressors in the enterprise: two active and one spare. Electrical and mechanical
measurements were conducted for compressors and air lines. Electrical measurements included
measurements of electric motors that drive the compressors. Mechanical measurements included
measurements of pressure, temperature values, air flow rates and air leaks of compressors. The amount
of electricity consumed in the compressors was measured with an energy analyzer. The amount of air
leaks and power loss of compressors were calculated with the following equation. Periodic inspection
and maintenance are recommended to prevent air leaks.

The amount of leakage is determined with the following equation:
. C * Ty

L= 5
t, + t ®)

L: The amount of air leakage (It/s), C: Compressor Capacity (It/s), t:: Compressor loaded working time (s),
t: Compressor unloaded working time (s)

The power loss in compressor was calculated with the following equation:
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L
P =z (kW) (6)
Electric Motors

The power of electric motors was measured with an energy analyzer from the electrical supply
panels. Annual energy consumption was determined with the following equations. In measurements, the
number of motors, label value, power consumption, efficiency and operating hours were taken into
consideration. As a result, it was recommended to replace the existing electric motors with high-
efficiency electric motors.

Ppn =Ax V % 1,73 «LF ©)
P
Ppi = —= * 100 (8)
m
AC =P xh, 9)

P, : Nominal motor power (kW), LF:Load factor, Pp;: Instantaneous motor power (kW), py: Motor
efficiency, h, : Annual working hours, AC: Annual energy consumption (kWh)

Pumps

Flow rates, fluid pressures, fluid temperatures and active power values of the pumps were
determined with flow meters, manometers, thermometers and electrical supply panels to determine their
efficiency with the following equations. As a result of measurements, it was recommended to replace
low-efficiency pumps in the system with more efficient pumps.

_pxgx Q+« H

P, =
P 71000 * (10)

Pp : Pump shaft power (kW), p: Density of fluid (kg/m®), g: Gravitational acceleration, Q: Flow rate (m?/s),
H: Total differential height (m), w,: Pump efficiency

Cooling

The cooling load and COP (coefficient of performance) of the chillers were determined according
to the measurements. It has been determined that the cooling load and COP value of chillers was slightly
below the ideal levels. So, no project was recommended for cooling units.

m * (i, — i;
COP = M (11)
Pchin
m,,: Refrigerant flow rate (kg/s), i;: Refrigerant evaporator inlet enthalpy (kcal/kg), i,: Refrigerant evaporator
outlet enthalpy (kcal/kg), Pcpin : Chiller power (kW)

Fans

There were five tower units in the enterprise that produced milk powder and whey powder. There
was a chimney fan in each tower. Mechanical and electrical measurements were carried out to examine
the operating regime of the fans and determine their total efficiency. The efficiency of fans was
determined with the following equations. The results were compared with higher efficiency fans. Then,
it was suggested to replace the fans with more efficient fans.

Htotal = ”-f * Ugs * Hem (12)
Ap *V x A

_ 13

B = 3600+ 102 (13)
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P
W =5 (14)
P
Hss = P (15)
Pem
Hem = P (16)

Meorar: TOtal efficiency (%), Py : Fan power (kW), V: Velocity (m/s), A: Cross Section Area (m?), AP: Pressure
Difference (mmSS), P, : Shaft power power (kW), pus: Fan efficiency (%), Pe, : Elektrik motoru giicii (kW), pgg:
Shaft system efficiency (%), P, : Power from the grid (KW), p.,,: Electric motor efficiency (%)

Lighting

There were 280 lighting armatures with 2x18 W power in the enterprise. It is recommended to
replace old types with LEDs that can provide the same function with less energy consumption. Annual
energy saving was determined with the following equation:

Egs1 = (Ped — Pseq ) * talig a7)

E, s, : Annual lighting saving(kWh), Ppgp : LED lighting armature power (W), Py, : Standard lighting armature
power (W), tq ;g : Annual lighting time (h)

Determination of Energy Saving Potential

First, the standard and the target equations and lines were created according to current monthly
production and energy consumption amounts. Then, the annual energy saving of the enterprise to be
achieved through the implementation of the projects was determined. The projects result equation and
line were created according to annual energy saving values. Lastly, it was evaluated how close to the
targeted energy saving could be achieved with the help of target and projects result lines.

RESULTS AND DISCUSSIONS

The monthly average production and energy consumption data of the enterprise for the last three
years were determined within the scope of energy audit. The average monthly production and energy
consumption values of the enterprise for three years were presented in Table 2. The annual average
production of enterprise was 44378 tons. The total energy consumption of the business was 5666 TEP,
including 1453 TEP electricity and 4243 TEP natural gas. The distribution of the energy types used in
the enterprise is given in Figure 1. It was determined that 74.9% of the energy consumption was natural
gas while 25.1% was electricity.

Table 2
The production and energy consumption values of enterprise

Production Electricity Natural Gas Total

Months TON TOE TOE  TOE
January 3690 116 478 594
February 3732 107 404 511
March 4065 117 450 567
April 4410 114 445 560
May 3968 126 374 500
June 3960 128 365 493
July 3751 144 259 402
August 3541 140 228 368
September 3424 126 251 377
October 3315 101 288 390
November 3202 92 345 437
December 3319 112 355 467
TOTAL 44378 1423 4243 5666
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Energy Saving Projects

Depending on the measurements, the energy audit study was evaluated under eight main projects
in the inefficient devices and points where energy leaks were determined

® Natural Gas  m Electricity

Figure 1
Distribution of energy consumption types

The annual energy saving values to be achieved by the implementation of the projects were
presented collectively in Table 3. It was calculated that with the proposed projects, 332.51 TOE can be
saved annually from natural gas energy and 133.69 TOE from electricity. It has been determined that by
realizing these projects, a profit of $654460 can be saved as a result of an investment cost of $545082.
It was seen that the highest energy gain among the projects will be with the application of economizer
to the Selnikel steam boiler with 199.96 TOE. Although this application has an investment cost of
$81382 it has been recommended that it should be a priority project with a very short payback period of
0.4 years. The change of compressors can be postponed due to its low energy savings and long payback
periods. In general, a ranking can be made in the implementation of projects by taking into account the
payback periods.

The energy consumption values of the current, targeted and after the project’s situations
depending on the monthly production amounts were presented in Table 4. The sum of annual energy
consumption in the current situation by natural gas and electricity was determined as 5666 TOE. The
standard equation has been created according to the monthly production and energy consumption
amounts in the current situation. The standard equation was found to be y=0.1408x-48.676 with the
regression compatibility coefficient of R?=0.42. The target equation relation was obtained as y=0.1858x-
258.72 by using the points under the standard line. The target line was created by applying all monthly
production values to the target equation. The target line expresses the amount of ideal energy
consumption depending on the monthly production. The annual energy saving that corresponds to 9.2%
of annual energy consumption was determined as 525 TOE according to the target equation. The
monthly energy consumption values after the implementation of projects were determined by
subtracting the monthly saving from the current energy consumption values. It has been determined that
as a result of the implementation of the projects 466.2 TOE annually and 38.85 TOE monthly energy
savings will be achieved. The projects result equation was determined as y=0.1408x-87.526. Standard,
target and projects result lines and equations are presented in Figure 2-4 depending on monthly
production and energy consumption values. The energy saving after the projects was determined to be
8.2% of annual energy consumption.
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Table 3
Total results of the energy savings projects

Annual Energy Saving  Benefit and Investment ~ Payback

Potential Cost of the Project Period
Projects (TOE) $ (Year)
ngggal Electricity  Benefit Inv?:sct)grgent
Applying Combustion
Adjustment to Theta 39.43 40969 1595 0.04
Steam Boiler
Economizer
Boilers Application to Selnikel ~ 199.96 - 206962 81382 0.40
Steam Boiler
Application of
Opfaratmg Theta S_team 59.92 i 62265 i )
Boiler as  Primary
Boiler
. Insulation on Valves,
Insulation Lines and Surfaces 33.20 - 34495 18771 1.65
Replacement —of 3177 74287 239866 6.45
Compressors
Compressors  Elimination of Losses
and Leaks in - 26.29 61469 - -
Compressed Air Lines
Electric Replacement of
Motors Electric Motors i 41.86 96308 57527 0.60
Replacement of
Pumps Electric Pumps - 18.29 42072 62223 4.85
Cooling No project was suggested.
Fans Replacement of Fans - 11.84 27256 71069 13.67
Lightings ~ hcplacement of . 3.64 8377 12649 151
Armatures
TOTAL 332.51 133.69 654460 545082
Table 4
The energy consumptions of the current, targeted and projects result situations
Current Targeted Projects Results
Productio  Consumptio  Consumptio Saving Consumptio  Savin
n n n Potential n g
TON TOE TOE TOE TOE TOE
January 3690 594 427 167 555 38.85
February 3732 511 435 77 472 38.85
March 4065 567 497 70 528 38.85
April 4410 560 561 -1 521 38.85
May 3968 500 479 22 462 38.85
June 3960 493 477 16 454 38.85
July 3751 402 438 -36 364 38.85
August 3541 368 399 -31 329 38.85
September 3424 377 377 -1 338 38.85
October 3315 390 357 32 351 38.85
November 3202 437 336 101 398 38.85
December 3319 467 358 109 428 38.85
TOTAL 44378 5666 5141 525 5200 466.2
PERCENTAGE 9.2% 8.2%
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The Projects result equation and line
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As a result of the energy audit study, it was determined that the targeted annual energy saving
was 525 TOE as 9% of annual energy consumption. It has been calculated that the energy savings of the
enterprise will be 466.2 TOE as 8.2% of annual energy consumption according to implementation of the
projects. That means that the targeted energy saving is near to be approached. In addition, the
combination of the standard, target and projects result equations and lines are presented in Figure 5.

700
600
500

w 400

@]

- 300 e Standard Line
200 Target Line
100 y=0,1408x - 48,676 Projects

R2=0,42 Result Line
0
3000 3200 3400 3600 3800 4000 4200 4400 4600

Ton/ month

Figure 5
Combination of the standard, target and projects result equations and lines

A monthly production value was determined as 3810 Tons/Month at the intersection of the target
and the project’s result lines. That means that the proposed projects do not provide the targeted energy
savings below that production amount, however they cause them to exceed the targeted energy saving
above that amount. In this case, to reduce the effect of constant energy consumptions, independent of
the production amount, the monthly milk process should not be less than the mentioned amount. In
addition to the eight projects proposed to improve the current situation in the enterprise, additional
energy input can be provided by installing solar energy systems that produce both heat and electricity.
In this case, it will be possible to exceed the targeted savings values.
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Makale Bilgisi OZET

Bu ¢aligmada ilk olarak sirasiyla siyaniirik kloriir ve hidrokinon veya 1,4-fenilendiaminin
Gelis Tarihi: 08.08.2024 reaksiyona sokulmasiyla iki bazik ara iiriin elde edildi. Bu bilesiklerin 4-hidroksibenzaldehit ile
Kabul Tarihi: 24.11.2024  reaksiyonundan EBA1 ve EBA2 elde edildi. Bu bilesiklerin sirasiyla 4-aminobenzoik asit ve 5-
Yayin Tarihi: 30.04.2025 aminoizoftalik asit ile reaksiyona sokulmasiyla EBL1-EBL4 olarak kodlanan dort hedef ligand
elde edildi. Elde edilen bu ligandlar, FTIR, elementel analiz, *H ve 3C NMR yontemleriyle

Anahtar Kelimeler: karakterize edildi. Elde edilen hedef ligandlarin [M(Salen/Saloph)]20 (M= Cr®* ve Fe%*) ile
Cok disli ligand, reaksiyonu sonucu [M(Salen/Saloph)] baslikli kompleksler elde edildi. Bu kompleksler
s-Triazin, elementel analiz ve FTIR kullanilarak karakterize edildi. Komplekslerin manyetik dzellikleri
Salen, arastirildi. Komplekslerin termal dayanikliligi TGA teknigi kullanilarak belirlendi. Calismanin
Saloph. sonunda termal olarak kararli ve paramanyetik 6zelliklere sahip 6 adet tetrapodal ligand ve 16

adet tetrapodal kompleks sentezlenmis ve karakterize edilmistir.

Synthesis and Characterization of Multidentate Schiff Bases Containing s-Triazine:
Investigation of Their Some Transition Metal Complexes

Avrticle Info ABSTRACT

In this paper, two basic mid-products were obtained by reacting cyanuric chloride and
Received: 08.08.2024 hydroquinone or 1,4-phenylendiamine, respectively. EBA1 and EBA2 were obtained from the
Accepted: 24.11.2024 reaction of these compounds and 4-hydroxybenzaldehyde. Four target ligands encoded as
Published: 30.04.2025 EBL1-EBL4 were obtained by reacting these compounds with 4-aminobenzoic acid and 5-

aminoisophthalic acid, respectively. These obtained ligands were characterized by FTIR,
Keywords: elemental analysis, *H and 3C NMR and methods. The obtained target ligands were reacted
Polydentate ligand, with [M(Salen/Saloph)]20 (M= Cr® and Fe®*) to obtain [M(Salen/Saloph)] capped complexes.
s-Triazine, These complexes were characterized using elemental analysis, and FTIR. The magnetic
Salen, properties of the complexes were investigated. The thermal endurance of the complexes was
Saloph. determined using the TGA technique. At the end of the study, 6 tetrapodal ligands and 16

tetrapodal complexes, which are thermally stable with paramagnetic properties, were
synthesized and characterized.
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Synthesis and Characterization of Multidentate Schiff Bases Containing s-Triazine: Investigation of Their Some Transition
Metal Complexes

INTRODUCTION

Schiff bases are defined as compounds formed as a result of the condensation reaction between
primary amines and aldehydes or ketones, containing a carbon-nitrogen double bond (C=N) in their
structure. This synthesis was first performed by German chemist Hugo Schiff in 1869. In the 1930s,
Pfeiffer later utilized them as ligands. Schiff bases are also known as azomethines or imines [1]. The
formation of Schiff bases from the reaction between primary amines and carbonyl compounds
(aldehydes or ketones) occurs in two main steps. In the first step, a condensation reaction occurs between
the primary amine and the carbonyl group, resulting in the formation of a carbinolamine intermediate.
In the second step, this intermediate undergoes dehydration to produce the Schiff base [2]. Schiff bases
exhibit different properties depending on the substituents attached to the imine group in their structure.
Electronegative substituents on the nitrogen atom enhance the stability of azomethine. Schiff bases are
more stable against alkali-containing groups, but they undergo hydrolysis in a low pH range. Upon
hydrolysis, they convert to carbonyl and amine compounds. If there is an electronegative amine with an
unshared electron on the nitrogen, the reaction is completed entirely. In this case, they are isolated with
high efficiency since hydrolysis does not occur. The inductive effect is another factor affecting the
stability of azomethines [3]. Schiff bases are preferred due to their low cost, ease of synthesis, and their
highly stable chemical and thermal properties. They are used in the cosmetic industry, plastic industry,
pesticides, chemotherapy in medicine, dye industry, electronics, analytical chemistry, polymer
synthesis, as photographic chemicals, and for corrosion prevention in metals [4-6]. Medicines and many
natural compounds consist of heterocyclic ring structures. In the field of chemistry, especially in
inorganic and organic chemistry, there is a greater need for heterocyclic compounds, and they play an
effective role in most synthesized compounds. Heterocyclic compounds are obtained as a result of the
substitution of carbon atoms in the structure with heteroatoms such as sulfur, nitrogen, and oxygen. s-
Triazines are also compounds with heterocyclic structures. s-Triazine compounds are formed by the
substitution of three carbon atoms in the benzene ring with nitrogen atoms [7, 8]. 1,3,5-Triazine stands
out as a captivating chemical scaffold in medicinal chemistry endeavors, owing to its diverse array of
biological roles, including antimicrobial, antifungal, antimalarial, carbonic anhydrase inhibition, and
anticancer properties [9-11]. Schiff bases with an s-triazine core demonstrate a range of biological
activities, including anticancer, antimycobacterial, antibacterial, antidepressant, analgesic effects, and
enzyme inhibition. Additionally, derivatives of 1,3,5-triazine have demonstrated the ability to bind to
and regulate estrogen receptor alpha (ERa) and estrogen receptor beta (ERf) [12,13].

In this study, we aimed to increase the thermal and electrical properties of such compounds to a
higher level by synthesizing s-triazine-based supramolecular Schiff base ligands. For this reason,
salen/saloph compounds have been used because they can coordinate well with other ligands. Starting
from 2,4,6-trichloro-1,3,5-triazine, tetrapodal s-triazine-based Schiff base compounds containing
carboxyl groups were synthesized. Salen/saloph initial complexes and capping complexes were obtained
from these synthesized compounds, and the magnetic and thermal behaviors of the resulting complexes
were examined.

EXPERIMENTAL
Apparatus and reagents

The H and *C NMR analyses of the ligands were performed using a Bruker AvanceCore NMR
spectrometer operating at 400 MHz. The H and 3C NMR spectra of the ligands were recorded in
DMSO-ds. Elemental analyses (C, H, N) of the compounds were carried out using a LECO 932 CHNS
analyzer. The FTIR spectra of the synthesized complexes were recorded using a Thermo Nicolet iS5
FTIR spectrometer equipped with an ID7 ATR accessory. The metal contents of each complex were
determined on a Varian, Vista AX CCD Simultaneous Model Inductively Coupled Plasma Atomic
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Emission Spectrophotometer (ICP-AES). Magnetic susceptibility measurements of the complexes were
performed using the Gouy method on a Sherwood Scientific MX Gouy device, with Hg[Co(SCN)4] as
the calibrant. The effective magnetic moments, pesr, per metal atom were calculated from the expression:

Meff = 2.84v’X—MT B.M., where X is the molar susceptibility. TGA analyses of the compounds were
conducted using a HITACHI STA7300 Thermal Analysis System.

Cyanuric chloride (Merck), 4-hydroxybenzaldehyde (Sigma), p-phenylenediamine (Sigma), 5-
amino isophthalic acid (Sigma), 4-aminobenzoic acid (Sigma), hydroquinone (Sigma), potassium
carbonate (Sigma), sodium carbonate (Sigma), sodium sulfate (Sigma), and solvents including acetone
(Merck), benzene (Merck), ethyl acetate (Merck), ethanol (Sigma), methanol (Sigma), 1,4-Dioxane
(Merck), N,N-dimethylformamide (Merck) were purchased from the mentioned companies.
[(MSalen/Saloph).0] (M = Cr®" and Fe®*") initial complexes, which are used in complex formation
reactions and called ligand complexes, were synthesized and used according to the literature [14].

Synthesis of 4,4' 4" 4""-(((1,4-phenylenebis(oxy))bis(1,3,5-triazine-6,2,4-triyl))tetra
kis(oxy))tetrabenzaldehyde (EBA1l) and 4,4'4".4"'-(((1,4-phenylenebis(azanediyl)) bis(1,3,5-
triazine-6,2,4-triyl))tetrakis(oxy))tetrabenzaldehyde (EBA2)

EBS1 (2.03 g, 5.00 mmol) or EBS2 (2.02 g, 5.00 mmol) and 4-hydroxybenzaldehyde (2.69
g, 22.00 mmol) were weighed and placed into a 100 mL flask. Approximately 5.00 g of Na.COj; and 50
mL of benzene were added. The mixture was stirred at 70°C under reflux for 24 hours. Then, the solid
sodium carbonate residue was filtered under vacuum through filter paper. 20 mL of hot ethyl acetate
was added twice, and the solid residue was discarded. The remaining liquid portion was washed twice
with a 10% sodium carbonate solution and twice with distilled water. Sodium sulfate was added and the
mixture was left overnight. The sodium sulfate was filtered out, and the organic solvent was evaporated.
The resulting solid was recrystallized from ethanol. Compound EBA1 was elucidated using FTIR, H,
and C NMR spectroscopy and elemental analysis method.

EBAL: Yellow solid; Yield: 78%; M.P.: 265-268°C; FTIR (ATR, cm™): 1698 (C=0), 1585 (C=Nu),
1500, 1424 (C-Carom), 1296 (C-Ophen); *H NMR & (ppm): 9.87 (s, 4H), 7.84 (d, 8H), 7.15 (d, 8H), 7.07
(d, 4H); 3C NMR & (ppm): 192.10 (C9), 184.90 (C4), 177.50 (C3), 161.10 (C5), 150.01 (C2), 132.50
(C7),123.30 (C1), 121.80 (C6), 116.10 (C8); Calculated/Found Analysis: C: 64.17/64.13, H: 3.23/3.21,
N: 11.23/11.22, 0: 21.37/21.33

EBAZ2: Yellow solid; Yield: 73%; M.P.: 184-187°C; FTIR (ATR, cm™): 3205 (N-Hst), 3069 (C-Harom),
1694 (C=0), 1591 (N-Hpend), 1562 (C=Ny), 1510, 1499, 1456, 1418 (C-Carom), 1295 (C-Ophen), 1205 (C-
Nst); 'H NMR & (ppm): 9.87 (s, 4H), 7.85 (d, 8H), 7.15 (d, 8H), 6.40 (d, 4H), 4.74 (s, 2H); 3C NMR
(ppm): 192.10 (C9), 184.90 (C4), 171.90 (C3), 161.20 (C5), 133.20 (C8), 131.50 (C7), 128.80 (C2),
122.00 (C6), 118.70 (C1); Calculated/Found Analysis: C: 64.34/64.33, H: 3.51/3.49, N: 15.01/15.00, O:
17.14/17.12.

General synthesis of target ligands (EBL1-EBLA4)

A mixture of EBA1 or EBA2 (1.25 mmol) with 4-aminobenzoic acid or 5-aminoisophthalic acid
(5.00 mmol) was dissolved in 50 mL of ethanol and 25 mL of DMF (N,N-dimethylformamide). The
solution was then heated under reflux at a temperature of 85-90°C for 24 hours, while the reaction
progress was monitored using thin-layer chromatography. Upon completion, the excess solvent was
removed by evaporation, and the resulting solid product was collected by filtration. This crude product
was further purified by recrystallization from an ethanol-DMF mixture. The final compound, labeled as
EBL1, was characterized using elemental analysis, FTIR, and both *H and *C NMR spectroscopy.

EBL1: Yellow solid; Yield: 72%; M.P.: 334-336°C; FTIR (ATR, cm™): 1682 (C=0), 1592 (C=Nin),
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1564 (C=Ny), 1359 (COO"), 1285 (C-Opren); *H NMR & (ppm): 10.60 (s, 4H), 8.69 (s, 4H), 8.24 (d, 8H),
7.79 (d, 8H), 7.60 (d, 8H), 7.08 (d, 8H), 7.01 (d, 4H); *C NMR & (ppm): 184.90 (C4), 176.20 (C3),
168.90 (C14), 160.01 (C9), 157.50 (C10), 155.90 (C5), 149.10 (C2), 132.50 (C8), 131.50 (C12), 130.01
(C7), 128.50 (C13), 123.50 (C1), 121.50 (C11), 121.20 (C6); Anal. Calculated/Found: C:66.66/66.64,
H:3.62/3.58, N:11.43/11.40, O: 18.28/18.26

EBL2: Red solid; Yield: 79%; M.P.: 202-204°C; FTIR (ATR, cm-1): 3069 (C-Harom), 1702 (C=0), 1644
(C=Nim), 1575 (C=Ny,), 1498, 1447, 1418 (C-Carom), 1382 (COO), 1296 (C-Ophen); *H NMR & (ppm):
11.16 (s, 8H), 8.69 (s, 4H), 8.51 (s, 4H), 8.02 (s, 8H), 7.65 (d, 8H), 7.01 (d, 8H), 6.56 (d, 4H); 3C NMR
d (ppm): 185.00 (C4), 176.50 (C3), 168.80 (C14), 160.00 (C9), 154.90 (C10), 156.00 (C5), 149.90 (C2),
133.50 (C8), 131.50 (C12), 129.90 (C7), 129.50 (C13), 123.90 (C1), 129.00 (C11), 120.90 (C6);
Calculated/Found Analysis: C: 61.72/61.69 H: 3.17/3.16, N: 10.00/9.98, O: 25.12/25.10.

EBL3: Yellow, solid; Yield: 70%; M.P.: 330-332 °C; FTIR (ATR, cm): 3286 (N-Hsy), 1688 (C=Ox),
1651 (C=Nin), 1625 (N-Hsr), 1557 (C=Niy), 1496, 1409 (C-Carom), 1361 (COO-), 1315 (C-Oppen); *H
NMR & (ppm): 11.17 (s, 4H), 8.69 (s, 4H), 7.98 (d, 8H), 7.76 (d, 8H), 7.49 (d, 8H), 6.96 (d, 4H), 6.84
(d, 8H), 4.89 (s, 2H); *C NMR & (ppm): 169.50 (C4), 172.00 (C3), 169.00 (C14), 160.00 (C9), 157.50
(C10), 155.80 (C5), 132.60 (C8), 131.50 (C12), 130.02 (C7), 129.00 (C2), 128.20 (C13), 121.40 (C11),
121.20 (C6), 118.50 (C1); Anal. Calculated/Found: C: 66.77/66.72, H: 3.79/3.77, N: 13.74/13.72, O
15.70/15.67.

EBL4: Yellow, solid; Yield: 74%; M.P.: 363°C (dec.); FTIR (ATR, cm™): 1693 (C=0Oqcid), 1567 (C=N
trz-broad), 1504, 1410 (C-Carom), 1359 (COO"), 1297 (C-Ophen); *H NMR & (ppm): 11.19 (s, 8H), 8.68 (s,
4H), 8.52 (s, 4H), 8.01 (s, 8H), 7.61 (d, 8H), 6.98 (d, 4H), 6.85 (d, 8H), 4.85 (s, 2H); **C NMR & (ppm):
179.00 (C4), 172.50 (C3), 168.90 (C14), 160.00 (C9), 153.80 (C10), 156.00 (C5), 132.50 (C8), 131.40
(C12), 130.70 (C7), 129.10 (C2), 129.50 (C13), 128.90 (C11), 120.90 (C6), 118.50 (C1); Anal.
Calculated/Found: C: 61.81/61.79, H: 3.31/3.28, N: 12.01/12.00, O: 22.87/22.85.

The General synthesis of [Cr/FeSalen/Saloph).] capped complexes (EBC1-EBC16) of target
ligands

EBL1, EBL2, EBL3 or EBL4 (0.75 mmol) and [(MSalen/Saloph).0O] (M: Cr** or Fe**) [1.50
mmol (for EBL1 and EBL3) or 3.00 mmol (for EBL2 and EBL4)] were weighed and dissolved in 50
mL of methanol. The mixture was stirred under reflux for 3 hours at 75°C. Then the solvent was
evaporated, and the solid product was recrystallized from methanol.

EBC1: Green solid; Yield: 70%; M.P.: 246-248 °C (dec.); pett (B.M.): 3.83, FTIR (ATR, cm™): 3050,
3022, 3015 (C-Harom), 2899 (C-Caiiph), 1696 (C=0), 1617 (C=Nimine), 1597 (C=Ny,), 1530,1458, 1440
(C-Carom), 1380 (COO’), 1290 (C-Oppen); Calculated/Found Analysis: C: 63.56/63.55, H: 3.88/3.85, Cr:
8.34/8.32, N: 10.11/10.09, O: 14.11/14.09.

EBC2: Green solid; Yield: 72%; M.P.: 244-247 °C (dec.); pesr (B.M.): 3.85, FTIR (ATR, cm™): 3045,
3020, 3010 (C-Harom), 1699 (C=0), 1626 (C=Nim), 1592 (C=Ny), 1532,1461,1440 (C-Carom), 1380
(CO0), 1297 (C-Ophen); Calculated/Found Analysis: C: 66.17/66.15, H: 3.60/358, N: 9.38/9.36, O:
13.10/13.07, Cr: 7.74/7.73,

EBC3: Brown solid; Yield: 77%; M.P.: 247-249 °C (dec.); perr (B.M.): 1.72, FTIR (ATR, cm):
3051,3027,3013 (C-Carom), 2896 (C-Caiipn), 1698 (C=0), 1621 (C=Nim), 1595 (C=Ny), 1537, 1465, 1440
(C-Carom), 1382 (COO"), 1296 (C-Open); Calculated /Found Analysis: C: 63.17/63.15, H: 3.86/3.82, N:
10.05/10.03, O: 14.02/14.01, Fe: 8.90/8.86.

EBC4: Brown solid; Yield: 76%; M.P.: 246-248 °C (dec.); et (B.M.): 1.71, FTIR (ATR, cm™): 3049,
3035, 3020 (C-Harom), 1695 (C=0), 1618 (C=Nim), 1597 (C=N,), 1530, 1462, 1445 (C-Caom), 1380
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(COO"), 1292 (C-Opren); Calculated /Found Analysis: C: 65.79/65.77, H: 3.58/3.55, N: 9.33/9.31, O:
13.03/13.01, Fe: 8.27/8.25.

EBC5: Green solid; Yield: 80%; M.P.: 346°C (dec.); pert (B.M.): 3.84, FTIR (ATR, cm™): 3045, 3021,
3012 (C-Harom), 2895 (C-Haiipn), 1721, 1702 (C=0), 1624 (C=Nim), 1596 (C=N,), 1535, 1462, 1440 (C-
Carom), 1385 (COO’), 1291 (C-Ophen); Analytical Calculated/Found: C: 60.98/60.96, H: 3.79/3.77, N:
9.24/9.22, O: 15.43/15.40, Cr: 10.56/10.53.

EBC6: Green solid; Yield: 74%; M.P.: 341°C (dec.); pett (B.M.): 3.83, FTIR (ATR, cm™): 3041, 3025,
3013 (C-Harom), 1721, 1704 (C=0), 1622 (C=Nin), 1597 (C=N.), 1533, 1466, 1441 (C-Carom), 1388
(COO), 1295 (C-Opnen); Analytical Calculated/Found: C: 64.45/64.43, H: 3.45/3.42, N: 8.42/8.41, O:
14.06/14.03, Cr: 9.62/9.60.

EBCT7: Dark Brown solid; Yield: 81%; M.P.: >300°C (dec.); perr (B.M.): 1.70, FTIR (ATR, cm™): 3047,
3027, 3015 (C-Harom), 2896 (C-Haiiph), 1722, 1700 (C=0), 1621 (C=Nim), 1595 (C=Ny,), 1537, 1465,
1441 (C-Caom), 1382 (COO"), 1294 (C-Opnen); Analytical Calculated/Found: C: 60.50/60.45, H:
3.76/3.74, N: 9.17/9.16, O: 15.31/15.29, Fe: 11.25/11.23.

EBCS: Red solid; Yield: 78%; M.P.: 290°C (dec.); perr (B.M.): 1.71, FTIR (ATR, cm™): 3078, 3045,
3011 (C-Harom), 1721 (C=0), 1602 (C=Nin), 1577 (C=Ni), 1531, 1487, 1459, 1443, 1435 (C-Carom),
1376, (COO"), 1311 (C-Opnen); Analytical Calculated/Found: C: 63.99/63.96, H: 3.43/3.39, N: 8.36/8.34,
0: 13.96/13.95, Fe: 10.26/10.23.

EBC9: Dark green solid; Yield: 79%; M.P.: 358 °C (dec.); et (B.M.): 3.86, FTIR (ATR, cm™): 3011
(C-Harom), 1685 (C=0acig), 1620 (C=Nim), 1594 (N-Hpend), 1565 (C=Ny), 1542, 1496, 1470, 1441 (C-
Carom), 1385 (COO"), 1286 (C-Opnen); Calculated/Found Analysis: C: 63.61/63.59, H: 3.96/3.93, N:
11.24/11.21, O: 12.84/12.83, Cr: 8.34/8.32.

EBC10: Dark green solid; Yield: 75%; M.P.: 352 °C (dec.); peft (B.M.): 3.84, FTIR (ATR, cm™?): 3016
(C-Harom), 1688 (C=0Oxcid), 1620 (C=Nim), 1596 (N-Hpena), 1565 (C=Ny.), 1542, 1496, 1470, 1442 (C-
Carom), 1385 (COO"), 1290 (C-Opnen); Calculated/Found Analysis: C: 66.22/66.20, H: 3.68/3.65, N:
10.44/10.43, 0O: 11.92/11.90, Cr: 7.75/7.73.

EBC11: Brown solid; Yield: 82%; M.P.: 250 °C (dec.); perr (B.M.): 1.72, FTIR (ATR, cm™): 3014 (C-
Harom), 1687 (C=0xcid), 1619 (C=Nim), 1597 (N-Hyend), 1564 (C=Ny), 1543, 1495, 1469, 1443 (C-Carom),
1386 (COO"), 1289 (C-Opnen); Calculated/Found Analysis: C: 63.22/63.19, H: 3.94/3.93, N: 11.17/11.13,
0:12.76/12.74, Fe: 8.91/8.89.

EBC12: Brown solid; Yield: 80%; M.P.: 262 °C (dec.); pert (B.M.): 1.73, FTIR (ATR, cm™): 3416 (N-
Hstr), 3288 (C-Harom), 3045, 3013 (C-Huaiipn), 1688 (C=0xcid), 1602 (C=Nim), 1575 (C=Ny.), 1532, 1493,
1459, 1435 (C-Carom), 1376 (COO’), 1312 (C-Ophen); Calculated/Found Analysis: C: 65.84/65.82, H:
3.66/3.63, N: 10.38/10.36, O: 11.85/11.82, Fe: 8.27/8.26.

EBC13: Green solid; Yield: 79%; M.P.: 350°C (dec.); perr (B.M.): 3.82; FTIR (ATR, cm™): 3386 (N-
Hat), 3050, 3021 (C-Harom), 2915, 2848 (C-Haiipn), 1696 (C=Oxcia), 1616 (C=N im), 1596 (N-Hoend), 1568
(C=Ny;), 1541, 1503, 1467, 1440 (C-Caom), 1358 (COO’), 1287 (C-Ophen); Analytical
Calculated/Found: C: 61.01/61.00, H: 3.84/3.82, N: 9.96/9.93, O: 14.63/14.61, Cr: 10.56/10.53.

EBC14: Green solid; Yield: 71%; M.P.: 354°C (dec.); perr (B.M.): 3.84; FTIR (ATR, cm™): 3396 (N-
Hstr), 3017 (C-Harom), 1699 (C=0xcid), 1620 (C=Nim), 1600 (N-Hoend), 1574 (C=N.), 1544, 1508, 1468,
1440 (C-Caom), 1388 (COO"), 1292 (C-Opnen); Analytical Calculated/Found: C: 64.48/64.45, H:
3.50/3.47, N: 9.07/9.04, O: 13.33/13.32, Cr: 9.62/9.60.

EBC15: Dark brown solid; Yield: 76%; M.P.: 243°C (dec.); pert (B.M.): 1.72; FTIR (ATR, cm™): 3388
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(N-Hst), 3051, 3023 (C-Haom), 2917, 2851 (C-Haiipn), 1698 (C=0Oxcid), 1618 (C=Nim), 1597 (N-Hpend),
1568 (C=Ni.), 1542, 1504, 1468, 1443 (C-Caom), 1360 (COO’), 1288 (C-Opnen); Analytical
Calculated/Found: C: 60.53/60.51, H: 3.81/3.80, N: 9.88/9.87, O: 14.51/14.50, Fe: 11.26/11.23.

EBC16: Dark brown solid; Yield: 77%; M.P.: 250°C (dec.); pers (B.M.): 1.73; FTIR (ATR, cm™): 3394
(N-Hsy), 3019 (C-Harom), 1698 (C=0xcig), 1618 (C=Nim), 1598 (N-Hbend), 1572 (C=Ny), 1541, 1505,
1466, 1443 (C-Carom), 1385 (COO"), 1290 (C-Opnen); Analytical Calculated/Found: C: 64.02/64.00, H:
3.47/3.45, N: 9.01/9.00, O: 13.23/13.21, Fe: 10.26/10.23.

RESULTS AND DISCUSSION

This study focuses on synthesizing ligands based on cyanuric chloride (CC) and employing
hydroquinone (HQ) and p-phenylenediamine (PFDA) as central units. The reactions between HQ and
CC, as well as PFDA and CC, resulted in the formation of specific compounds, EBS1 and EBS2,
respectively. These compounds were further reacted with p-hydroxybenzaldehyde (PHBA) to produce
EBALl and EBA2. Subsequent reactions of EBA1 with p-aminobenzoic acid (PABAc) and 5-
aminoisophthalic acid (SAIPA) yielded target ligands EBL1 and EBL2, while similar reactions with
EBA2 produced EBL3 and EBLA4, respectively. The structures of these ligands were characterized using
various analytical and spectroscopic techniques. Additionally, reactions with [Cr/Fe(Salen/Saloph)].O
initial complexes yielded capped complexes, with the structures determined through analytical and
spectroscopic methods (Scheme 1).

Interpretation of *H NMR and *C NMR spectra

When examining the *H NMR spectra of the intermediate compound coded as EBS1 and EBS2,
the singlet signal observed at 4.85 ppm for an aromatic-NH group for EBS2, and the singlet signal
observed at 6.56 ppm and 7.61 ppm confirms the successful synthesis of this compound, respectively.
Similarly, upon inspection of the 3C NMR spectrum of these compounds, signals corresponding to two
carbons were observed at 187.0 ppm, four carbons were observed at 170.0 ppm, and in the aromatic
region, signals were observed at 150.4 ppm for two carbons, and at 115.8 ppm for four carbons for EBS1
and 169.0 ppm, four carbons were observed at 163.8 ppm, and in the aromatic region, signals were
observed at 133.9 ppm for two carbons, and at 122.3 ppm for four carbons for EBS1, further substantiate
the successful synthesis of this compound (Figure 1 and Figure 2), (Figure S1, S2, S9, and S10,
Supporting information) [15-17].

When we examined the 'H NMR spectrum of the intermediate products labeled as EBA1 and
EBAZ2, singlets (4H) observed at 9.87 ppm for the HC=0 group, doublets (8H) at 7.84-7.85 ppm,
doublets (8H) at 7.15 ppm, and doublet signals (4H) at 7.07-6.40 ppm, have successfully proven the
synthesis of these compounds. Upon examining the *C NMR spectra of these compounds, signals at
192.1 ppm for 4 carbon Cs, at 178.9-184.9 ppm for 4 carbons Ca, at 171.9-177.5 ppm for 2 carbons Cs,
at 161.1-161.2 ppm for 4 carbons Cs, at 128.8/150.01 ppm for 2 carbons C,, at 131.5-132.5 ppm for 8
carbons Cy, at 118.7-123.3 ppm for 4 carbons C1, and at 121.8-122.0 ppm for 8 carbons Cs, as well as
signals at 116.1/133.2 ppm for 4 carbons Cs, provide further evidence of the successful synthesis of
these compounds (Figure 3 and Figure 4), (Figure S3, S4, S11, and S12, Supporting information) [18,
19].

Analysis of the *H NMR spectrum revealed that ligands labeled EBL1 and EBL3, weak signals
observed at 10.60-11.17 ppm correspond to acidic protons, singlets observed at 8.69 ppm correspond to
four hydrogens (HC=N), doublets (8H) at 7.98-8.24 ppm, doublets (8H) at 7.76-7.79 ppm, doublets (8H)
at 7.49-7.60 ppm, doublets (8H) at 6.96-7.08 ppm, and doublets (4H) at 6.84-7.01 ppm. These signals
successfully prove the synthesis of these compounds.
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'H NMR spectrum of EBS1.
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'H NMR spectrum of EBA1
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Figure 4
13C NMR spectrum of EBAL

Similarly, when we examine the *H NMR spectrum of ligands labeled EBL2 and EBL4, weak
signals observed at 11.16-11.19 ppm correspond to acidic protons, singlets observed at 8.68-8.69 ppm
correspond to four hydrogens (HC=N), singlets (4H) at 8.51-8.52 ppm, singlets (8H) at 8.01-8.02 ppm,
doublets (8H) at 7.61-7.65 ppm, doublets (8H) at 6.98-7.01 ppm, doublets (8H) at 6.56-6.84 ppm, and a
weak singlet signal (2H) observed at 4.85 ppm in the spectrum of EBL4. These signals also prove the
successful synthesis of these compounds. Additionally, **C NMR signals were observed at 184.9/169.5
ppm for 4 carbons C,, at 172.0-176.2 ppm for 2 carbons Cs, at 168.9-179.5 ppm for 4 carbons Ci4, at
160.0 ppm for 4 carbons Co, at 157.5 ppm for 4 carbons Cio, at 155.8-155.9 ppm for 4 carbons Cs, 149.1
and 129.0 ppm for 2 carbons C,, at 132.5-132.6 ppm for 4 carbons Cg, at 131.5 ppm for 8 carbons Ci,
at 130.0 ppm for 8 carbons C-, at 128.2-128.5 ppm for 4 carbons Ci3, at 123.5 and 118.5 ppm for 4
carbons Cs, at 121.4-121.5 ppm for 8 carbons Ci4, and at 121.2 ppm for 8 carbons Cs also serve as
evidence for the successful synthesis of these compounds, respectively. To examine the *C NMR
spectrum of EBL2 and EBL4 codded ligands, signals observed at 185.0 and 179.0 ppm for 4 carbons
Ca, at 172.5-176.5 ppm for 2 carbons Cs, at 168.8-168.9 ppm for 8 carbons Cis, at 160.0 ppm for 4
carbons Co, at 153.8-156.0 ppm for 4 carbons Co, at 154.9-156.0 ppm for 4 carbons Cs, at 140.9 and
129.1 ppm for 2 carbons C,, at 132.5-133.5 ppm for 4 carbons Cs, at 131.4-131.5 ppm for 8 carbons C»,
at 139.9 and 130.7 ppm for 8 carbons Cs, at 129.5 ppm for 4 carbons Ci3, at 129.0 and 118.5 ppm for 4
carbons Cy, at 123.9 and 128.9 ppm for 8 carbons Ca1, and at 120.9 ppm for 8 carbons Ce further confirm
the successful synthesis of these compounds (Figure 5 and Figure 6), (Figure S5, S6, S7, S8, S13, S14,
S15, and S16, Supporting information) [20].

Interpretation of FTIR spectra

In our study, FTIR spectra were obtained to determine the functional groups of the intermediate
compounds, target ligands, and target complexes synthesized. Accordingly, when examining the FTIR
spectra of the intermediate products coded as EBS1 and EBS2, stretching bands corresponding to s-
triazine rings were observed at 1551 cm™ and 1539 cm, respectively. Additionally, in the spectrum of
EBS?2, stretching bands for N-H at 3375 cm™* and 3362 cm?, bending bands for N-H at 1605 cm™, and
stretching bands for C-Car in the aromatic region (1504 cm, 1500 cm?, and 1431 cm™) were observed.
These observations, as illustrated in Figure S17 and Figure S18, confirm the successful synthesis of
these compounds. When examining the FTIR spectra of the intermediate products coded as EBAL and
EBAZ2, the observation of C=0 stretching bands at 1698 and 1694 cm?, respectively, stretching bands
of s-triazine rings at 1585 cm™ and 1562 cm?, and specific bands in the aromatic region proved that the
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compounds were successfully synthesized (Figure S19 and Figure S20, Supplementary Information).
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13C NMR spectrum of EBL1

When we examine the FTIR spectra of EBL1, EBL2, EBL3, and EBL4 target ligands, the C=0
stretching bands observed at 1698 and 1694 cm™ in the previous compounds disappear, and instead of
them, C=04iq Stretching bands appear in the range of 1682-1702 cm, and COOH bending bands appear
in the range of 1359-1382 cm™ proved that these compounds were successfully synthesized (Figure
S21-Figure S24, Supplementary Information). When we examine the FTIR spectra of the target
complexes coded EBC1-EBC16, that the C=0xq4 Stretching bands observed in the range of 1682-1702
cm? for the ligands shift to higher frequencies (1682-1721 cm™), and the COO- bending bands in the
range of 1359-1382 cm* shift to higher frequencies (1358-1388 cm™) showed that these complexes were
synthesized, successfully (Table S1, Table S2 and Figure S25-Figure S31, Supplementary
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Information). While the FTIR spectra of all synthesized ligands as well as complexes are attached to
supplementary information [17, 21-23].

Evaluation of TGA results of some complexes

Thermal gravimetric analysis (TGA) was conducted on certain complexes obtained in our study,
namely EBC3, EBC7, EBC11 and EBL15, to determine their thermal stabilities. The TGA analyses
were performed under an N atmosphere with a heating rate of 10 °C/min in the temperature range of
50-800 °C. Figure 7, below shows the TGA graph of the EBC3 complex, while TGA graphs of the
other complexes are attached to the supplementary information.

Examination of the TGA plot of the complexes EBC3, EBC7, EBC11, and EBC15 revealed
three stages of decomposition. In the first stage, mass losses of 6.75-8.75 % occurred as the CO- group
detached from the molecule in the range of 125-205 °C, resulting in the detachment of the FeSalen caps
from the main structure. Theoretical mass losses at this stage were calculated as 7.01-8.87 %. In the
second stage, mass losses of 21.97-35.10 % occurred as the organic structure attached to the cyanuric
chloride centers, excluding the Fe(Salen/Saloph) caps, separated from the structure in the range of 290-
440 °C. Theoretical mass loss at this stage was 22.24-35.42%. In the final stage, mass losses of 34.22-
46.35% indicated the decomposition of the salen caps in the range of 525-640 °C, with a theoretical
mass loss of 37.34-47.23%. Since the heating process was carried out up to 800 °C, no further mass
losses were observed beyond this point. FTIR and ICP-AES analyses of the remaining materials after
TGA revealed that the residual materials were cyanuric chloride centers and Fe,Os resulting from
decomposition. Theoretical data are in good harmony with the experimental data, and consistent with
other spectroscopic data (Figure S32-Figure S35, Supplementary Information) [17, 21-26].
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Figure 7
TGA graph of EBC3

Interpretation of magnetic susceptibility measurements

In our study, magnetic susceptibility values of the complexes synthesized were measured at room
temperature using a Gouy balance. The molar magnetic susceptibility (ueff) values of all complexes in
terms of Bohr magneton (B.M.) are provided in experimental detail.

All synthesized ligands, EBC1, EBC2, EBC5, EBC6, EBC9, EBC10, EBC13 and EBC14 coded
complexes, possessing a d* electron configuration, were measured paramagnetically. Each Cr®" ion
exhibited values of 3.83, 3.85, 3.84, 3.83, 3.86, 3.84, 3.82, and 3.84 B.M. respectively, with a ty°e,°
electron configuration. Similarly, complexes coded as EBC3, EBC4, EBC7, EBC8, EBC11, EBC12,
EBC15 and EBC16, possessing a d® electron configuration, were measured paramagnetically. Each Fe3*
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ion exhibited values of 1.72, 1.71, 1.70, 1.71, 1.72, 1.73, 1.72, and 1.73 B.M. respectively, with a low
spin tx°e,’ electron configuration. Literature review indicates that [Fe(Salen/Saloph),O] complexes
possess a treq® electron configuration and are high-spin and five-coordinate complexes. These
complexes, capable of coordinating with another ligand, are termed ligand complexes. When these
ligand complexes coordinate with another monodentate ligand, their coordination numbers remain
unchanged, and their electronic configurations remain the same. However, when they coordinate with a
bidentate ligand using both of its arms, they transition to a low-spin hexacoordinate electron
configuration. Considering all the complexes synthesized in our study, denoted as
[Cr/Fe(Salen/Saloph)], were measured as low-spin, we evaluate their geometries as distorted octahedral
[17, 23, 27-30].

CONCLUSIONS

In this work, four new original ligands (EBL1-EBL4) were synthesized. These ligands were
characterized by using elemental analysis, FTIR, *H and *C NMR, and ICP-AES spectroscopies. The
[MSalen/Saloph] (M = Cr®*, Fe®*) capped complexes were obtained from the reaction of these ligands
and ligand complexes ([M(Salen/Saloph)].0). The structure of these complexes determined as
paramagnetic was characterized by using elemental analysis, Magnetic Susceptibility, FTIR, and TGA
methods. Complexes (EBC1, EBC2, EBC5, EBC6, EBC9, EBC10, EBC13 and EBC14) showed good
harmony with the d* (S = 3/2) Cr®* ions, and the other complexes (EBC3, EBC4, EBC7, EBC8, EBC11,
EBC12, EBC15 and EBC16) showed good harmony with the low spin d® (S = 1/2) Fe3* ions. That is, all
Cr¥* and Fe® complexes are in distorted octahedral structure with tx*e,® and ty°es® electronic
configuration, respectively. The findings indicated that the carboxylate groups were coordinated to the
metal center through both oxygen atoms. Thermogravimetric analysis was performed on selected
complexes coded as EBC3, EBC7, EBC11, and EBCL15, revealing that they possessed high thermal
stability, making them suitable for use in chemical reactions and other applications.
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Narenciye meyvelerinden elde edilen biyoaktif bilesikler olan rutin hidrat, naringin ve
hesperidin kullanilarak polimer bazli elektroegirme fiberleri hazirlanmigtir. Bu flavonoidlerin
antioksidan, anti-inflamatuar ve anti-kanser gibi ¢esitli biyolojik aktiviteleri bulunmaktadir.
Elektroegirme teknigi sayesinde, flavonoidlerin biyolojik kullanilabilirligi artirilarak, ilag
tagima sistemleri, gida ambalajlar ve kozmetik iriinler gibi farkli alanlarda potansiyel
uygulamalar gelistirilmesi amaglanmistir. Elde edilen fiberlerin morfolojik ve kimyasal ve
karakterizasyonlar ile flavonoidlerin fiber matris igerisindeki dagilimi ve salim davranislari
belirlenmistir. Aym1 zamanda, nanofiberlerin Staphylococcus aureus (S. aureus) bakterisine
kars1 antibakteriyel aktivitesi degerlendirildi. Yapilan ¢alismanin sonucunda bagirsak pH’mda
(pH 7.4) yapilan dissoliisyon analizinde PLA-MIX fiberi etken maddeleri %20-25 oraninda,
PCL- MIX fiberi etken maddeleri %21-28 oraninda salindi. Antibakteriyel sonuglar
nanofiberlerin %45 oraninda PLA karisiminda daha fazla bakteriyel inhibisyona neden
oldugunu gosterdi. Bu c¢alisma, narenciye atiklarinin degerlendirilmesi ve yeni nesil
biyomalzemelerin gelistirilmesi agisindan 6nemli bir katki saglamaktadir.
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Polymer-based electrospun fibers were prepared using bioactive compounds derived from
citrus fruits such as rutin hydrate, naringin and hesperidin. These flavonoids have various
biological activities such as antioxidant, anti-inflammatory and anticancer. By increasing the
bioavailability of flavonoids through the electrospinning technique, it is aimed to develop
potential applications in different areas such as drug delivery systems, food packaging and
cosmetic products. The distribution and release behaviors of flavonoids in the fiber matrix were
determined by morphological and chemical characterization of the obtained fibers. At the same
time, the antibacterial activity of nanofibers against Staphylococcus aureus (S. aureus) bacteria
was evaluated. As a result of the study, in the dissolution analysis performed at intestinal pH
(pH 7.4), the active ingredients of PLA-MIX fiber were released at a rate of 20-25% and PCL-
MIX fiber at a rate of 21-28%. Antibacterial results showed that nanofibers caused more
bacterial inhibition in a 45% PLA mixture. This study provides an important contribution to the
evaluation of citrus wastes and the development of new-generation biomaterials.

To cite this article:

Algan, D.T. & Kocabas, E. (2025). Encapsulation of some flavonoid mixtures using electrospinning technique for enhanced
bioactivity and controlled release studies. Necmettin Erbakan University Journal of Science and Engineering, 7(1), 141-152.
https://doi.org/10.47112/neufmbd.2025.81

*Sorumlu Yazar: Deniz Tugge Algan, dtalgan92@gmail.com

This article is licensed under a Creative Commons Attribution-NonCommercial 4.0
International License (CC BY-NC 4.0)


https://doi.org/10.47112/neufmbd.2025.81
https://orcid.org/0000-0002-0085-4327
https://orcid.org/0000-0002-0980-0894
https://doi.org/10.47112/neufmbd.2025.81
mailto:dtalgan92@gmail.com

Journal of Science and Engineering

INTRODUCTION

Controlled drug delivery offers numerous advantages as it reduces premature degradation,
improves drug uptake, maintains drug concentrations within the therapeutic window, and reduces side
effects. Over the last decade, recent advances in genomics and nanotechnologies have made it possible
to achieve drug delivery by using specifically designed nanoparticle carriers, particularly in anticancer
therapy, vaccines, and theranostic imaging [1].

One popular technique for encapsulating active nutraceutical ingredients into fibers is to combine
them with the polymer solution and spin the mixture. The encapsulation of bioactive compounds for
ultimate incorporation in food plays a major role in food processing. Capsules constructed of polymers
based on lipids, proteins, and carbohydrates coat or encapsulate active components, such as food-
bioactive chemicals or living cells, inside micro- or nanoscale-sized particles. Encapsulated bioactive
compounds have enhanced stability, bioavailability, and physicochemical properties while being
shielded from external stresses. Electrospinning is a feasible method for encapsulating food bioactive
substances, as it effectively produces dry, food-grade, nano-scaled materials with good encapsulation
efficiencies [2-4].

PLA is FDA-approved for direct contact with biological fluids. One of the key features that makes
PLA advantageous for drug carriers is its biodegradability. PLA can easily dissolve in extracellular
environments, and its degradation rate can be modulated to achieve the desired effect. For drug carrier
systems in particular, the kinetics of this degradation can be extended to maintain the sustained release
of medicinal agents. This provides sufficient time for the drug to exert its effect, which is crucial since
this therapeutic strategy can potentially be diminished by metabolic processes [5].

Polycaprolactone (PCL) is a highly valued polymer for wound dressing applications due to its
exceptional mechanical strength, biocompatibility, and biodegradability. PCL is a commonly utilized
polymer in the electrospinning process because of its easy spinnability. Due to its biocompatible and
biodegradable properties, PCL is a semi-crystalline polyester that has received FDA approval and has
promise for usage in biomedical applications like wound dressing applications and delivery systems.
One of the most popular biopolymers for skin regeneration is also easily processed into a variety of
forms, including films, mats, membranes, and fibers [6-7].

Rutin is gaining significant attention due to its wide pharmacological potential and non-toxic
nature. It also has antioxidant, anti-inflammatory, and anticancer activities thanks to its radical sweeping
activity. However, its utility in clinical applications is limited by its poor stability and bioavailability. A
bioactive compound's pharmacodynamics and pharmacokinetics may be improved by novel drug
delivery methods. For this reason, employing a novel drug distribution mechanism can get around
regular restrictions [8,10].

Fruits including oranges, lemons, tomatoes, mandarins, and grapefruit peel contain naringin,
which has a low solubility in water and a poor absorption rate in the digestive system. Therefore,
encapsulation techniques and release mechanisms can increase its formulation, absorption, and stability.
This phytochemical has heart-protective, antimicrobial, anticancer, and antioxidant properties [11].

The most common flavonoid in oranges and lemons is hesperidin, a cheap and abundant
byproduct of the citrus family. Its benefits include lowering cholesterol, antioxidant, edema-reducing,
hypolipidemic, and vascular protection. Hesperidin has a low solubility in water and limited
bioavailability [9].

Studies have demonstrated the high multifunctional bioactivities of flavonoids, including
antiviral, antioxidant, antibacterial, anti-inflammatory, and anti-tumor properties. Using the
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electrospinning technology, the goal of this work was to encapsulate flavonoid combinations for use in
the nutraceutical supplement market as a controlled release mechanism [2-4].

MATERIALS AND METHOD
Materials

Rutin hydrate, naringin, and hesperidin were purchased from Merck, Germany. Polylactic acid
(PLA) (Mw~ 60,000), polycaprolactone (PCL) (Mn 80,000), hexafluoro-2-propanol (HFIP), methanol
(MeOH), chloroform and hydrochloric acid (HCI) were supplied by Sigma- Aldrich, Germany. Gelatin
was bought from SelJel Gelatin, Tiirkiye. pH 1.2 and pH 7.4 buffer solutions were made in laboratory
conditions.

Method
Preparing Electrospun Fibers

Three different flavonoids—rutin, naringin, and hesperidin—along with two different
polymers—PCL and PLA—were chosen. The three flavonoids were mixed and the was mixture added
to the solution at a rate of 10% PLA after PLA (2.5%) and gelatin (7.5%) were dissolved in 20 mL of
HFIP. To prepare the PCL-containing electrospinning solution, 80000 kDa PCL (10%) was dissolved
in a 40:60 methanol to chloroform mixture before adding mixed active components. For electrospinning,
the resultant solution was put into a 5 mL syringe. With a voltage of 18 kV, a flow rate of 1 mL/h, and
a tip-to-collector distance of 15 cm, fibers were created by electrospinning [12-13].

Drug Content, Encapsulation Efficiency and in vitro Drug Release

Nanofibers were cut into small pieces, weighted around 100-120 mg, and transferred into 50 mL
falcon tubes. Fibers were dissolved with 1 mL chloroform, 1 ml HCI solution (1% v/v), and 3 ml MetOH
mixture, centrifuged at 4000 rpm for 20 min, and sonicated for 5 minutes. Solutions were filtered
through a 0.45 um PTFE filter and analyzed by UV-Vis spectroscopy at the suitable wavelength. The
results are shown in Table 1 [14-16].

Encapsulated API
EE% = 1) [16
o Total API content (1) [16]

In vitro drug release was carried out by USP <711>. Two distinct pH ranges will be used in the
investigation throughout the dissolution phase. The pH 1.2 and pH 7.4 ranges were determined as these.
The right buffer solutions were made, and the dissolving process was induced in various parts of the
stomach and intestine. Samples were obtained from the stomach environment every 15 minutes from 0
to 2 hours, and every hour from 2 to 3 hours. Samples were obtained from the intestinal environment
every 30 minutes between 0 and 2 hours, and every hour between 2 and 5 hours. The HPLC-PDA was
used to analyze the samples. The results are shown in Figures 1-4 [17].

Characterization of Fibers

The ZEISS GeminiSEM 500 scanning electron microscope was used to examine the diameter and
morphology of the electrospun fibers. A small piece of the fiber mat was gold-sputter-coated (4.35 nm)
and placed on the SEM sample holder. A voltage of 20 kV was used to acquire SEM pictures [18].

Shimadzu IR Tracer-100 Fourier Transform Infrared Spectroscopy was used to examine the
fiber’s chemical content. Active pharmaceutical ingredients (rutin hydrate, naringin and hesperidin),
PLA, gelatin, PCL, and two fibers (PLA-MIX and PCL-MIX) were examined in the mid-IR range (4000-
400 cm™) by 16 scans [18].
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Antibacterial Activity Assay

The colony counting method was used to evaluate the antibacterial activity of nanofibers against
the Staphylococcus aureus (S. aureus) ATCC6538 bacterial strain. Each nanofiber, approximately 1 X
1 cm in diameter, was covered with a sterile film after 100 pL of bacterial solution containing 1.5 x 107
colony-forming units (CFU/mL) was added to its surface. The nanofibers were incubated in the
incubator at 37°C for 24 hours. After incubation, the films were washed with 1 mL of PBS solution, and
100 pL was taken and inoculated into blank Nutrient agar media. The number of viable bacterial colonies
was determined after a 24-hour incubation period at 37°C. The decrease in the number of bacteria was
calculated using the following formula:

(B—-4)
B

R(%) = %100 (2) [19]

R: %inhibition, A: the colonies in the control samples, B: the colonies in the nanofiber samples
RESULTS
Encapsulation Efficiency and in vitro Drug Release

Active pharmaceutical ingredient (API) amount determination and encapsulation efficiency were
calculated. Encapsulation efficiency is calculated by Equation 1.

Er??z!\:slulation efficiency of API in PLA and PCL electrospun fibers
API PLA (%) PCL (%)
RTN 29.80 15.88
HSP 38.41 25.24
NAR 5.09 1.30

According to the dissolution analysis results, the release percentages in the stomach and
intestinal environments for the fiber mat produced using PLA-gelatin were similar. In the fiber mat made
with the PCL polymer, the release was greater in the intestinal environment compared to the stomach
environment.
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Figure 1
Cumulative drug release of API’s from PLA fiber at pH 1.2
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Cumulative drug release of API’s from PLA fiber at pH 7.4
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Cumulative drug release of API’s from PCL fiber at pH 1.2
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Cumulative drug release of API’s from PCL fiber at pH 7.4
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FESEM Imaging

In the FE-SEM images of the PCL-MIX mat (Fig. 5), it was seen that the fibers were smooth,
and no bead formation was observed. The fiber diameter average thickness is over 800 nm. In the FE-
SEM images of the PLA-MIX mat (Fig. 6), it was seen that the fibers were smooth, and no bead
formation was observed. The fiber diameter average thickness is over 400 nm.
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Figure 5
PCL-MIX FESEM images
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Figure 6
PLA-MIX FESEM images
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FT-IR Spectroscopy

In Figure 7, the spectrum of electrospun fibers prepared with PCL polymer, the peak observed
at 3500-3300 cm™ was the hydroxyl (-OH) peak. The peak belonging to the alkene group (C=C) was
observed at 3000-2900 cm. Alkyl (C-H) was observed at 2900-2800 cm™. The C=0 bond was observed
at 1760 cm™. It was called the aromatic ring around 1700-1650 cm™. There was a carbony! group and
O-C-O structure at 1200-1150 cm™* [20-23].

NAR
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Figure 7
FT-IR spectra of citrus flavonoids, PCL and PCL-MIX fiber

In Figure 8, spectrum of electrospun fibers prepared with PLA-Gelatin polymer, the peak
observed at 3500-3300 cm™ is the hydroxyl (-OH) peak. The peak observed at 3000 cm™? indicates the
alkene group (C=C). The peak observed at 2900-2800 cm* belongs to the alkyl (C-H) group. The peaks
observed at 1750 and 1700 cm™ are due to carboxyl and ester bonds, respectively. The peak observed at
1650 cm™? is the amide (C=0) group. The peak observed at 1550 cm™ is the stretching vibration of C-N
bonds. The peak observed at 1260 cm™ is due to C-O-C bonds. [20-23].
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Figure 8
FT-IR spectra of citrus flavonoids, PLA, Gelatin and PLA-MIX fiber
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Antibacterial Assay

It has been demonstrated that rutin hydrate has significant antibacterial properties. Rutin's strong
antibacterial action was demonstrated by a study that found that at 1.87 mg/mL and 25 °C, it could
suppress the growth of Staphylococcus aureus by up to 100%. Moreover, rutin has been shown to
amplify the antibacterial properties of other substances, indicating a synergistic potential that may be
helpful in fighting resistant bacterial strains. This is especially important when it comes to methicillin-
resistant Staphylococcus aureus (MRSA), since rutin's capacity to stop bacterial growth may help
develop more potent treatment plans [24-25].

Another flavonoid that is mostly present in citrus fruits, naringin, has likewise shown strong
antibacterial qualities. Studies have demonstrated that naringin is an efficient means of inhibiting the
growth of Staphylococcus aureus, especially in diseases that mirror infections, including osteomyelitis.
Naringin works by perhaps rupturing the membranes surrounding bacterial cells or by blocking
particular metabolic processes, which stops the growth of bacteria. Furthermore, naringin's involvement
in improving the efficacy of other antimicrobial drugs emphasizes its potential as a valuable component
in medicinal formulations against bacterial infections [26-27].

Like naringin, hesperidin is a flavonoid that is present in citrus peels and has been linked to several
health advantages, including antibacterial action. Studies have revealed that hesperidin can suppress
biofilm formation by Staphylococcus aureus, which plays a significant role in the persistence and
resistance of bacterial infections. Hesperidin's capacity to prevent the formation of biofilms implies that
it may be used with other antibiotics to increase their efficacy in treating infections linked to biofilms.
Furthermore, as oxidative stress is known to play a role in bacterial survival and virulence, hesperidin's
antioxidant qualities may also contribute to its antibacterial actions [28-29].

In the antibacterial studies, no inhibition zone was observed, but bacterial inhibition percentages
were measured as 30.04+3.15% and 45.94+4.6% for PCL and PLA, respectively.
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Figure 9
Inhibition of Staphylococcus aureus bacteria in PLA-MIX and PCL-MIX

DISCUSSION AND CONCLUSION

In the study, PLA and PCL electrospun fibers loaded with a flavonoid mixture were analyzed. No
bead formation was observed in both produced fibers, and the fiber mats were produced smoothly.
Dissolution analysis was performed at stomach pH for 3 hours and at intestinal pH for 5 hours, and it
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was observed that the cumulative drug release was above 20% in both environments. In the FE-SEM
images of the PCL-MIX fiber mat, it was observed that the fibers were dispersed, and no bead formation
was observed. The fiber diameters were 800 nm on average. In the FESEM images of the PLA-MIX
fiber mat, it was observed that the fibers were more uniformly placed, and no bead formation was
observed. The fiber diameters were 200 nm on average. In the FT-IR spectra of the PCL-MIX fiber,
PCL, and flavonoids compared, it was observed that the flavonoids peaked in the PCL-MIX fiber mat.
Likewise, in the FT-IR spectra comparing PLA-MIX fiber, PLA, and flavonoids, it was observed that
flavonoids peaked in the PLA-MIX fiber mat. Staphylococcus aureus is a Gram-positive, aerobic, highly
pathogenic bacteria that produces toxins. It is one of the primary microbial food contaminants that cause
a variety of ailments in both humans and animals. The bacterial inhibition percentage in the PCL-MIX
fiber mat was measured as 30.04+3.15%. While the bacterial inhibition percentage in the PLA-MIX
fiber mat was measured as 45.94+4.6%. These results showed that rutin hydrate- hesperidin-naringin-
loaded PLA fiber mats can be used to gather antibacterial surfaces for different applications. While
cumulative release of substances from PCL nanofiber mats is higher than the release of substances from
PLA nanofiber mats, the antibacterial activities of PLA-MIX can cause by nanofiber morphologies and
diameters [30-31].
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Kaptopril ilag etken maddesi incelenmistir. Oncelikle Kaptopril molekiiliiniin molekiiler
yapisini agiga ¢ikarmak i¢in optimizasyon ve frekans hesaplamasi B3LYP fonksiyoneli ve /6-
31+G(d) baz seti kullanilarak gerceklestirilmistir. Molekiiler yap1 kullanilarak Kaptopril
molekiiliiniin *H kimyasal kayma degerleri GIAO metodu ve B3LYP/6-31+G(d) fonksiyoneli
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Anahtar Kelimeler: ve baz seti kullanilarak hesaplanmistir. Kaptopril molekiiliiniin molekiiler yapisi kullamlarak
Kaptopril, alt1 olasi radikal B3LYP/6-31+G(d) metot baz seti kombinasyonu yardimiyla modellenmistir.
Niikleer manyetik rezonans ~ Modellenen olasi radikallere ait Elektron Paramanyetik Rezonans parametreleri (asir1 ince yap1
parametreleri, sabiti ve g degerleri) yine ayn1 metot ve baz seti kombinasyonu kullanilarak hesaplanmustir.
Elektron paramanyetik Boylece Kaptopril molekiiliiniin deneysel radikal calismalart igin gelecekte yapilacak
rezonans parametreleri. arastirmalara yardimci olabilecek parametreler literatiire sunulmugtur.

Calculation of Nuclear Magnetic Resonance and Electron
Paramagnetic Resonance Parameters of Captopril Molecule

Article Info ABSTRACT

In this study, the active ingredient Captopril, which is an ACE inhibitor and used in the
treatment of high blood pressure patients, was examined. First of all, optimization and
frequency calculation were performed using the B3LYP functional and /6-31+G(d) basis set to
reveal the molecular structure of the Captopril molecule. Using the molecular structure, the *H
chemical shift values of the Captopril molecule were calculated using the GIAO method and
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GIRIS (INTRODUCTION)

[laglarin yan etkilerinden ve yeni yeni ortaya ¢ikan viriis ve bakterilerden dolay1 biitiin diinyada
yeni ilaclara ihtiya¢ duyulmaktadir. Bu ihtiyag tiim diinyada yeni ila¢ etken maddelerinin sentezlenmesi
ya da var olan ilag etken maddelerinin gelistirilmesi seklinde uygulanmaktadir. Mevcut ilag etken
maddelerinin gelistirilmesinde bu maddelerin 6zeliklerinin tam olarak bilinmesi Onemlidir.
Spektroskopik ¢aligmalar maddelerin yapilar1 ve diger 6zelliklerini agiga ¢ikarmak icin kullanilan
yontemlerden biridir. Spektroskopik 6zelliklerin dogru belirlenebilmesi i¢in molekiiler yapinin hassas
bir sekilde tespit edilmis olmasi gereklidir. Spektroskopik yontemler ile sadece molekiiler yap: tespiti
yapilmaz ayni zamanda molekiillerin diger 6zellikleri de tespit edilebilir [1-3]. Bir molekiiliin molekiiler
yapis1 spektroskopik yontemler ile ya da teorik hesaplama yontemleri yardimriyla agiga cikarilabilir.
Molekiiler yapiy1 tespit etmek igin kullanilan metotlarinin baginda X-ray spektroskopisi gelmektedir.
Ancak X-ray spektroskopisinin kullanilamadigr molekiiller igin Niikleer Manyetik Rezonans (NMR)
spektroskopisi, Infrared Rezonans spektroskopisi, Raman spektroskopisi gibi spektroskopik
yontemlerden yararlanilir. Molekiiler yapiy1 a¢iga ¢ikarmada kullanilan yaygin bir hesaplama metodu
da Yogunluk Fonksiyonelleri Teorisi (Density Functional Theory,DFT) yontemidir [4-8]. DFT metodu
molekiiler yapiy tespit etmekte basarili oldugu kadar NMR, Infrared ve Raman spektrumlarma ait
parametrelerin hesaplanmasinda da oldukg¢a basarili sonuglar vermektedir.

Bir ilag etken maddesinin reaksiyon mekanizmasinin bilinmesi ilacin nasil etki edecegi ile ilgili
bir fikir olusturur. Reaksiyon mekanizmalari genelde etken maddelerin indirgenme ya da
yiikseltgenmeleri tizerinden gerceklesir. Bir molekiilde eslesmemis elektron(lar) bulunursa bu tiir
yapilara radikal ismi verilir. ilag etken maddesinin indirgenme ya da yiikseltgenme mekanizmasi
sonucunda radikalik yapi olusur. Molekiillerde ki radikalik yapilan tespit etmek ic¢in Elektron
Paramanyetik Rezonans (EPR) spektroskopisi kullanilir.

Bir molekiildeki radikal, EPR parametreleri olan asir1 ince yapi sabiti (hyperfine coupling
constants, hfccs) ve g degerleri yardimiyla deneysel spektrumdan tayin edilebilir. g ve hfccs degerleri
EPR spektrumundan elde edilebilecegi gibi DFT hesaplama metodu ile de basarili bir sekilde
hesaplanabilir. Ilaglar sterilizasyon amagli, bazen de kazara radyasyona maruz kalabilmektedirler. Béyle
bir durumda da ilag icerisinde radikal olusabilir. Radyasyona maruz kalmis bir ilagta radikal olusup
olugmadigini tespit etmek dnemlidir.

Bu calismada ilag etken maddesi olan Kaptopril molekiiliiniin, ki bu molekiil ACE inhibitorii
olarak bilinen yiiksek tansiyon hastaligi ve kalp yetmezligi tedavisi i¢in kullanilir, molekiiler yapisi
NMR parametre hesaplamalar1 (*H kimyasal kayma degerleri) ve olasi radikalleri modellenmistir. [9-
11]. Modellenen olasi radikallere ait EPR parametreleri hesaplanmustir.

MATERYAL VE METOT (MATERIALS AND METHOD)

Kaptopril molekiiliiniin baslangi¢ yapist Gaussian 03 programi kullanilarak olusturuldu [12].
Olusturulan bu baglangi¢ yapist i¢in DFT metodunda B3LYP fonksiyoneli ve 6-31+ G(d) baz seti
yardimiyla optimizasyon-frekans hesabi gerceklestirildi [13-15]. Bdylece Kaptopril molekiiliiniin
molekiiler yapisi agiga ¢ikarildi. Kaptopril molekiiliiniin en kararl yapisi kullanilarak NMR parametresi
olan 'H kimyasal kayma degerleri, DFT metodunda B3LYP/6-31+G(d) fonksiyoneli ve baz seti
yardimiyla hesaplandi. *H kimyasal kayma degerlerinin hesaplamalar1 Tetra Metil Silan molekiilii
referans alimarak DMSO-ds ¢ozeltisi icinde gergeklestirildi. Kaptopril molekiiliiniin hesaplama
sonucunda bulunan en kararli yapisi kullanilarak olasi alti radikal modellenmigtir. Modellenen olasi alti
radikalin g ve hfccs degerleri B3LYP/6-31+G(d) metot-baz seti kombinasyonu ile hesaplanmustir.
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BULGULAR (RESULTS)

Optimizasyon ve frekans hesaplamasi sonucunda bulunan en kararli yapr1 Sekil 1°de
goriilmektedir.

Sekil 1
Kaptopril molekiiliiniin en kararli yapisi

Sekil 1’de gosterilen en kararli yap1 kullanilarak hesaplanan ve literatiirde mevcut olan deneysel
'H kimyasal kayma degerleri Tablo1’de verilmistir.

Tablo 1
Deneysel ve Hesaplanan *H Kimyasal Kayma Degerleri
Teorik Hesaplanan *H kimyasal Deneysel*H kimyasal kayma
kayma degerleri (ppm) degerleri (ppm) [16]

H5-H6 3.43 3.63
H7-H8 1.71 2.03
H9-H10 1.83 2.07
H11 4.37 4.60
H16 2.61 2.44
H18-H19-H20 0.90 1.17
H22-H23 2.33 2.82
H25 1.59 1.53
H28 10.44 9.81

Kaptopril molekiiliiniin en kararli yapis1 kullanilarak modellenen alt1 olas1 radikal Sekil 2’de
verilmigtir. Sekil 2’de verilen alt1 olas1 radikal modellenirken; R1 radikali i¢in 5 numarali H atomu, R2
radikali i¢in 11 numarali H atomu, R3 radikali i¢in 18 numarali H atomu, R4 radikali i¢in 22 numarali
H atomu, R5 radikali i¢in 25 numarali H atomu ve R6 radikali i¢cinde 28 numarali H atomlarimin
Kaptopril molekiiliinden kopmus oldugu dikkate alinmustir.
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Sekil 2
Kaptopril molekiiliintin modellenen olas: radikalleri

Modellenen olasi alt radikale i¢in B3LYP fonksiyoneli ve 631+G(d) baz seti ile hesaplanan g ve
hfccs degerleri Tablo 2’de verilmistir.
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Tablo 2
Modellenen Alti Olast Radikalin Hesaplanan EPR Parametreleri

(Gauss) R1 R2 R3 R4 R5 R6
H5 - 1.6 - 1.7
H6 15.7 - - 1.2
H7 37.4 - -

H8 20.0 - -

H9 - 16.6 -

H10 - 29.6 - 2.8
N12 1.2 -

H16 - - 3.7 34.4 1.2
H19 - - 23.2 -

H20 - - 23.5 -

H22 - - 1.2 - 27.9

H23 - - - 22.9 24.6

H25 - - - 11.2

027 243
Qiso 2.0030 2.0036 2.0027 2.0039 2.1303 2.0074

TARTISMA VE SONUCLAR (DISCUSSION AND CONCLUSIONS)

Kaptopril molekiiliiniin en kararli yapis1 Sekil 1°de verilmistir. Sekil 1°deki yap1 incelediginde
molekiilde azot atomunun bulundugu halkanin diizlemsel olmadig1 goriilmektedir. Ayrica 28 numarali
H atomu ile 14 numarali O atomu arasindaki bag mesafesi 1.709 A. Bu mesafe hidrojen bagi
mertebesindedir. Dolayisiyla molekiilde H28 ile O14 arasinda bir molekiil i¢i hidrojen bagi oldugu
soylenebilir. Kaptopril molekiiliiniin en kararli yapisi kullanilarak hesaplanan *H kimyasal kayma
degerleri Tablo 1 de verilmistir. Tablo 1 incelendiginde 28 numarali H atomunun kimyasal kayma degeri
diger hidrojenlerin kimyasal kayma degerinden biiyliktiir. Bu durum 28 numarali H atomunu hidrojen
bag1 yaptigim gosterir. Deneysel 'H kimyasal kayma degerleri [16] ile hesaplanan degerlerin
birbirleriyle uyumlu oldugu Tablo 1’den goriilmektedir. Spektroskopik ozellikler molekiiler yapiya
bagl oldugundan hesaplama sonucunda elde edilen Sekil 1°deki molekiiler yapinin hesaplamalar igin
kullanilabilecegi anlasilmistir. Sekil 2’deki molekiiler yap1 kullanilarak olusturulan alt1 olas1 radikalin
hesaplanan EPR parametreleri Tablo 2 de verilmistir. R1, R2, R3 ve R4 model radikalleri alkil tipi
radikallerdir. Yani karbon merkezli radikallerdir. R6 model radikali ise Oksijen merkezli alkoksi tipi
radikaldir [17-18]. R1 model radikalinde eslesmemis elektronun H6, H7, H8 atomlan ile etkilestigi
Tablo 2’den gorilmektedir. Buna gore R1 model radikali i¢in eslesmemis elektronun azot atomunun
bulundugu halka iizerinde lokalize oldugu sdylenebilir. R2 model radikali iginse eslesmemis elektronun
H9, H10 ve H5 atomlar ile etkilestigi Tablo 2’den goriilmektedir. R2 model radikalinde de eslesmemis
elektron azot atomunun bulundugu halka da lokalize olmustur. R3 model radikali i¢in eslesmemis
elektron H16, H19, H20, H22 atomlart ile etkilesmistir. Eglesmemis elektronun 6zellikle H19 ve H20
atomlari ile etkilesimi blylktir. Eslesmemis elektron kiikiirt atomunun bagl oldugu C21 karbon atomu
ile C17 karbon atomu arasinda lokalize olmustur. R4 model radikalinde eslesmemis elektron C15
numarali karbon atomu ile S24 numarali kiikiirt atomu arasinda lokalize olmustur. R5 model radikalinde
S24 numarali kiikiirt atomunun bagli oldugu kol iizerinde lokalize olmustur. RS model radikalinin
modellenen R1, R2, R3, R4 radikallerine gore g degeri biiyiik ¢ikmistir. R1, R2, R3 ve R4 model
radikallerinin g degerleri organik molekiillerde olusan radikallerin g degerlerine yakinken RS model
radikalinin g degeri bu aralifa girmemektedir. R6 model radikalinde ise eslesmemis elektron 027 ile
bliytik bir etkilesim gosterirken, H5, H6, H10 ve H16 atomlar ile kiiciik etkilesimler gosterdigi Tablo
2’den goriilmektedir. Yani R6 model radikali i¢in eslesmemis elektron O27 atomu iizerinde lokalizedir.
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R6 model radikali alkoksi tipi bir radikaldir. Yani oksijen merkezli bir radikaldir. Alkoksi tipi
radikallerin g degeri Karbon merkezli bir radikal tipi olan Alkil radikallerinden genelde biiyiiktiir. Bu
hesaplamada alkil tipi radikaller R1, R2, R3 ve R4 model radikalleridir. R6 model radikali igin 27
numarali Oksijen atomunda hfccs degeri Tablo 2 de goriilse de bunun deneysel olarak dlgiilmesi pek
miimkiin degildir. Ciinkii hfccs ¢ekirdek spini sifirdan farkli olan bir ¢cekirdek ile eslesmemis elektronun
etkilesmesinin bir dl¢iisiidiir. Oksijen atomunun ¢ekirdek spini sifirdan farkli olan izotopunun dogada
bulunma olasilig1 % de 0.038 dir. Bundan dolay1 oksijen atomu igin deneysel olarak hfccs 6l¢iimii
yapmak c¢ok zordur.

Bu caligmada tansiyon ilac1 olarak kullanilan Kaptopril molekiiliiniin molekiiler yapis1 DFT
metodu ile ag1ga ¢ikarilmistir. Kaptopril molekiiliiniin *H kimyasal kayma degerleri de yine DFT metodu
yardimiyla hesaplanmistir. Hesaplanan *H kimyasal kayma degerleri ile deneysel degerler birbirleri ile
karsilagtirilmistir. Kaptopril molekiiliiniin en kararli yapist kullanilarak alt1 tane olas1 radikal
modellenmistir. Alt1 radikalin EPR parametreleri olan g ve hfccs degerleri DFT metodu yardimiyla
hesaplanmistir. Boylece Kaptopril molekiiliinde olusabilecek radikallere ait EPR parametreleri literatiire
kazandirilmistir. Hesaplanan EPR parametreleri Kaptopril molekiiliinde olusabilecek radikal ¢aligmalari
icin gelecekte yapilacak deneylere yol gostermis olacaktir.
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Malzemenin katmanlar halinde biriktirilmesi ile yeni bilesenlerin olusturulmasinda en popiiler
yontemlerden biri olan 3B baski basta havacilik ve tip olmak tizere birgok alanda genis bir tiriin
yelpazesi i¢in kullanilmaktadir. 3B bask1 dzellikle termoplastik malzemelere odaklanmakta ve
fonksiyonel dereceli iiriinler kolaylikla firetilebilmektedir. 3B baskida kullanilan {iretim
parametreleri, basilan iirlinlerin mekanik o6zelliklerini 6nemli Olgiide etkileyecek sekilde
degisiklik gosterir. Bu ¢alismada, PLA, PETG ve ABS numuneleri, ASTM standartlarina uygun
olarak yiiksek hizli bir 3D yazic1 kullanilarak basilmustir. Uretilen numunelerin malzeme
ozelliklerini belirlemek amaciyla ¢ekme, sertlik, ylizey piriizliligii ve su emilimi testleri
yapilmistir. Sonuglar, en ¢ok tercih edilen termoplastik malzemelerin (PLA, PETG ve ABS)
karsilastirmali bir analizini sunmakta ve yiiksek hizli baski i¢in bir iiretim kilavuzu gorevi
gormektedir. PETG numuneleri i¢in maksimum gerilme 51,3 MPa olarak bulunurken, PLA igin
bu deger 48 MPa ve ABS numuneleri igin 42,8 MPa olmustur. Ayrica, PETG numunesinin ist
ylizeyinin ortalama sertligi 76 Shore A ile en yiiksek olarak belirlenmis, PLA ve ABS
numuneleri i¢in ise sirasiyla 69 Shore A ve 63 Shore A degerleri gozlemlenmistir. Son olarak,
islem gérmemis haliyle en piiriizli yiizey 9,441 Ra ile ABS numunelerinde elde edilmistir ve
zimparalama iglemleri ile yiizey kalitesinde 6nemli iyilesmeler gozlemlenmistir.

Mechanical Properties of PLA, PETG, and ABS Samples Printed on a High-Speed 3D

Printer

Article Info

ABSTRACT

Received: 16.07.2024
Accepted: 27.09.2024
Published: 30.04.2025

Keywords:

3D Printer,

Functional graded material,
ABS, PLA, PETG.

3D printing, one of the most popular methods for creating new components through the
deposition of material in layers, is used across a wide range of products, particularly in the
aerospace and medical fields. 3D printing focuses especially on thermoplastic materials,
allowing for the easy production of functionally graded products. The manufacturing
parameters used in 3D printing vary, significantly affecting the mechanical properties of the
printed items. In this study, PLA, PETG and ABS samples were printed using a high-speed 3D
printer in accordance with ASTM standards. Tensile, hardness, surface roughness and water
absorption tests were performed to determine the material properties of the produced samples.
The results provide a comparative analysis of the most preferred thermoplastic materials (PLA,
PETG and ABS) and serve as a production guide for high-speed printing. The maximum stress
for PETG specimens was found to be 51.3 MPa, while for PLA it was 48 MPa and for ABS
specimens 42.8 MPa. In addition, the average hardness of the top surface of the PETG sample
was found to be the highest with 76 Shore A, while 69 Shore A and 63 Shore A values were
observed for PLA and ABS samples, respectively. Finally, the roughest surface in the untreated
state was obtained in ABS samples with 9.441 Ra and significant improvements in surface
quality were observed with sanding processes.
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INTRODUCTION

Three-dimensional printing is an innovative manufacturing method that enables the rapid and
cost-effective creation of complex parts by adding layers. [1]. This technology begins with the creation
of a digital model using computer-aided design (CAD) software. This digital model is then transferred
to a 3D printer, enabling the production of 3D objects using different materials. This method is
frequently preferred in various fields such as automotive, aerospace, and biomedical [2] for purposes
such as prototyping, customized products, and R&D [3].

Despite providing many benefits, 3D printing also comes with some disadvantages. Firstly, in
certain industrial applications, the production processes can be longer compared to traditional
manufacturing methods. Considering the time and material required for the production of large parts,
the cost of 3D printing can increase. Additionally, the surface roughness of parts produced by 3D
printing is generally high, which can lead to undesirable results in certain applications. Material options
are sometimes limited, and suitable options may not be available for specific applications. Lastly, the
efficiency of 3D printing for mass production is lower compared to traditional manufacturing methods

[4].

The materials used in this method vary widely based on the needs of the printing process, the
intended use of the final product, and the desired properties. Various types of materials, including
plastics, metal alloys, ceramics, biological materials, and hybrid materials [5], can be used in 3D
printing. Plastics are generally the most commonly used type of material and can be divided into many
subcategories with different properties; these include thermoplastics, thermosets, elastomers, and
biodegradable plastics [6].

Among the most used polymer materials in 3D printing are PLA, PETG, and ABS. These
materials have a wide range of applications in various industrial and personal uses and are frequently
preferred by the 3D printing community [7].

Polylactic acid (PLA) is a thermoplastic monomer typically derived from organic, renewable
sources such as sugarcane or corn starch. PLA is considered an environmentally friendly option as it is
biodegradable and sourced from renewable resources. Some of its many advantages include ease of
production, recyclability, biocompatibility, and minimal or no carcinogenic effects. PLA is frequently
used in both food and medical applications. The absence of smoke or unpleasant odors during printing,
along with its ease of sanding, painting, or other finishing processes, increases its preference for 3D
printing [8].

PETG (Polyethylene Terephthalate Glycol) is a thermoplastic material widely used in various
fields such as 3D printing, packaging, and medical devices. Its advantages include high impact resistance
and flexibility, low shrinkage tendency, chemical resistance, and ease of processing. PETG also offers
high transparency and glossy surface quality, making it aesthetically appealing. Its recyclability is an
environmental benefit. However, it also has disadvantages. PETG tends to soften at high temperatures,
which can limit its performance in certain applications. Additionally, it can be more expensive compared
to some other thermoplastics. Adhesion issues and moisture absorption capacity can also be drawbacks
for some users [9].

ABS (Acrylonitrile Butadiene Styrene) is a widely used thermoplastic favored in various fields
such as automotive parts, toys (e.g., LEGO), electronic housing, and 3D printing. Its advantages include
high impact resistance, rigidity, durability, good heat resistance, and excellent processability. ABS has
good flow properties, allowing to produce complex shapes, and it can be painted and coated, making it
suitable for various aesthetic applications. Additionally, it is relatively cost-effective and available in a
wide range of colors. However, ABS also has disadvantages. It can emit an unpleasant odor during
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production and typically requires high temperatures during 3D printing, which can lead to warping
issues. Moreover, it has low resistance to UV radiation and environmental stress cracking, making it
less ideal for outdoor applications. Furthermore, recycling ABS is more challenging compared to some
other plastics, and it can have a more significant negative environmental impact [10].

Many researchers are conducting studies to optimize the printing process parameters used in the
production of 3D parts. A detailed analysis of the mechanical properties of 3D printed parts helps
manufacturers predict the mechanical behaviour of the printed part; this demonstrates the necessity of
effectively adjusting process parameters to obtain parts of desired quality [2].

This study examined the hardness, surface roughness, tensile strength, and water absorption
properties of ABS, PETG, and PLA 3D printing samples. The tensile properties of the samples were
evaluated using ASTM D638 standard, while water absorption properties were tested by conditioning
in pure water at 25%, 50%, 75%, and 100% saturation levels followed by mass measurements. Surface
roughness analysis was conducted by abrading the samples with three different sandpapers (220, 400,
and 800 grit) and then measuring with the Surface Roughness Tester TR200 device. Hardness tests were
performed using the Shore D version of the Shore NOVOTEST TS-A device, suitable for thermoplastic
materials and compliant with ASTM D2240 standard.

MATERIALS AND METHODS
Supply of 3D Printer and Materials

The 3D printer used in the study is shown in Figure 1.

Figure 1
Creality brand 3D printer (while printing tensile specimens with PLA filament material)

After conducting the research, PETG filament was purchased from Elas 3D, PLA filament from
Microzey, and ABS filament from Porimo. All filaments have a diameter of 1.75 mm and are in 1 kg
spools. The specifications provided by the companies for the purchased filaments are detailed in Table
1.
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Table 1

Properties of materials used in 3D printing
Print Specifications PLA PETG ABS
Extrusion Temperature (°C) 190-230 230-250 220-260
Bed Platform Temperature (°C) 25-80 60-80 80-110
Density (g/cm?) 124 1.32 1.04
Recycling Yes Yes Yes
Biodegradability Yes No No
Smoke Toxicity Low Low Medium

Additionally, 5 liters of distilled water and three different types of sandpaper (220, 400, and 800
grit) were purchased for use in the tests.

Production of 3D Parts

As part of the project, sample sizes were determined in accordance with relevant ASTM standards
or literature. The geometry of the samples was modeled using SolidWorks and saved in STL format.
Subsequently, the models were simulated for 3D printing and necessary parameters were adjusted using
Creality Print software (Figure 2).
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Figure 2
Interface used when setting printing parameters with Creality Print software

The basic parameters used for printing the parts are provided in Table 2.

Table 2

Basic printing parameters of 3D parts
Process Parameters PLA PETG ABS
Layer Thickness (mm) 0,2 0.2 0.2
Initial Layer Thickness (mm) 0.2 0.2 0.2
Number of Wall Lines 2 2 2
Number of Upper and Lower Lines 4 4 4
Raster Angle 45°/-45° 45°/-45° 45°/-45°
Filling Pattern Triangles Triangles Triangles
Filling Speed (mm/s) 300 300 300
Printing Temperature (°C) 230 250 260
Nozzle Diameter (mm) 0.4 0.4 0.4
Room Temperature (°C) 25+1 25+1 25+1
Relative Humidity (%RH) 5045 50+5 50+5

Tensile Test

The samples designed in SolidWorks program for determining tensile strength in accordance with

ASTM D638 standard geometry are shown in Figure 3.



Mechanical properties of PLA, PETG, and ABS samples printed on a high-speed 3D printer

115.00

6,00

19.00

Figure 3
Geometry of specimens used in tensile tests

The tensile specimens designed in SolidWorks were saved in STL format, edited using Creality
Print software, and transferred to the printer (Figure 4).

Figure 4
Preparation of tensile samples for printing in Creality Print software

The produced samples (Figure 5) were tested using the Shimadzu Tensile Testing Machine
located in the Mechanical Laboratory of Necmettin Erbakan University, Department of Mechanical
Engineering.

Figure 5
Tensile samples produced by 3D printer (yellow colour ABS filament material, black colour PETG filament

material)
Hardness Test

To determine the hardness of the materials, the Shore Durometer NOVOTEST TS-A device was
used (Figure 6). This testing device is typically used to measure the hardness of elastomers, rubber,
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plastics, and other soft materials. It operates using the Shore A scale, which measures how much
deformation a material undergoes under a specified pressure applied to its surface [11].

Figure 6
a) Shore Durometer NOVOTEST TS-A hardness tester, b) zeroing the load scale

Surface Rouhgness

To enhance the aesthetic appearance of 3D parts, various surface treatments such as sanding,
filling, painting, or chemical processes are employed. Therefore, the response of filament materials to
sanding is crucial. In this project, samples made from three different materials (PLA, PETG, and ABS)
were sanded at three different grades (220, 400, and 800 grit) to investigate surface quality. The sanding
process progressed stepwise to higher grits; for example, 220 and 400 grit sanding were performed
before using 800 grit sandpaper. Sanding was conducted in a wet environment and continued in one
direction until the marks underneath disappeared (Figure 7).

54 aP

P

Figure 7
Gradual sanding of the samples in aqueous medium

The Surface Roughness Tester TR200 was used to determine the surface roughness of the samples
(Figure 8). Surface roughness was measured in two different angular directions, 0° and 90°, and
expressed as the arithmetic average value known as Ra.
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Figure 8
Surface roughness tester TR200

Water Absorption Behaviour

As part of the study, cubic parts measuring 3x3x3 cm were produced at 25%, 50%, 75%, and
100% infill densities using three different filament materials (PLA, PETG, and ABS) (Figure 9).

Figure 9
PETG (top), PLA (middle) and ABS (bottom) filament material specimens of different fillings produced to

determine water absorption behavior
These parts were fully immersed in distilled water and regular daily mass measurements were
taken (Figure 10).

Figure 10
Weighing the samples by keeping them in pure water
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Thus, the aim was to determine both the water absorption levels of the samples based on infill
density and filament material, as well as any dimensional changes that may occur over time.

RESULTS

The results of the study conducted in the project were analyzed in four parts: tensile test analyses,
hardness test analyses, surface roughness analyses, and water absorption behavior analyses.

Tensile Test Analyses

The samples were tested using the Shimadzu Tensile Testing Machine according to ASTM D638
standard, at a crosshead speed of 5 mm/min, at 23°C room temperature, and with 5 repetitions. The data
obtained from the tests were analyzed using Excel software and shown in Figure 11. Upon examining
the graph, it is observed that in terms of the slope in the elastic region, PLA filament material has the
highest modulus of elasticity, while PETG material has the lowest modulus. Additionally, the area under
the curves represents the energy required to fracture the material, indicating its toughness. In this
context, PETG material exhibits the highest toughness, whereas PLA material shows the lowest
toughness.

60
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Figure 11
Stress strain graph

The equations used in the calculations are as follows:
o=F/A (Equation 1)

Here, o represents the stress value; F denotes the tensile force obtained by the testing machine. A
represents the cross-sectional area (4x6=24mm?) of the tensile specimen.

€=(AL/L0).100..............cceienn. (Equation 2)

Here, € represents the percentage elongation (% strain), AL denotes the amount of elongation that
occurred, and LO represents the initial gauge length.

E=0/€.ciciiiiiiiiiiiiiiiiiiii, (Equation 3)

Here, E represents the slope of the linear region of the stress-strain diagram, which is the elastic
modulus.

foek OodE oo (Equation 4)
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The value obtained from Equation 4 represents the area under the stress-strain curve, indicating
the toughness of the specimen. The results of the calculations and analyses are comprehensively
presented in Table 3.

Table 3

Mechanical properties of specimens
Mechanical Properties PLA PETG ABS
Elastic Modulus (MPa) 1346.4+20 905.6+10 1030.0+15
Max. Stress (MPa) 48.0+2 51.3+2 42.8+1
Max. Strain (%) 5.22+40.1 9.65+0.1 8.36+0.1
Toughness (kJ/m?) 159.2+5 334.448 256.7+7

When examining Table 3, the maximum tensile strength is achieved in PETG samples up to 51.3
MPa, while PLA and ABS samples yielded 48 MPa and 42.8 MPa, respectively. Additionally, the elastic
modulus, an important parameter in material characterization, was highest in PLA samples at 1346.4
MPa, followed by PETG at 905.6 MPa and ABS at 1030 MPa.

The differences in tensile properties between PLA, PETG and ABS materials are related to their
molecular structure and thermal behaviour. Although PLA offers high tensile strength, it lacks flexibility
due to its crystalline structure, which can cause the material to be brittle under stress. PETG is a PET
copolymer that combines the stiffness of PLA with improved flexibility and impact resistance. Its
molecular structure provides better adhesion between layers during 3D printing, increasing the overall
durability of the material. On the other hand, ABS allows more deformation thanks to its more
amorphous structure, making it a suitable option for applications subjected to high mechanical stress or
impacts [12,13]. The data obtained in this context are consistent with the findings obtained from other
studies in the literature [14].

Hardness Test Analyses

The hardness tests were conducted using the Shore Durometer NOVOTEST TS-A device, with
repeated tests at 5 different points on each sample. The test samples were at 100% infill, and both the
top and side surfaces of the samples were tested. The data obtained from the tests are presented in Table
4,

Table 4
Hardness analysis of the samples (Unit: Shore A - 50 Shore A medium hardness, 30 Shore A softer flexible
material, 90 Shore A hard plastic)

PLA- Top PLA- Side PETG- Top PETG- Side ABS- Top ABS- Side
72 50 77 66 64 72
68 46 87 52 63 73
68 53 79 56 62 65
67 48 62 64 63 75
70 51 75 61 64 74

When examining Table 4, differences in hardness values between the top and side surfaces of the
samples can be observed. The average hardness on the top surface of the PETG sample reaches the
highest value at 76 Shore A, whereas for PLA and ABS samples, it is calculated as 69 Shore A and 63
Shore A, respectively. In terms of side surfaces, the highest hardness is obtained in the ABS sample with
an average value of 72 Shore A, while for PLA and PETG samples, values of 50 Shore A and 60 Shore
A, respectively, are calculated. In light of all this data, it is evident that all examined samples are
moderately hard polymer samples, with no significant characteristic differences among the values.

PLA has a more brittle structure compared to other materials, with relatively low tensile strength

169



Journal of Science and Engineering

and impact resistance. Its rigid and crystalline structure can show brittleness without allowing significant
deformation and therefore its stiffness is lower. ABS, on the other hand, is known for its high strength
and durability as a petroleum-based thermoplastic. It has high impact strength, can withstand higher
temperatures and provides higher elongation at break than PLA, making it more resistant to bending and
deformation and increasing its stiffness. PETG is a thermoplastic that combines the advantages of PLA
and ABS. Offering moderate tensile strength, PETG excels in impact resistance and layer adhesion.
Thanks to its ability to withstand deformation without cracking, PETG's stiffness is higher than that of
PLA, making it a suitable choice for applications requiring both strength and flexibility [15]. As a result,
hardness differences between these materials are due to the unique components and mechanical
properties of each material. Furthermore, variable parameters in 3D printing processes can lead to
variations in these hardness properties [16].

Surface Roughness Analyses

Surface roughness was measured in two different angular directions, 0° and 90°, using the Surface
roughness tester TR200, and expressed as the arithmetic average value of the surface roughness
parameter Ra. The obtained data are presented in Table 5.

Table 5
Surface roughness values of the samples (Unit Ra)
Side Side  220grid 220grid 400grid 400grid 800grid o0
Top . . grid
Surface  Surface top side top side top .
Surface side
0°) (90°) surface  surface surface surface Surface surface

PLA 6.603 0.502 11.207 2.195 1.338 1.623 1.173 1.054 0.654
PETG  6.166 0.645 11.506 1.828 1.323 1.148 1.146 0.687 0.763
ABS 9.441 0.792 11.519 2.865 1.222 2.005 0.995 1.363 0.861

When Table 5 is analysed, it is seen that there are differences in surface roughness depending on
the material and printing wool. According to the data, it is seen that the roughest top surface is obtained
in ABS specimens with 9.441 Ra in the untreated state. On the side surfaces, the surface roughness
varies considerably depending on the printing direction and the material difference does not create a
characteristic. In addition, the surface quality is greatly improved with the sanding processes and the
values are very close to each other in the last step.

Studies show that the surface roughness of PLA is approximately 7% less than PETG and 50%
less than ABS. This smoothness is attributed to its low tendency to deform during printing and excellent
layer adhesion [17]. However, it is stated that the surface quality decreases with the increase of the
printing speed and PLA samples have the highest decrease among the specified materials [18]. ABS
typically results in the roughest surface finish of these materials. Surface roughness is affected by factors
such as warping and delamination during high-speed printing. The inherent brittleness of ABS leads to
more pronounced layer lines and imperfections compared to PLA and PETG [19].

Water Absorption Analysis of 3D Parts

The samples produced from PLA, PETG and ABS filament materials with 25%, 50%, 75% and
100% filling were kept in pure water and weighed every day. Thus, it was possible to analyses the
relationship between the water absorption of the specimens and the material and occupancy. The data
obtained as a result of the measurements are given in Table 6.

When examining Table 6, it is observed that the material that absorbs the most water is the PLA
filament. Additionally, the mass percentage change increases with the increase in void content and the
filling of these voids with water. When comparing the samples with full infill, the changes in the masses
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of PLA, PETG, and ABS samples after 30 days of conditioning were calculated as 1.04%, 0.3%, and
0.96%, respectively.

PLA has a high-water absorption capacity over time due to its organic structure and hygroscopic
properties, which causes the material to show significant changes as it encounters water. PETG, on the

Table 6
Changes in the masses of the samples produced with PLA, PETG and ABS filament material at 4 different filling
levels (25%, 50%, 75% and 100%) after standing in water - A:PLA, B:PETG and C:ABS (values in grams)

DAYS Al100 A75 AS0 A25 Bl100 B75 B50 B25 Cl100 C75 C50 C25
1 965 801 6.08 414 994 823 637 458 833 736 593 431
2 968 805 6.09 417 994 823 638 461 835 737 595 432
3 969 806 611 429 995 824 639 462 836 739 595 432
4 969 808 616 434 995 825 641 468 836 739 595 433
5 970 810 6.21 439 995 826 642 474 837 739 595 433
6
7
8
9

9.70 811 6.22 439 995 827 643 474 837 739 596 434
9.70 812 6.22 439 995 827 643 474 837 739 596 434
971 812 622 439 995 827 643 475 838 739 596 4.34
972 813 622 439 996 827 643 475 838 740 597 434

10 972 813 622 439 996 827 643 475 838 740 597 434
11 972 814 622 439 996 827 643 476 838 740 597 434
12 972 814 622 439 996 827 643 476 839 740 597 435
13 972 814 622 439 996 827 643 476 839 740 597 435
14 972 815 6.22 439 996 827 643 476 839 741 597 435
15 9.73 815 6.23 439 996 827 643 477 839 741 597 435
16 973 815 625 439 996 828 643 478 839 741 597 435
17 973 815 625 439 997 828 643 478 839 741 597 435
18 973 815 625 439 997 828 643 479 840 741 597 435
19 973 815 6.26 439 997 828 643 479 840 742 597 435
20 9.74 815 6.26 439 997 828 643 480 840 742 597 435
21 9.74 816 6.27 439 997 828 643 480 840 742 598 435
22 9.74 816 6.27 439 997 828 643 480 840 742 598 435
23 9.74 816 6.28 439 997 828 643 480 840 742 598 435
24 9.74 817 6.28 439 997 829 643 480 840 742 598 435
25 9.74 817 629 439 997 829 643 480 841 742 598 435
26 9.75 817 629 439 997 829 643 480 841 743 598 435
27 9.75 818 630 439 997 829 643 480 841 743 598 435
28 9.75 818 630 439 997 829 643 480 841 743 598 435
29 9.75 818 631 439 997 829 643 480 841 743 598 435
30 9.75 818 631 439 997 829 643 480 841 743 598 435

Increase (%) 1.04 212 378 6.04 030 073 094 480 096 0.95 0.84 0.93

other hand, exhibits moderate water absorption and provides better structural integrity than PLA when
in contact with moisture. ABS has the lowest water absorption rate of the three materials and is therefore
less susceptible to degradation from moisture; however, it can still be affected by high humidity
environments [20].

Considering the obtained data, it is understood that the water absorption amounts of the samples
are quite limited and negligible. Furthermore, the obtained data are consistent with other studies in the
literature. Thus, it was possible to analyses the relationship between the water absorption of the
specimens and the material and occupancy [21].

DISCUSSION AND CONCLUSIONS

In this study, samples were produced and experiments were conducted in accordance with ASTM
standards to examine the hardness, surface roughness, tensile strength, and water absorption properties
of ABS, PETG, and PLA 3D printed samples. The main results are as follows:
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e Asaresult of the tensile tests, the maximum stress was obtained in PETG samples with 51.3
MPa, while it was 48 MPa and 42.8 MPa in PLA and ABS samples, respectively.
Additionally, the modulus of elasticity, which is an important parameter in material
characteristics, was highest in PLA samples with 1346.4 MPa, and in PETG and ABS
samples, it was 905.6 MPa and 1030 MPa, respectively.

e The average hardness on the top surface of the PETG sample was the highest with 76 Shore
A, while it was 69 Shore A and 63 Shore A for PLA and ABS samples, respectively.
Considering the obtained data, it is understood that all the examined samples are medium-
hardness polymer samples.

o Differences in surface roughness were observed depending on the type of material and the
printing direction. According to the data, the roughest top surface, in its untreated state, was
obtained in ABS samples with 9.441 Ra. For the side surfaces, surface roughness varied
significantly depending on the printing direction, and the sanding processes greatly
improved the surface quality, bringing the values quite close to each other in the final step.

It was determined that the material absorbing the most water was the PLA filament. Additionally,
the mass percentage change increased with the increase in void content and the filling of these voids
with water. When comparing the samples with full infill, the changes in the masses of PLA, PETG, and
ABS samples after 30 days of conditioning were calculated as 1.04%, 0.3%, and 0.96%, respectively.
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Makale Bilgisi OZET

Gida endiistrisinde giiniimiizde taze, uzun raf omriine sahip, koruyucu katkilar igermeyen,
giivenilir, kaliteli gidaya olan talepte bir artig s6z konusudur. Bu sebeple, son yillarda gelisen
teknolojiyle birlikte 1s1l islem uygulamalar1 yayginlagmistir. Bununla birlikte, geleneksel 1s1l
islem uygulamalar {iriinde bilesik kayiplarina, tazelik, tekstiir ve verimin azalmasina sebep
olabilmektedir. Ayn1 zamanda 1stya duyarl olan gidalarda renk ve tat kayiplarina da sebep
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Anahtar Kelimeler: olabilmektedir. Bu sorunlari ortadan kaldirmak ve kaliteli, iyi 6zelliklere sahip {iriin elde
Ultrason, edebilmek i¢in yeni 1si1l olmayan teknolojiler iyi bir alternatif olmaktadir. Yiiksek basing,
Gida teknolojisi, darbeli elektrik alanlar1, manyetik alan ve ultrason gibi uygulamalari i¢eren bu yeni teknoloji
Yeni gida prosesleri. sayesinde ¢evre dostu, yesil, kaliteli, uygun maliyetli bir {iriin elde ederek, tiiketicinin

beklentisinin karsilanmasini saglanmaktadir. Bu uygulamalar arasindan ultrason, kirletici
olarak kabul edilmeyen bir akustik enerji tliriidlir. Ayn1 zamanda ultrason tekniginin
ontimiizdeki yillarda farkli gida teknolojilerinde isleme alanlarinda da kullanilabilecegi
ongoriilmektedir. Bu ¢aligmada gida endiistrisinde ultrason uygulamalarinin geleneksel ve yeni
teknolojilerle kombine kullanimlar1 derlenmistir.

Possibilities of Combining Ultrasound Processing with Different Food Processes

Article Info ABSTRACT

The food industry has a growing demand for fresh, reliable, long-shelf-life, high-quality, and
preservative-free food. In response to this, heat treatment applications have become widespread
as a consequence of recent advances in technology. Traditional heat treatment methods,
however, may result in compound losses in the product as well as a decline in yield, freshness,
and texture. It can also cause color and taste loss in foods that are sensitive to heat. New non-
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effective product. Among these applications, ultrasound is a type of acoustic energy that is not
considered a pollutant. At the same time, it is anticipated that the ultrasound technique will be
used in processing areas in different food technologies in the coming years. In this study,
ultrasound applications in the food industry and their combined use with traditional or emerging
technologies were tried to be examined.
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Fen ve Miihendislik Bilimleri Dergisi

GIRIS (INTRODUCTION)

Giliniimiizde tiiketicilerin taze veya taze benzeri gidalarin, raf émriiniin uzatilmasina yonelik
talebin artmasi nedeniyle aragtirmacilar minimal gida isleme tekniklerine ilgi duymaktadir [1]. Bugiine
kadar 1s1 uygulamasi, mikroorganizmalar1 6ldiirme ve enzimleri etkisiz hale getirme yeteneginden
dolay1 gida islemede en yaygin kullanilan yontemdir. Ayrica son yillarda yasanan énemli teknolojik
gelismeler ve kullanilan ekipmanlarin  yOnetiminin  kolaylagsmast 1s1l islemin kullanimini
yayginlagtirmistir. Bununla birlikte, 1s1l islem 6zellikle agir kosullar altinda organoleptik 6zellikleri
bozan ve bazi besin maddelerinin igerigini veya biyoyararliligini azaltan kimyasal ve fiziksel
degisikliklere neden olabilir [2].

Isil isleme uygun olmayan, viral veya bakteriyel kaynakli gida zehirlenmelerine duyarli fazla
saylda gida maddesi vardir. Dolayistyla bu gida maddeleri 1s1l isleme maruz kaldiginda tat, renk ve doku
degisiklikleri dahil olmak iizere kimyasal, fiziksel ve mikrobiyal diizeyde degisikliklere
ugrayabilmektedir. Bu, teknolojilerin optimize edilmesi ve yaratici ve etkili alternatif tekniklerin
gelistirilmesi i¢in genis kapsamli arastirma ve gelistirme talebine yol agmaktadir [3]. Bu anlamda,
giliniimiizde gidalarin raf 6miirlerinin uzatilmasinda faydalanilan, sadece yiiksek kalitedeki gidalari elde
etmek icin degil, ayn1 zamanda islevsel olarak da gelistirilmis gidalar1 saglamak icin yiiksek basing,
vurgulu elektrik ve manyetik alan gibi yeni teknolojilere yonelmistir. Ortaya ¢ikan bu teknolojilerde son
zamanlarda ultrason yontemine artan bir ilgi s6z konusudur [4].

Ultrason, bir yayilma ortaminda salinan molekiiler hareketlerden kaynaklanan mekanik ses
dalgalarindan olusur [5]. Ultrason, insan kulaginin (1618 kHz) duyulabildigi maksimum frekanstan daha
yiiksek bir frekansta kat1 veya akigkan iginde bir mekanik titresim enerjisidir [1]. Bu titresimler, ses
kaynag1 ad1 verilen ve ortamin mekanik 6zellikleri sayesinde hareketini komsu parcaciklara ileten belirli
bir nesne tarafindan iiretilir. Salinim bagladiginda, parcaciklar hareketlerini komsu parcaciklara iletir ve
bu pargaciklar da hareketlerini digerlerine ileterek basingta yerel bir degisime sebep olur; bu nedenle
basit bir titresim hareketi, bir ses dalgas1 veya akustik dalga iiretmek i¢in mekanik olarak yayilir.

Mekanik dalgalardan olusan ultrason, bir ortamda parcaciklarin degil enerjinin aktarimi yoluyla
yayilir; ikincisi aslinda enerjinin bir pargaciktan digerine aktarilmasiyla kendi denge konumu etrafinda
salinir. Salinim, ortamda ¢esitli yonlerde yayilir ve bu nedenle boyuna dalgalar ve enine dalgalar olarak
ayrilir [6]. Boyuna dalgalarda pargaciklarin iletim ortamindaki salinim hareketi yayilma yoniine paralel,
enine dalgalarda ise hareket diktir. Boyuna (veya sikistirma) dalgalar herhangi bir ortamda yayilirken,
enine dalgalar yalnizca kat1 ortamda yayilir [7].

Gida isleme uygulamalarinda ultrasonla olusan kavitasyon (sivi igerinde olusan kabarciklarin
biliytimesi ve ice dogru sonmesi ile yliksek siddetle patlamas1 olay1) 6nemlidir. Stvi molekiillerin hizl
hareketi, diisiik basinghi bir kabarcikla biten bir girdap olusturmaktadir. Sonikasyona tabi tutulan
stvilardaki molekdillerin hizli hareketi nedeniyle bu tiir binlerce kabarcik olusur. Bu kabarciklar,
kavitasyon ve artan kiitle transferi, sonikasyon tarafindan olusturulan hedefleri etkilemektedir [8].

Ultrason kullanimi diisiik gii¢lii ultrason ve yiiksek giiclii ultrason olmak iizere iki farkli grupta
incelenmektedir. Diisiik enerjili ultrason uygulamalari, 1 Wcm™?nin altindaki yogunluklarda 100
kHz'den yiiksek frekanslarin kullanimini igerir. Diisiik yogunluklu ultrason o kadar ufak bir gii¢ seviyesi
kullanir ki, ultrasonik dalgalar, dalganin i¢cinden gectigi malzemenin 6zelliklerinde higbir kimyasal veya
fiziksel degisiklige sebep olmaz, yani genellikle tahribatsizdir. Gida siireglerinin miidahalesiz
izlenmesinde basartyla kullanilirlar. Diisiik yogunluklu ultrasonun gida endiistrisindeki en yaygin
uygulamasi, gidalarin bilesimi, yapisi ve fiziksel durumu gibi fizikokimyasal 6zellikleri hakkinda bilgi
veren analitik bir tekniktir [8,9].

Ultrasonun uygulamalarinin geleneksel analitik tekniklere gore avantajlar1 vardir ¢linki 6lgtimler
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hizlidir, tahribatsizdir, hassastir, tam otomatiktir. Yiiksek enerjili grup ise 18 ilel100 kHz arasindaki
frekanslarda 1 W-cm-2'den (tipik olarak 10-1000 Wcm? arahginda) daha yiiksek mertebedeki
yogunluklarda kullanan ultrasondur. Bu aralikta bulunan ultrasonik dalgalar mekanik, kimyasal veya
fiziksel etkileri malzeme 6zelliklerini degistirme 6zelligine sahiptir (6rnegin, fiziksel bozulma, belirli
kimyasal reaksiyonlarin hizlanmasi). Yiiksek enerjili ultrason, emiilsiyonlar olusturmak, hiicreleri
parcalamak ve toplanmis malzemeleri dagitmak i¢in uzun yillardan beri kullanilmaktadir. Daha yakin
zamanlarda, gelecekteki gelisim igin daha biiyiik potansiyele sahip c¢esitli alanlar belirlenmistir;
kristalizasyon islemlerinin modifikasyonu ve kontrolii, sivi gidalarin gazinin alinmasi, enzimlerin
inaktivasyonu, gelistirilmis kurutma ve filtreleme ve oksidasyon reaksiyonlarinin baglatilmasi gibi
ornekler verilebilir [9].

ULTRASONUN UYGULAMA  ALANLARI  (APPLICATION AREAS OF
ULTRASOUND)

Ultrason, gida islemede ekstraksiyon, kurutma, filtrasyon, emiilsifikasyon, rehidrasyon vb. gibi
cesitli islemler i¢in kullanilabilir.

Filtrasyon (Filtration)

Farkli gida {initesi operasyonlartyla kullanildiginda ultrasonun prosesleri iyilestirdigi
bulunmustur. Filtrasyon, katilarin ana likor veya sivi isleme yoluyla verimli bir sekilde ayrilmasi igin
etkili bir yontem olarak uzun siiredir kullanilmaktadir. Ana proses maddesi olarak membran yiizeyinin
tizerinde biriken filtratlar veya kek filtre nedeniyle olusan konsantrasyonda kirlenme veya
polarizasyonla ilgili zorluklar olusmaktadir. Bu sorun filtreleme verimliliginde azalmaya sebep
olmustur. Ultrason enerjisi bu sebeple bu tiir bir soruna karsi bagarilidir [10].

Filtrasyon islemi sirasinda ultrason islemi uygulandiginda, membran katmaninin iizerinde tutucu
katmanlarin birikmesi meydana gelir ve bu da polarizasyona neden olur. Konsantrasyonu bozulur, ancak
icsel membran gecirgenligi bozulmadan kalir. Bunlar akisin artmasina ve direngli akisin azalmasina
sebep olur [11]. Filtrelerle birlestirilen ultrason, membranin topaklanmasini ve tikanmasini 6nleyerek
filtrenin 6mriinii uzatir ve filtre yiizeyi ¢cevresinde boslugun devam etmesini saglar. Ultrason yonteminin
tek basina uygulanmasi yerine membran filtre ile uygulanan ultrasonda daha etkili oldugu
gozlemlenmistir [12].

Kurutma (Dehydration)

Gida maddelerinin kurutulmas, iirlinii stabil hale getirmek i¢in en ¢ok kullanilan ve umut verici
yontemdir. Geleneksel kurutma teknikleri, biiziilme, renk bozulmasi ve vitaminlerin oksidasyonu gibi
olumsuz etkilere sebep olur. Ek olarak, artan enerji maliyetleri, azalan besin kayiplar1 ile artan kalite
gereksinimleri ve olumsuz cevresel etkiler, modern gida kurutma teknolojilerinin gelistirilmesine olan
ilginin artmasina neden olmustur [13,14].

Ultrason kullanimi ¢ok fazla sicaklik degisimine neden olmadan kurutma islemini hizlandirir.
Yiiksek enerjili ultrason kullanilarak kiitle tagima kinetiginin artirilabilecegi one siiriilmiistiir. Ayrica
ultrason, sinir katmanini azaltabilir ve boylece kurutma islemi icin gereken kiitle transferine karsi
direngte bir azalmaya neden olabilir [15].

Yapilan bir arastirmaya gore {iziim ve eriklerin konvektif kurutma asamasindan 6nce ses dalgalar
ile 6n kurutmanin, {irliniin niteligini iyilestirmenin yani sira, dehidrasyon miktarini ve kuruma kinetigini
arttirdigin belirtilmistir. Ultrasonun, kiitle transferini arttirmasi nedeniyle kurutma sayisini1 azaltmada
etkili oldugu da kanitlanmistir. Dolayisiyla giic kullammini azaltarak etkili kurutma aym
zamanda nemin yayilimini da arttirmaktadir [5].
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Ekstraksiyon (Extraction)

Ultrason destekli ekstraksiyon (UAE) ve enzim destekli ekstraksiyon (EAE) gibi yeni teknikler
geleneksel ekstraksiyon uygulamasindan daha verimlidir. Yiiksek miktarlarda polisakkarit tiretebilirken
ayn1 zamanda ¢evre dostudur ve geleneksel tekniklere ideal alternatifler olarak ortaya ¢ikmaktadir [12].
Ultrasonla gelistirilmis ekstraksiyon genellikle nispeten diisiik bir sicaklikta gergeklestirilir. Biyoaktif
ve biyoaktif olmayan bilesenler ve termal olarak bozulabilen diger bilesenlere gelince, ekstraksiyon
sirasinda biyoaktivitelerini ve degerlerini korumak i¢in diisiik bir sicaklik faydalidir [1].

Kesme (Cutting)

Yiiksek dogruluk, miilkemmel kesim ylizeyleri, daha az miktarda bulagma, diisiik {iriin kayb1, daha
az deformasyon, kirilgan {iriinler i¢in daha az pargalanma egilimi ve yapiskan veya kirillgan gidalar
isleme yetenegi ile gelismis kalitede gida kesme islemlerine yonelik artan talep nedeniyle, ultrasonik
kesim giderek daha énemli hale gelmektedir [5,16].

Ultrasonik kesme, iiriiniin kesme verimliligini ve kalitesini artirmak i¢in geleneksel bicak hareketi
ile st liste gelen ultrasonun titresim enerjisini kullanan boyut kiigiiltme iglemidir. Ultrasonik kesme
teknolojisi agirlikli olarak peynir, unlu mamuller ve sekerleme {iriinleri ile piirlizsiiz dokuya sahip
gidalar i¢in uygulanmaktadir. Ultrasonik olarak kesilen gida, kontrole kiyasla numunelerin parlak ve
pliriizsiiz bir yiizey goriiniimii sergilemektedir [17].

Emiilsifikasyon (Emulsification)

Dispersiyonlar ve emiilsiyonlar genellikle stabilizasyon amaciyla ylizey aktif maddeler
igerir. Yiizey aktif maddeler, dagilmis maddenin sivi faz i¢inde toplanmasi siiresini geciktirir. Boylece
ylizey aktif maddeler, her pargacigin etrafinda ek bir katman olusturur. Her ne kadar benzer yiizey aktif
maddeler bliylik Ol¢lide stabilize edilmis olsa da sivi asamalarin iginde asili duran gaz halindeki
kabarcig1 kapsiiller. Bu sekilde tiiketilen siirfaktan, hatali partikiil boyutu 6l¢iimlerinin elde edilmesiyle
emiilsiyon veya dispersiyon kalitesi diiger [18].

Ultrason cihazlari, sistemdeki hava kabarciklarinin olugmasi ve ¢okmesi anlamina gelen akustik
kavitasyon {retebilir. Hava kabarciklarimin ¢okmesi, kimyasal reaksiyonlari tesvik eden reaktif
radikallerin salinmasini kolaylastirabilir [19,20]. Birbiri i¢inde karismayan sivilar arasindaki kavitasyon
kabarcigmin temas ylizeyi diizlemince ¢okmesi, daha diisiik enerjide de olsa daha yiiksek kararli bir
emiilsiyon olusturur [21,22].

Ayrilma (Seperation)

Bu yontem, parcacik ayirmayla ilgili yeni bir prensibe dayanmaktadir; ultrason dalgalarinda (<30
kHz) diisiik frekansli bir emiilsiyona uygulanan enerjideki artis, karisimi su ve yag boliimlerine ayirmak
icin kullanilmaktadir [23,24]. Siit {irlinleri alaninda, protein toplama/bdlme igin kullanilan dokularin
temizlenmesi, zarin gozenekliligini ve farklilagsmasimi korumak ve bakteriyolojik kirlilik tehlikesini
azaltmak ve uygun iriinler iretmek igin bitkinin dogal boyutlarina geri dondiiriilmesi agisindan ¢ok
onemli bir prosediirdiir [25].

Yapilan aragtirmalara gore ultrasonik destekli ayirma (UAS) yontemi geleneksel ayirma
yontemleriyle karsilastirildiginda bugday ununun fiziksel olarak ayrilmasi i¢in yeni bir yol sagladigi
gozlemlenmistir. Bugday unu iiretiminde 6zellikle hammadde ve su kaynaklarina iliskin kaynak israfini
azaltmak amaciyla, bu ¢evre dostu ve verimli ayirma yontemi iyi bir alternatif yontem olmustur [26].

Rehidrasyon (Rehydration)

Muhafaza i¢in kurutulan gida maddeleri, kullanimdan once 1lik sivilara daldirilarak rehidre edilir.
Rehidrasyon siireci, geri kazanilan 6zelliklerle islev yenilenmesine yonelik 6gelerin belirlenmesine
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yardimci olur. Rehidrasyon yontemi yaklasik 3 ardisik prosediirden olusur: suyun emilmesi, {irliniin
stiziilerek sigsmesi ve ¢oziiniir katilardir [27]. Bu, dehidrasyon siirecinin neden oldugu herhangi bir hasar
veya bozulmanin bir gostergesi olarak kullanilir [28]. Rehidrasyon seviyesinin, dehidrasyon sebebiyle
gida maddesinin igindeki yap1 veya hiicre hasar1 diizeyinin 6nemli dlglide degistigi belgelenmistir.
Boylece iiriin 6zelliklerini arttiran biizlilmeyi azaltmak icin rehidrasyon isleminden 6nce 6n islem

uygulanarak ve verimli bir optimizasyon saglanmistir [29].

Yapilan bir arastirmada kurutmadan once kabakta ultrason 6n iglemini kullandiginda; burada
rehidrasyon kinetigi, rehidrasyon oraninda kesin bir iyilesme sagladigi; bu, rehidrasyon 6n isleminin
kilcal ile olusturulan bosluktan kaynaklanabilecegi anlamina gelebilmektedir. Ultrasonun rehidrasyon
siirelerinin azalmasina neden oldugu ve ayn1 zamanda kurutulmus gida tanelerinin rehidrasyonu i¢in de
kullanildig1 goézlemlenmistir [30].

ULTRASON iSLEMININ FARKLI GIDA PROSESLERI ILE KOMBINE KULLANIMI
(COMBINED USE OF ULTRASOUND WITH DIFFERENT FOOD PROCESSES)

Ultrason uygulamalarinin gida sanayinde farkli proseslerle birlikte kullanimina yonelik ¢aligmalar
devam etmektedir. Diger teknolojik islemlerin etkinliklerini artirdigina yonelik bir¢ok arastirma
sonucuna ulasilmistir. Asagida ultrason teknolojisinin farkli proseslerle kombine olarak kullanim
hakkinda ¢alisma sonuglar1 verilmistir.

Mikrodalga Teknolojisi ile Birlestirilmis Ultrason (Ultrasound Combined with Microwave
Technology)

Mikrodalgalar gida endiistrisinde kurutma, pastorizasyon, sterilizasyon, eritme, temperleme,
pisirme vb. amaglarla ¢ok sik kullanilmaktadir. Mikrodalga sistemlerinin frekans1 300 MHz-300 GHz
arasinda degisebilen, elektromanyetik dalgalardir. Evsel mikrodalga cihazlari genel olarak 2,45 GHz
frekansinda c¢alisirken, endiistriyel mikrodalga sistemleri 915 MHz ve 2,45 GHz frekanslarinda
caligmaktadir. Mikrodalga isitma, malzemelerin mikrodalga enerjisini absorbe etme ve onu isiya
doniistiirme yeteneginden kaynaklanir. Gida maddelerinin mikrodalga ile 1sitilmasi temel olarak dipolar
ve iyonik mekanizmalar nedeniyle meydana gelir. Nem veya suyun varligi, suyun dipolar yapisindan
dolay1 dielektrik 1sinmaya neden olur. Su molekiilleri lizerine salinan bir elektrik alani ¢arptiginda, kalici
olarak polarize olmus dipolar molekiiller, elektrik alan1 yoniinde yeniden hizalanmaya ¢alisirlar [31,32].

Yapilan bir arastirmaya gore 1s1l nem isglemlerinin (ultrason-mikrodalga ve mikrodalga-ultrason)
muisir nigastasinin fizikokimyasal 6zelliklerine etkisi arastirilmigtir. Misir nigastast 90, 180, 360 ve 600
W mikrodalga giicii kullanilarak 1, 2, 3 dakika boyunca ve ultrason kullanilarak 35 °C sabit sicaklikta
20, 30, 40 dakika siireyle tahris edilmistir. Ultrason destekli modifikasyon yonteminde sicaklik ve
zamanin, mikrodalga destekli modifikasyon yonteminde ise mikrodalga giicii ve siiresinin iiriiniin
morfolojisi ve yapisal dzelliklerine etkisi aragtirilmigtir. Ultrason modifikasyon siiresinin arttirilmasimin
modifikasyon verimliligini arttirdig belirlenmistir. Nigasta graniillerindeki en biiyiik degisiklik 360 W
mikrodalga giicii ve 30-40 dakika ultrasonik kosullar altinda gozlemlenmistir. Dogal misir nigastasi
modifikasyonunda ultrason ve mikrodalga kombinasyonunun etkili, hizli ve ¢evre dostu bir yontem
oldugu sonucuna varilmigtir. Gelecekteki c¢aligmalarda mikrodalga modifikasyonunun diger
modifikasyon yontemleriyle birlestirilmesi misir ve diger nisasta tiirlerinin modifikasyonu igin
arastirilabilir [33].

Mikrodalga isleminin daha diigiik ekipman yiizey sicakligi, enerji verimliligi, hizli hacimsel
1sitma, tekdiize 1sitma ve gida kalitesinin olas1 korunmasi gibi avantajlart vardir ve bu da onu geleneksel
1sitmaya gore daha verimli hale getirir. Ultrason ve mikrodalga giictiniin kullanildig1 kombine bir islem,
pastdrizasyona iyi bir alternatif olabilir [34,35].
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Yiiksek Basing ile Birlestirilmis Ultrason (Ultrasound Combined with High Pressure)

Oda sicakliginda yaklasik 100-1000 MPa araliginda uygulanan basing, yiiksek basingh igleme
(high hydrostatic pressure -HPP) olusturur [36,37]. Esas olarak bitkisel mikroplar, kiifler dahil mayalar
ile birlikte patojenlerin deaktivasyonu i¢in kullanilir, ancak basing tedavisi tek basina sporlarin kayda
deger inaktivasyonunu ve bazi enzimlerin enzimatik aktivitesinin diisiiriilmesini saglayamaz. Basincin
cevre sicakliklariyla birlikte kullanilmasi durumunda, adyabatik 1sitma nedeniyle, 3 ile 9 °C/100 MPa'lik
bir sicaklik artis1 meydana gelir [38]. Akiskan malzemeye zorlandiginda, yiiksek yogunluklu ultrason,
1s1 Uretimini harekete gecirir. Bu sekilde ultrason uygulamalar1 5-8 °C islem sicakliginda tasarlanmig
bir HHP 6n islemi olarak planlanmis olup, ultrason tedavisi nedeniyle sicaklik dalgalanmalarinin
minimum diizeyde tutulmas: gerekmektedir.

Yapilan bir aragtirmada ultra yiiksek basing ve ultrasonun (UHP-US) kombine 6n isleminin,
vakumla dondurularak kurutulmus ¢ilek dilimlerinin 6zellikleri iizerindeki etkisini, tek basina UHP-US
on islemine kiyasla incelenmistir. Sonuglar, UHP-US isleminin kurutma siiresini ve enerji tiikketimini
azalttigini, aym1 zamanda kaliteyi daha belirgin sekilde artirdigini gostermektedir [39].

Soxhlet Ekstraksiyonuyla Birlestirilmis Ultrason (Ultrasound Combined with Soxhlet
Extraction)

Soxhlet ekstraksiyonu geleneksel olarak kati ve sivi yaglari matrislerinden ¢ikarmak igin
kullanilmaktir. Isitilmis bir solventten, genellikle n-heksandan yogunlagmis buharlara yinelemeli olarak
niifuz ettigi icin fikri genel olarak basittir. Ayrica, soxhlet ekstraksiyonunun uzun ¢aligsma siiresi, ¢ok
miktarda solvent, buharlagma ve ekstraksiyonun sonuna dogru temel bir konsantrasyon adimi gibi birkag
dezavantaji1 vardir. Teoride yalnizca birkag¢ form, kati ve sivi1 yaglarin ekstraksiyonunu hizlandirmak igin
soxhlet ekstraksiyonunun ultrason gibi gelismis stratejilerle birlestirilmesini gézlemlenmistir [40].

Ultrason ve Soxhlet yontemleri birlikte kullanilmak suretiyle soxhlet dongiilerinin sayisi, islem
stiresi, sicaklig1 ve solvent tiiketimini azaltmak igin her iki teknigin olumlu etkisinin gézlemlendigi bir
sistem gelistirilmistir [40]. Yapilan bir arastirmada yer fistig1 yaginin Soxhlet isleminden 6nceki 6n
islemi olarak uygulanan ultrasonun, 10 dakika i¢inde %51,50 ekstraksiyon verimi ile birlikte yag asidi
bilesiminde hafif degisikliklere neden oldugu, oleik asit iceriginin ise 30 dakika sonra %57.10'dan
%56.69'a azaldig1 gdzlemlenmistir [41].

Ozmotik Dehidrasyon ile Birlikte Ultrason (Ultrasound with Osmotic Dehydration)

Ozmotik dehidrasyon ile ses dalgalarinin kullanilmasi, daha yiiksek su israfina ve daha diisiik
¢ozelti sicakliginda ¢oziinen madde kazanimina neden olur. Tat, renk ve sicakliga duyarli besinler gibi
ozellikleri de korumus olur [42,43]. Bunun nedeni genellikle su ve ¢oziinen madde taginmasini artiran
kiiciik kanallarin bir sonucu olarak hiicre duvarinin goézenekliliginin artmasidir. Yapilan bir aragtirmada
elmalar1 ozmotik olarak kurutmak i¢in ultrason kullaniminin, "su ¢ikist" ve "¢oziinen madde girisi" kiitle
aktarim hizint hizlandirdig1 bulunmustur [44]. Coziiciilerin diflizyon katsayilarinin ultrason 6n iglemine
bagli olarak ayr1 ayr1 %117 ve %137 civarinda arttig1 saptanmstir [45].

Yapilan aragtirmalara gore ultrasonik iglemin daha fazla cam gecis sicakligi sagladigini, su
aktivitesinin, rehidrasyon oraninin ve su igeriginin azaldigini, yapinin daha fazla parcalandigini ve
ayrica daha az gatlak olusturdugunu ayrintili bir sekilde agiklamistir [46]. Ayrica ultrason uygulamasinin
tavsan gozii yaban mersininin ozmotik dehidrasyonu sirasinda nemin difiizyon hizlarim iyilestirdigi
gdzlenmistir. Ancak bu antosiyaninlerin ve fenoliklerin kaybiyla ilgilidir [47].

Laboratuvar deneyleri, ultrason tedavilerinin kurutulmus meyve ve sebze iiriinlerinin rengini,
dokusunu, lezzetini, antioksidan kapasitesini ve rehidrasyonunu &nemli 6lgiide iyilestirebilecegini
kamtlamistir [48]. Ayrica ultrason gibi 6n islemler kullamlarak biiziilme ve su aktivitesi en aza
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indirilebilir [49]. Yapilan bir bagka arastirmada ultrason destekli ozmotik dehidrasyonun nar tohumlari
tizerindeki etkisi incelenmistir. Sonucunda ise ultrason 6n igleminin ozmotik ¢6zelti sicakliginda bir
azalmay1 icerdigini ve islem maliyetinde bir azalmay1 destekledigini gostermistir [S0]. Ayrica ultrason
destekli ozmotik dehidrasyon numunesinin dokusu, taze ve ozmotik dehidre numuneye kiyasla daha
fazla sert bir yap1 gostermistir [51].

Enzimatik Ekstraksiyon ile Birlestirilmis Ultrason (Ultrasound Combined with Enzymatic
Extraction)

Ultrason destekli enzimatik ekstraksiyon (UAEE) olarak adlandirilir. Biyoaktif bilesenlerde
enzim destekli aymrma islemiyle kombine wultrason, bazi arastirmalarda arastirilmaktadir
[52,53]. UAEE'nin birkag ekstra ilgi noktasi saglayan tamamlayici stratejileriyle birlestirildigi
bilinmektedir. Enzimler, enzim destekli ekstraksiyon (EAE) kapsaminda hiicre duvarinin ve filmlerin
parcalanmasi ve yirtilmasi yoluyla iyilesmeyi tesvik eder. Her durumda, hiicre duvarlar1 gibi enzimler
de matrisi tamamen hidrolize etmez [53,54] . UAE, enzim destekli reaksiyonlara ve bunun sonucunda
hedeflenen bilesenlerin bosaltilmasina izin vermek igin bosluk siireci, matrisleri kolayca pargalayan
ultrasonik gii¢ tarafindan uyarildigindan enzimatik ekstraksiyon siirecini gelistirir. Bunun aksine,
coziiciilerin, hedef parcaciklarin ve enzimlerin ortamin i¢inde veya disinda kitlesel migrasyonu, tek
basina enzimler tarafindan iyilestirilemez. Bu nedenle, EAE'de, kiitle degisiminde ilerleme saglamak
icin sallama gibi diger fiziksel yinelemelerden faydalanilabilir; bunlarin arasinda BAE, matrislerin dis
kismi i¢in degil, Gistelik i¢ kismi i¢in oldugu gibi, kiitle transferinin arttirilmasi i¢in de mitkemmel bir
secimdir [10,55].

Ultrason destekli ekstraksiyon, esas olarak sivi bir ortamda akustik kavitasyona dayanmaktadir
[56]. Bu ekstraksiyon teknigi, geleneksel ekstraksiyon yontemleriyle karsilagtirlldiginda en 6nemlisi
azaltilmis ekstraksiyon siiresi, azaltilmis enerji titkketimi ve solvent kullanim1 gibi avantajlarindan dolay1
biyiik ilgi gormiistir [57,58]. Yapilan arastirmalarda kombine enzimatik/ultrasonik ekstraksiyon
yonteminin kullanilmasi, daha yiiksek verim elde etmek ve ayn1 zamanda daha iyi kalitede pektin elde
etmek icin hedef bilesiklerin bozulmasini en aza indirmek icin etkili bir yaklasim olabilir. Mikrodalga
ekstraksiyon teknigine (%27,81) kiyasla kombine ultrason-mikrodalga ekstraksiyon teknigiyle
greyfurttan ¢ok daha yiiksek pektin verimi (%31,88) elde edildigini bulunmustur [56]. Yapilan diger
arastirmalarda muz posasindan meyve suyu ekstraksiyonu i¢in enzimatik tedaviyi ultrason tedavisiyle
birlestirmisler ve meyve suyu veriminin arttigmi, meyve suyunun viskozitesinin ise azaldigini
gozlemlemisglerdir. Kombine islem ile elde edilen meyve suyunun toplam ¢6ziinebilir kat1 miktar1 ve
berrakligi da daha yiiksek bulunmustur [59].

Siiperkritik Sivi Ekstraksiyonuyla Birlestirilmis Ultrason (Ultrasound Combined with
Supercritical Fluid Extraction)

Siiperkritik akigskan ekstraksiyonu (SFE), akiskanlarin ¢dzme giiclindeki (kritik noktalarimin
iizerindeki) artigsa bagli olarak ekstraksiyon i¢in yeni bir teknolojidir. Bu, gaz benzeri 6zelliklerin (kiitle
aktarimi) ve s1vi benzeri 6zelliklerin (¢6ziinme), sivilardan daha fazla difiiziviteye sahip birlesik etkisi
nedeniyle ekstraksiyonla sonuglanmaktadir [60,61]. Birgok arastirmaci, maliyetinin az olmasinin yani
sira kullanic1 dostu profili ve yiiksek ekstraksiyon potansiyeli nedeniyle CO; bazli iriinler
kullanmaktadir. SFE'nin baslica faydalari arasinda 6n konsantrasyon etkileri, daha yiiksek verim
garantisiyle temizlik ve basit ¢alistirma prosediirii yer almaktadir [12].

Yapilan arastirmalar siiperkritik CO; ekstraksiyonu uygulamasinda ultrasonik 6n islemini
kullanarak Iberis amara tohumu yagi elde etmek i¢in umut verici sonuglar gostermistir. Sonucunda ise,
kombine islemin %25'ten fazla yag urettigini ve ayrica siiperkritik CO: ekstrakte edilmis yagla
karsilastirildiginda yagin fizyokimyasal oOzelliklerini ve antioksidan aktivitesini iyilestirdigini

181



Fen ve Miihendislik Bilimleri Dergisi

gostermektedir [62].
Tablo 1°de ultrason teknolojisinin gida iglemede kullanimi ve elde edilen sonuglar verilmistir.

Tablo 1
Gida islemede ultrason teknolojisinin diger tekniklerle kombine kullanimi

Kombine uygulanan proses  Hedef Uriin Sonug Referanslar

Verimin artmasina iglem siiresinin

Mikrodalga Pektin kisalmasina ve yiiksek esterlesme [63]
derecesine ulagmasina yardime1 olmustur.
Organik asitlerin tutulmasi yiikselmistir,

Yiiksek basing ile igleme Kizilcik suyu  antosiyanin iceriginde %24’e varan artis [64]
olmustur.

Soxhlet Vanilin Verimi ve kiitle transfer hizini arttirmagtar. [65]
Verimlilik ve hiz artmistir. Yag ve nem

Ozmotik dehidrasyon Patates igerigini azaltarak kizarmis patateslerin [66]
kalitesini arttirmustir.

Enzim ekstraksiyonu Sclillaz Aktivite artmustir. [56]

preparatlari
Siiperkritik ckstraksiyon Adagay1 Verim artmistir. Gelismis hidrasyon islemi [67]

saglanmustir.

TARTISMA VE SONUCLAR (DISCUSSION AND CONCLUSIONS)

Ultrason uygulamasi giiniimiizde ilgi ¢eken bir teknik olmakla birlikte, gelecek senelerde de
olumlu sonuglar vaat etmektedir. Gidalari islemede ultrason kullanmanin avantajlari olarak; daha iyi bir
karistirma, daha hizli enerji, daha uygun maliyet, minimal ekipman boyutu, siireden kazang saglanmasi
siralanabilmektedir. Tek basina kullaniminin yani sira diger uygulamalar ile birlestirildiginde, yapilan
uygulamalarin etkinliginin arttig1 saptanmigtir. Tlim bu avantajlarina ek olarak uygulamanin zorluklar
da yok degildir. Oncelikle sistemin endiistride uygulanmasindan 6nce siki bir sekilde test edilmesi ve
giivenli oldugunun kanitlanmasi gerekmektedir. Ultrason islemlerinde karsilagilan birtakim
olumsuzluklarda bulunmaktadir. Yiiksek enerjili ultrason uygulamalarinda biiyiik hacimlerde ultrason
etkisinin homojen bir sekilde dagiliminin giigliigii, viskozitesi yiiksek ve kat1 iiriinlerde etkisinin ya hig
olmamasi veya etki siiresinin uzamast, enerji tilketimi ve maliyetinin bazi proseslerde yiiksek olmasi,
uygulama sirasinda olusan 1s1 ve basing sebebiyle bazi gidalarin besinsel, kimyasal ve fiziksel
ozelliklerin etkilenebilmesi gibi olumsuzluklar siralanabilir. Bir {irliniin termofiziksel (yogunluk,
sikigtirilabilirlik 1s1 kapasitesi gibi) ozellikleri hakkinda fazlasiyla bilgiye ihtiya¢ vardir. Bu sebeple,
bilinmeyen 0&zelliklere sahip sistemlerden elde edilen verilerin teorik analizi yetersizdir. Bu gibi
olumsuzluklarin da oniine gecildigi siirece ultrason teknolojisinin gida endiistrisi ve diger bilim
dallarinda uygulanmasinin artmasi kaginilmazdir.
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