e-ISSN: 2149-3367

AFYON KOCATEPE UNIVERSITESI

FENVE
MUHENDISLIK
BiLIMLERi DERGiISi

JOURNAL of SCIENCE and ENGINEERING

Cilt: 26 Say1: 4

Agustos 2026
Vol: 26 Issue: 4 August 2026
B v N S N &



AFYON KOCATEPE UNIVERSITESI
FEN VE MUHENDISLIK
BILIMLERI
DERGISI

Afyon Kocatepe University
Journal of Science and Engineering

Cilt / Volume 26
Say1 / Number 4

e —ISSN: 2149-3367

AGUSTOS 2026

AUGUST 2026



ILETIiSIM VE DESTEK/ CONTACT AND SUPPORT

Afyon Kocatepe Universitesi,
Fen Bilimleri Enstitiisil,

Ahmet Necdet Sezer Kampusu,
03200, Afyonkarahisar/Tiirkiye

Telefon/Phones: 444 03 03/ 1472-1473
Belgegecer/Fax: 0272218 14 62
e-posta/e-mail: fmbd@aku.edu.tr



Dergi Hakkinda

Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi, temel bilimler ve miihendislik
disiplinlerinde uluslararas1 standartlara uygun, nitelikli akademik c¢alismalar1 bilim diinyasina
kazandirmay1 amaclayan hakemli ve bilimsel bir yayin organidir. Yayin hayatina bagladig1 giinden bu
yana; matematik, fizik, kimya ve biyoloji gibi temel bilimlerin yan1 sira malzeme bilimi, maden, makine,
gida, yazilim ve elektrik-elektronik miihendisligi gibi genis bir yelpazede calismalar kabul eden
dergimiz, miinhasiran uluslararas1 6zgiinliigii olan bilimsel arastirma makalelerini degerlendirmeye
almaktadir. Derginin yayin dili Tiirkge ve Ingilizce'dir. Yeni yontemler, yeni teknolojiler, dikkate deger
iyilestirmeler, yeni uygulama alanlar1 vb. konularda sunulan, ulusal ve uluslararasi literatiire belirgin
katkis1 ortaya konulan bilimsel icerikli makaleler dergimizin oncelik verdigi yayinlar arasindadir.
Bunlarin disinda; derleme, veri analizi, genel degerlendirme, teknik rapor, anket sonucu, istatistiksel
caligmalar ve rutin miihendislik calismalar1 gibi yazilar degerlendirmeye alinmamakta ve Editorliik
tarafindan iade edilmektedir. Bilimsel bilgi tiretimindeki siirekliligi ve glincelligi saglamak adina yilda
altt say1 (Subat, Nisan, Haziran, Agustos, Ekim ve Aralik) olarak yayimlanan dergimiz, sundugu
bilimsel igeriklerle hem ulusal hem de uluslararasi literatiire katki saglamay1 siirdiirmektedir.

Eski adiyla “Afyon Kocatepe Universitesi Fen Bilimleri Dergisi”, 1999 yilinda yilda 2 say1 olarak
Tiirkge ve Ingilizce makalelerle yayin hayatina baglamistir. Ocak 2013 ten itibaren isim degistirerek
“Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi” olarak yaym hayatina devam
etmistir. Ocak 2015 itibaren elektronik dergi (e-ISSN: 2149-3367) olarak yayinlanmaktadir. 2015
yilindan itibaren yayinlanan sayilarla birlikte TRDizin’de (TUBITAK-ULAKBIM) indekslenerek
miithendislik ve temel bilimler konularinda makaleler yayinlamaya devam etmektedir.

Bilimsel bilginin herkes icin erisilebilir olmast gerektigi inanciyla "Agik Erisim" (Open Access)
politikasint benimseyen dergimiz, yayimlanan tiim igerikleri iicretsiz ve siirsiz olarak okuyucularin
erisimine sunar. Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi'nde uygulanan her
tiirli yayin siireclerinde biitiin paydaglarinin (yazarlar, okuyucular ve arastirmacilar, yayinci, hakemler
ve editdrler) etik ilkelere yonelik kurallara uymasi 6nem tagimaktadir. Dergimiz ve tiim kurullar etik
gorevler ve sorumluluklar konularinda Committee on Publication Ethics (COPE) tarafindan yayinlanan
rehberler ve politikalari ilke edinmistir. Gonderilen her ¢aligma, bilimsel tarafsizlig1 korumak adina ¢ift
kor hakem (double-blind peer review) siirecinden gegirilmekte; basta TUBITAK ULAKBIM TR Dizin
olmak {iizere ¢esitli ulusal ve uluslararasi indekslerde taranan dergimiz, yayimlanan her makaleye DOI
numarasi atayarak ¢aligmalarin dijital ortamda kalic1 ve kolayca bulunabilir olmasini saglamaktadir. Fen
ve miihendislik alanindaki yenilik¢i aragtirmalar1 desteklemeye devam eden dergimiz, arastirmacilar
icin giivenilir ve dinamik bir yayin platformu olma vizyonunu kararlilikla stirdiirmektedir.

Bu dergi tiim igerigini derhal, {icretsiz ve kalici olarak erisime sunar. Okuyucular ve kurumlar,
makaleleri herhangi bir iicret 6demeden okuyabilir, indirebilir ve paylasabilir.

Makale gondermek isteyen yazarlarimiz, dergi internet sayfamizdan
(https://dergipark.org.tr/tr/pub/akufemubid) kayit yaptirarak, 6zgiin bilimsel arastirma makalelerini
cevrimici olarak gonderebilir ve siireci takip edebilirler. Dergimize yayinlanmak iizere basvurusu
yapilan makaleler Dergi Park arayiizii ile en az iki hakem (¢ift tarafli kor hakemlik sistemi) tarafindan
degerlendirilmektedir.



https://dergipark.org.tr/tr/pub/akufemubid

Derginin Amaci

Ulusal ve uluslararasi temel bilimler ve miihendislik ile ilgili ¢esitli disiplinler {izerine ¢alisan
akademisyenler, arastirmacilar ve grencilerin Tiirkge ve Ingilizce yayin yapabilmesini saglamak,
ayrica bu alanda nitelikli akademik yayinlarin toplumsal ve bilimsel gelisime katki saglamasi i¢in bir
ortam sunmak amacini giitmektedir.

Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi, 6zgiin bilimsel arastirmalar ile
uygulama calismalarina yer veren bir dergidir. Dergide, fen ve miihendislik bilimlerinde yapilmis
deneysel ve teorik ilerlemeleri igeren bilimsel ve 6zgiin arastirma makalesi tiiriindeki ¢alismalara yer
verilir. Ayrica, lisansiistii tezlerden hazirlanan yaymlar veya bu tezlerin bir alt caligmasi olarak
hazirlanan 6zgiin ve daha Once hicbir yerde yayimlanmamis olan aragtirma makaleleri kabul
edilmektedir.

Dergideki Yayin Cesitliligi

Ozellikle arastirma makaleleri, orijinal modelleme ve matematiksel calismalar, disiplinlerarasi
mithendislik uygulamalarint igeren c¢alismalar ve son teknoloji arastirmalari dergimize kabul
edilmektedir. Teknik notlar, derlemeler, editére mektuplar ve kisa bildirimler kabul edilmemektedir.
Liitfen gonderiminizi yaparken secenekler listesinden uygun makale tiiriinii sectiginizden emin olunuz.

Ozel sayilara basvuru yapan yazarlarin, 6zel say1 makale tiiriinii bu listeden sectiklerinden emin olmalar1
gerekmektedir.
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Abstract

Mesenchymal stem cells (MSCs) play a crucial role in
regenerative medicine due to their multifaceted potential and
immunomodulatory effects. To investigate the molecular
heterogeneity between human BM-MSCs and UCB-MSCs, the
GSE6029 dataset was analyzed through an integrative
bioinformatics pipeline, including differential expression,
pathway enrichment, PPl networks, and transcription
factor/miRNA regulatory mapping. The analysis identified 739
differentially expressed genes (DEGs); 374 of these were
upregulated in UCB-MSCs and 365 in BM-MSCs. UCB-MSCs
exhibited a distinct transcriptomic profile in terms of RNA
processing, proteasome, and spliceosome pathways, controlled
by key genes such as MYC and HSPA4. In contrast, BM-MSCs
showed significant enrichment in PI3K-Akt signaling, ECM-
receptor interactions, and constitutive development. Central to
this enrichment were the COL4A1 and MET genes. Post-
transcriptional mapping identified miR-20b-5p as a key
regulator in UCB-MSCs, while miR-15a-5p and miR-26a-5p were
dominant in the BM-MSC regulatory network. These findings
suggest that UCB-MSCs exhibit molecular phenotypes
associated with rapid proliferation and immunomodulation,
while BM-MSCs appear more aligned with structural integration
and orthopedic repair. This study proposes a preliminary
molecular framework that may inform MSC source selection,
suggesting that source-specific molecular characteristics could
be leveraged to refine therapeutic strategies according to
pathological requirements.

Keywords: Mesenchymal stem cells; Transcriptomics ;Bioinformatic
analysis; Hub genes; miRNA-target network; Regenerative medicine

Oz

Mezenkimal kok hicreler (MKH'ler), cok yonlu potansiyelleri ve
imminomodulator etkileri nedeniyle rejeneratif tipta ¢ok
dénemli bir role sahiptir. insan kemik iligi mezenkimal kok
hiicreleri (Ki-MKH) ve gdébek kordon kani mezenkimal kdk
hicreleri  (GKK-MKH) arasindaki molekller heterojenligi
arastirmak igin, GSE6029 veri seti, diferansiyel ekspresyon, yol
zenginlestirme, protein-protein  etkilesim  aglari ve
transkripsiyon faktéri/miRNA diizenleyici haritalama dahil
olmak Uzere butilinleyici bir biyoinformatik islem hatti
araciligiyla analiz edildi. Analiz sonucunda 739 farkli sekilde ifade
edilen gen (DEG) belirlendi; bunlardan 374'G GKK-MKH'lerde,
365'i ise Ki-MKH'lerde yukar dogru dizenlenmisti. GKK-
MKH'ler, MYC ve HSPA4 gibi anahtar genler tarafindan kontrol
edilen, RNA isleme, proteazom ve splaysom vyollari agisindan
zengin bir transkriptomik profil sergiledi. Bunun aksine, Ki-
MKH’ler P13K-Akt yolaginda, ECM-reseptor etkilesimlerinde ve
yapisal gelisimde onemli Olglide zenginlesme gosterdi; bu
zenginlesmenin merkezinde COL4A1 ve MET genleri yer
aliyordu. Transkripsiyon sonrasi haritalama, GKK-MKH'lerde
miR-20b-5p'yi kilit bir dizenleyici olarak tanimlarken, Ki-
MKH’lerde miR-15a-5p ve miR-26a-5p baskin konumdaydi. Bu
bulgular, gobek kordonu kani kaynakli mezenkimal kok
hucrelerin (GKK-MKH'ler) hizli ¢ogalma ve
immiinomoddlasyonla iliskili molekdiler fenotipler sergiledigini,
kemik iligi kaynakli mezenkimal kék hiicrelerin (Ki-MKH'ler) ise
yapisal butlinlesme ve ortopedik onarimla daha uyumlu
oldugunu gostermektedir.

Anahtar  Kelimeler: Mezenkimal kék hiicre;  Transkriptomik;
Biyoinformatik analiz; Merkez genler; miRNA-hedef agi; Rejeneratif tip

1. Introduction

Mesenchymal stem cells (MSCs) are attracting significant
interest in regenerative medicine and immunotherapy
their
immunomodulatory effects,

due to versatile differentiation capacities,
and ability to secrete
bioactive molecules that support tissue repair and

regeneration (Zhang et al. 2022, Andrzejewska et al.

2019). These characteristics make MSCs highly attractive
candidates for treating a wide range of diseases, including
autoimmune  disorders, cardiovascular  diseases,
neurodegenerative injuries, and traumatic

(Pittenger et al. 2019, Wang et al. 2014).

injuries

Among the various MSC sources, bone marrow (BM) and
umbilical cord blood (UCB) are two distinct stem cell
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sources that have been most extensively studied and
clinically applied due to their accessibility and reliability
(Jones and McGonagle 2008, Kugi et al. 2019). Although
they share basic stem cell characteristics, BM-MSCs and
UCB-MSCs differ significantly in their biological behaviors
such as proliferation rate, differentiation potential,
paracrine activity, and immunomodulation, which directly
impacts their therapeutic efficacy (Heo et al. 2016, Hou et
al. 2021).

These source-specific differences are supported by
distinct molecular signatures, including variations in gene
expression profiles, transcription factor networks, and
signaling pathways (Ding et al. 2015). For example, BM-
MSCs typically exhibit strong osteogenic differentiation
capacity, making them suitable for bone and cartilage
repair applications (Wang et al. 2021). In contrast, UCB-
MSCs exhibit
immunosuppressive capabilities, particularly beneficial in
the treatment of ischemic injuries and inflammatory
diseases (Li et al. 2015). Therefore, understanding these
molecular differences is critical for selecting the optimal
MSC source tailored to specific clinical indications.
Identification and validation of these

enhanced angiogenic and

molecular
signatures are highly important for clinical applications.
Precise characterization of MSC subpopulations at the
transcriptomic level enables the development of
biomarkers with predictable therapeutic outcomes,
making more effective and personalized cell-based

therapies possible (Nekanti et al. 2010).

In addition, elucidation of key regulatory genes and

pathways provides novel targets for genetic or

MSC
functionality and safety. With the emergence of high-

pharmacological manipulations to enhance
throughput sequencing technologies and advanced
bioinformatics approaches, in silico analyses have
become indispensable for systematically investigating the
molecular complexity and differences of MSCs from
different tissue sources (Xu et al. 2024). This approach
allows for comprehensive differential gene expression
profiling, pathway enrichment, and network analysis,

providing a holistic view of MSC biology.

This study addresses this gap through a comparative
transcriptomic analysis of BM-MSCs and UCB-MSCs using
an integrative bioinformatics approach. Specifically, the
publicly available GSE6029 dataset was analyzed to
identify differentially expressed genes, assess functional
enrichment, construct protein interaction networks for
hub gene discovery, and predict potential transcription
factor and miRNA-target regulatory interactions unique
to each MSC source. This

analysis provides an

understanding of the molecular profiles of BM-MSCs and
UCB-MSCs, offering candidate insights that may inform
future functional validation studies. To explore these
molecular differences, comparative transcriptomic
studies are essential. The analysis of publicly available
datasets, such as GSE6029 (Markov et al. 2007), offers a
valuable opportunity to identify underlying distinctions
between these cell sources

using contemporary

bioinformatics tools.
2. Materials and Methods
2.1 Data Source and DEG Identification

The GSE6029 dataset, procured from the NCBI Gene
(GEO) database,
microarray profiles of 9 human mesenchymal stem cell

Expression Omnibus consists  of
samples. Specifically, the dataset includes 3 samples of
bone marrow-derived mesenchymal stem cells (BM-
MSCs) and 6 samples of umbilical cord blood-derived
mesenchymal stem cells (UCB-MSCs). According to the
original study (Markov et al. 2007) and GEO metadata, all
cell lines were established from healthy donors. Specific
donor demographics such as age, sex, culture passage
numbers, or detailed isolation protocols were unavailable
in the dataset metadata and could not be factored into
the analysis. The dataset was generated using the
Affymetrix Human Genome U133A Array platform.
Differentially expressed genes (DEGs) between BM-MSC
and UCB-MSC groups were identified via the GEO2R web
tool (Barrett et al. 2013), which employs the limma
package (Ritchie et al. 2015) to statistically compare gene
expression levels between predefined groups. DEGs were
selected based on a cutoff of an absolute log2 fold change
(log,FC) > 0.8 (upregulated in BM-MSCs) or log,FC < —0.8
(upregulated in UCB-MSCs) and a nominal p-value < 0.05.
It is important to note that the GEO2R web interface was
used without applying multiple testing correction;
therefore, nominal p-values were utilized for DEG
identification. Based on these thresholds, 365 genes were
upregulated in BM-MSCs and 374 genes in UCB-MSCs.

2.2 Gene Ontology and Pathway Enrichment Analysis

To investigate the functional roles of DEGs, Gene
Ontology (GO)
Biological Process (BP), Cellular Component (CC), and

enrichment was conducted across

Molecular Function (MF) categories using ShinyGO web
tool (http://shinygo.jimmy.org) (Ge et al. 2020). In
parallel, Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis was performed to
identify significantly enriched signaling pathways. All
terms and pathways with p-value < 0.05 were considered
statistically significant.
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2.3 Protein-Protein Interaction (PPl) Network
Construction

To investigate protein-level interactions, DEGs were input
into the STRING database (version 11.5) (Szklarczyk et al.
2021).
upregulated genes in BM-MSCs and UCB-MSCs using a

Networks were constructed separately for

minimum required interaction score of 0.4 (medium
confidence). The resulting networks were imported into
Cytoscape software (version 3.8.2) for visualization and
analysis.

2.4 Identification of Hub Genes

cytoHubba, a Cytoscape plugin (Chin et al. 2014) was used
to identify hub genes based on network topology. The
Degree algorithm was applied to rank nodes by
connectivity, and the top 10 genes with the highest

degrees in each group were designated as hub genes.
2.5 Prediction of Transcription Factors (TFs)

To predict transcriptional regulators of hub genes, the
ChEA3 (ChIP-X Enrichment Analysis 3) platform was used
(Keenan et al. 2019). Analyses were performed separately
for BM-MSC and UCB-MSC-upregulated hub genes, and
the top 10 transcription factors were selected based on
mean rank scores across integrated reference databases.
Network visualizations were generated in Cytoscape.

2.6 Identification of miRNA-Hub Gene Interactions

Hub genes were further analyzed for microRNA (miRNA)
regulation using miRNet 2.0 (Chang et al. 2022), an
integrated platform that combines multiple miRNA—
target interaction databases. The hub gene lists were
uploaded to miRNet, and human-specific interactions
were extracted using default settings. Networks were
visualized within miRNet, and key regulatory miRNAs
were identified based on node degree.

3. Results and Discussion
3.1 Differentially Expressed Genes (DEGs)

A total of 739 DEGs were identified between UCB-MSCs
and BM-MSCs, using thresholds of log,FC > 0.8 and p <
0.05. Of these, 365 genes were upregulated in BM-MSCs
(logoFC > 0.8) and 374 genes were upregulated in UCB-
MSCs (log,FC < —0.8). A volcano plot illustrates the
distribution, significance, and magnitude of expression
changes (Figure 1).

3.2 Functional Enrichment Analysis

To uncover functional differences between UCB-MSCs
and BM-MSCs, DEGs were analyzed for enrichment in
Gene Ontology (GO) terms including Biological Process
(BP), Cellular Component (CC), Molecular Function (MF),
as well as KEGG pathways.
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Figure 1. Volcano plot of differentially expressed genes between
BM-MSCs and UCB-MSCs. Red dots represent genes significantly
upregulated in BM-MSCs (log,FC > 0.8), green dots indicate
genes upregulated in UCB-MSCs (log,FC < —0.8).
Downregulated genes in BM-MSCs (i.e., upregulated in
UCB-MSCs; n=374) were enriched in GO Biological
Processes such as cellular component biogenesis, protein-
containing complex assembly, RNA processing, and mRNA
splicing, suggesting heightened RNA-related biosynthetic
activity in UCB-MSCs (Figure 2A). GO Cellular Component
(GO-CC) analysis indicated localization in the nuclear
lumen, nucleoplasm, catalytic complex, extracellular
vesicles, and extracellular organelles (Figure 2B). GO
Molecular Function (GO-MF) terms included nucleic acid
binding, RNA binding, nucleotide binding, and ATP
binding (Figure 2C).

Conversely, genes upregulated in BM-MSCs (n=365) were
significantly enriched in GO- Biological Process terms such
as signaling receptor binding, structural molecule activity,
cell adhesion molecule binding system development,
animal organ development, cellular development, and
tissue development, indicating roles in morphogenesis
and structural organization (Figure 2D). GO-CC terms
included the extracellular region, vesicles, extracellular
space, extracellular organelles, and cell junctions,
reflecting features of extracellular matrix organization
and intercellular communication (Figure 2E). GO-MF
analysis highlighted metal ion binding, signal receptor
binding, structural molecular activity, and cell adhesion
molecule binding, consistent with signaling and adhesive

properties of BM-MSCs (Figure 2F).

Upregulated genes in UCB-MSC, KEGG pathway analysis
for these genes revealed enrichment in Huntington's

disease, Alzheimer's disease, spliceosome, and
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proteasome pathways (Table 1), indicating involvement in

neurodegeneration-associated and

mechanisms. Upregulated genes in BM-MSC, KEGG

proteolytic

pathway analysis showed enrichment in pathways in
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Figure 2. GO enrichment analysis of DEGs. (A—C) Enriched GO terms for genes upregulated in UCB-MSCs (downregulated in BM-
MSCs): (A) Biological Process (BP), (B) Cellular Component (CC), (C) Molecular Function (MF). (D—F) Enriched GO terms for genes
upregulated in BM-MSCs: (D) BP, (E) CC, (F) MF. Top 10 significantly enriched terms shown for each category (p-value < 0.05).

Table 1. KEGG Pathway Enrichment Analysis of Genes Upregulated in UCB-MSCs.

Pathway Genes p-Value
DHCR24, ADPGK, APIP, ATP5F1A, ATP5F1D, ATP5V0D1, NDUFS8, NDUFV1, NDUFAI10,
NDUFS5, NME1, NME4, ACAT1, ACO1, ALDH2, AKR1A1, AKR1B1, MGAT2, BLVRB, CANT],
Metabolic pathways = CAMKMT, CDO1, DCTPP1, DGKZ, FUT8, FAH, GLA, GLUD1, GOT2, QRSL1, GCSH, GMPS, 3.2E-2
HMBS, ISYNA1, LIAS, MDH2, MOCOS, MTMR14, MTMR4, NEU1, ODC1, PRDX®6, PISD, PTDSS1,
PGD, PLOD3, RXLYT1, SMPD4, SYNJ2, UCK2
. DDX23, LSM4, LSM7, U2AF1, ACIN1, NCBP1, PUF60, PQBP1, PRPF38B, PRPF4, SNRPD1,
Spliceosome 2.5E-4
SNRNP40, SNRPA1, SF3A3, SF3B4, SF3B5
Huntineton disease ATP5F1A, ATP5F1D, NDUFS8, NDUFV1, NDUFA10, NDUFS5, POLR2J3, TBPL1, CREB3L2, 6.3E-5
& DNALI1, PSMA3, PSMB2, PSMB4, PSMD2, PSMC5, PSMD11, PSMD14, PSMD3, TUBB3, TUBB ’
Alzheimer disease ATP5F1A, ATP5F1D, BID, HRAS, NDUFS8, NDUFV1, NDUFA10, NDUFS5, APH1A, CAPN1, 5 1E-4
PSMA3, PSMB2, PSMB4, PSMD2, PSMC5, PSMD11, PSMD14, PSMD3, SLC11A2, TUBB3, TUBB )
PSMA3, PSMA5, PSMB10, PSMB2, PSMD2, PSMC5, PSMD11, PSMD14, PSMD3, PSME2,
Proteasome 8.3E-9
PSME4
Table 2. KEGG Pathway Enrichment Analysis of Genes Upregulated in BM-MSCs.
Pathway Genes p-Value
PI3K-Akt signaling pathwa MET, TEK, ANGPT1, COMP, COL4A1, FGF7, FGFR2, IGF2, ITGA6, ITGA7, ITGB5, 4762
gnaling PAtWaY | An1a4, NGF, THBS2, THBS3 '
Proteoalveans in cancer FAS, MET, TIAM1, TIAMP3, EZR, FZD1, HSPB2, HIF1A, ITPR3, IGF2, ITGB5, LUM, 1.0E-3
i PLCE1, TWIST1 :
. . MET, TEK, TIAM1, ADCY7, ANGPT1, FGF7, FGFR2, ITGB2, NGF, PLCB4, PLCE2,
Rap1 signaling pathway 1.1E-2
PRKD1
TGF-beta signaling pathway SKIL, SMAD6, SMAD7, ACVR2A, FBN1, GREM2, INHBB, ID2, ID3, ID4, PITX2, 4.4E-5
TGFBR1
ECM-receptor interaction CD36, COMP, COL4A1, ITGA6, ITGA7, ITGB5, LAMA4, THBS2, THBS3 1.1E-3
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3.3 Protein-Protein Interaction (PPI) Network Analysis
and Hub Genes

PPI networks for gene sets upregulated by both cells were
constructed using STRING. The downregulated PPI
network (genes upregulated in UCB-MSCs) included 374
nodes and 1681 edges, with an average node degree of
8.99 and a highly significant enrichment (PPl p-value =
1.0E-16). Hub genes such as HSPA4, HSPAS, ATP5FIA,
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Figure 3. Protein—protein interaction (PPI) networks of DEGs. (A) PPl network of genes upregulated in UCB-MSCs. (B) PPI network of
genes upregulated in BM-MSCs. Networks constructed using STRING database and visualized in Cytoscape.
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TUFM, NHP2, RUVBL1, RUVBL2, MYC, MRPS7, and NCBP
identified and highlighted (Figure 3A). The
upregulated PPl network (genes upregulated in BM-
MSCs) comprised 365 nodes and 771 edges, average node
degree of 4.22, also significantly enriched (PPl p-value <
1.0E-16). Hub genes included BGN, COL5A1, FBN1, LUM,
FGF7, MET, HIF1A, TIMP3, THBS2, and COL4A1 (Figure
3B). STRING networks in Cytoscape were simplified to

were

reduce network complexity and improve clarity.

B)

D)

Figure 4. (A) Subnetwork of hub genes upregulated in UCB-MSCs. (B) Subnetwork of hub genes upregulated in BM-MSCs. (C) Top 10
TFs associated with UCB-MSC-upregulated hub genes. (D) Top 10 TFs regulating BM-MSC-upregulated hub genes.
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In  both showed dense
interconnectivity, forming hub-to-hub subnetworks
(Figure 4A and 4B). For UCB-MSC-upregulated hubs

(Figure 4A), roles in mitochondrial function and RNA

networks, hub genes

processing are suggested. Node color gradients from red
(most central) to yellow represent interaction strength.
Notably, NCBP appeared disconnected from the other
hubs in the UCB-MSC-upregulated network (Figure 4A),
implying BM-MSC-
upregulated hubs (Figure 4B), the observed dense

functional independence. For
connectivity implies coordinated roles in extracellular
matrix (ECM) remodeling, cell adhesion, and tissue
organization.

3.4 Transcription Factor (TF) Prediction

ChEA3-based TF identified
regulators of the hub genes. For UCB-MSC-upregulated
hub genes, predicted TFs included PA2G4, ZBTB9, PREB,
THAP4, PRMT3, SNAPC5, ZNF511, ZBED6, GTF3A, and
CENPS  mostly RNA processing and
transcription regulation (Figure 4C). For BM-MSC-
upregulated hub genes, TFs such as PRRX1, FOXS1,
ZNF469, PRRX2, FOXC2, TWIST2, BNC2, HIC1, TWIST1, and
MEOX2 were regulate
development, EMT, and ECM organization (Figure 4D).

prediction upstream

involved in

identified, many of which

Networks were visualized in Cytoscape with hub genes in
red and TFs in green. Furthermore, the functional roles
and regulatory effects of top transcription factors
associated with hub genes upregulated in UCB-MSCs and
BM-MSCs are presented in Table 3 and Table 4,
respectively.

Table 3. Functional Roles and Regulatory Effects of Top Transcription Factors Associated with Hub Genes Upregulated in UCB-MSCs.

Transcription

T t Hub G
Factor (TF) arget Hub laenes

Functional Annotation / Biological Role

Regulator Effect of TF

Transcriptional

repressor involved in cancer

PA2G4 HSPA9, RUVBL2, RUVBL1, NHP2, TUFM . K . Repressor
progression and gene silencing
HSPASY, HSPA4, MYC, RUVBL2, RUVBL1, Regulates cell motility, cytoskeleton organization, .
ZBTB
789 NHP2, MRPS7, TUFM and differentiation Activator / Repressor
HSPASY, ATP5F1A, RUVBL2, MYC, . . . .
PREB MRPS7, TUFM Modulates inflammation and cell survival Activator
THAP4 HSPA9, ATP5F1A, RUVBL2, MYC, NHP2, Regulates metabolism, lipid homeostasis, and DNA Repression
MRPS7, TUFM damage response P
PRMT3 HSPA9, MYC, RUVBL1, MRPS7 Critical for inflammation and cell differentiation Activator
SNAPCS NHP2, MRPS7 Function§ as transc.riptional activator and repressor; Activator / Repressor
chromatin remodeling
ZNF511 RUVBL2, MYC, NHP2, MRPS7, TUFM Oncogenic TF regulating cell cycle, apoptosis, and Activator
metabolism
ZBED6 NHP2 Stress-lr}duuble TF modulating apoptosis and cell Repression
adaptation
GTF3A HSPA9, ATP5F1A, MYC, NHP2, MRPS7, Trans-actlvator of MHC class Il genes; immune system Activator
TUFM function
CENPS HSPA9, HSPA4, RUVBLL, NHP2, MRPS7 Forms heterodimers with MYC; regulates growth and Activator

differentiation genes

Table 4. Functional Roles and Regulatory Effects of Top Transcription Factors Associated with Hub Genes Upregulated in BM-MSCs.

Transcription
Factor (TF)

Target Hub Genes

Functional Annotation / Biological Role

Regulator Effect of TF

FGF7, COL5A1, LUM, COL4A1, BGN,

Regulation of myogenic differentiation and

PRRX1 Activat
TIMP3, THBS2, FBN1 extracellular matrix organization ctivator
COL5A1, LUM, COL4A1, BGN, TIMP3,  Epigenetic regulation of EMT and transcriptional
FOXS1 THBS2, FBN1 repression Repressor
ZNF469 COL5AL, COL4A1, BGN, THBS2, FgNg  Control of tissue morphogenesis and ECM-related Activator
pathways
FGF7, COL5A1, LUM, COL4A1, BGN,  Modulation of cell proliferation and developmental .
PRRX2 . . Activator
TIMP3, THBS2, FBN1 signaling cascades
FOXC2 COL5A1, LUM, COL4A1, BGN, TIMP3, Malnte.na.nce of gz.en.ome stability and regulation of Activator
THBS2, FBN1 transcriptional activity
TWIST2 FGF7, COL5A1, THBS2, FBN1 R.egulatlon .ctf r.‘nesenchymal development  and Activator
lineage specification
BNC2 FGF7, COL5A1, LUM, COL4A1, BGN, Chromatin organization and genome architecture Repressor
TIMP3, THBS2, FBN1 modulation P
FGF7, COL5A1, LUM, COL4A1, BGN, Transcriptional repression of neuronal genes and
HIC1 . . o Repressor
TIMP3, THBS2, FBN1 regulation of differentiation
FGF7, COL5A1, LUM, COL4A1, BGN, EMT regulation and RNA Pol ll-mediated gene .
TWISTL TIMP3, THBS2, FBN1 expression Activator
MEOX2 FGF7, COL5A1, LUM, COL4A1, BGN, Transcriptional regulation and DNA replication via Activator

TIMP3, THBS2, FBN1

cohesin complex
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3.5 miRNA-Hub Gene Interaction Analysis

To investigate post-transcriptional regulation, miRNA—
hub gene interactions were analyzed using miRNet 2.0.
Separate networks were constructed for hub genes
upregulated in UCB-MSCs and BM-MSCs. As indicated in
Table 5, the top miRNAs were identified based on degree
(number of target hub genes) and betweenness centrality
(regulatory influence within the network).

In the upregulated UCB-MSC hub genes, hsa-miR-20b-5p,
hsa-miR-423-5p, hsa-let-7a-5p, hsa-miR-34a-5p, and hsa-
miR-196a-5p showed the highest degree values (9),

indicating strong regulatory potential. Members of the
let-7 family (let-7a/b/c/e/i-5p) were also prominent,
suggesting roles in differentiation and extracellular matrix
(ECM) regulation (Figure 5A).

For upregulated BM-MSC hub genes, hsa-miR-15a-5p and
hsa-miR-26a-5p were the top miRNAs, both with high
degree (9) and the highest betweenness scores (5.53).
Other key regulators included let-7a/b/c/e/f-5p, hsa-miR-
17-5p, and hsa-miR-20a-5p, which are known to regulate
RNA processing, apoptosis, and stem cell activity (Figure
5B).

Table 5. Top miRNAs Interacting with Upregulated Hub Genes in UCB-MSCs and BM-MSCs.

Upregulated UCB-MSC miRNA and Hub Genes Interaction

Upregulated BM-MSC miRNA and Hub Genes Interaction

miRNA Degree Betweenness miRNA Degree Betweenness
hsa-miR-20b-5p 9 1.950646 hsa-miR-15a-5p 9 5.528808
hsa-miR-423-5p 9 1.950646 hsa-miR-26a-5p 9 5.528808
hsa-let-7a-5p 9 1.950646 hsa-let-7a-5p 8 1.716699
hsa-let-7b-5p 8 1.649777 hsa-let-7b-5p 8 1.716699
hsa-let-7¢-5p 9 1.950646 hsa-let-7¢c-5p 8 1.716699
hsa-miR-196a-5p 9 1.950646 hsa-let-7e-5p 8 1.716699
hsa-let-7i-5p 9 1.950646 hsa-let-7f-5p 8 1.716699
hsa-miR-34a-5p 9 1.950646 hsa-miR-17-5p 8 1.716699
hsa-let-7e-5p 8 1.638378 hsa-miR-19a-3p 8 4.36873
hsa-miR-15a-5p 8 1.649777 hsa-miR-20a-5p 8 4.36873
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Figure 5. miRNA—-hub gene interaction networks. (A) Predicted miRNAs targeting hub genes upregulated in UCB-MSCs. (B) Predicted
miRNAs targeting hub genes upregulated in BM-MSCs. Networks were generated using miRNet platform.

3.6 Comparison with Original Dataset Study
To provide a direct and systematic cross-validation of the
present reanalysis against the foundational study by
Markov et al. (2007), Table 6 summarizes the key findings
reported in the original study alongside the results
recovered under the current analytical pipeline. This
comparison is intended to clarify which findings are
reproduced, which are newly identified, and where
discrepancies along with their

emerge probable

methodological explanations.

As shown in Table 6, several key biological themes
identified by Markov et al. (2007) are
directionally consistent with the present findings. The

originally

superior proliferative and adipogenic capacity of UCB-
MSCs, originally attributed to HGF, SDF1/CXCL12, and
PPARG expression, is now understood at a systems level:
MYC and HSPA4 emerge as
RNA
spliceosome pathway enrichment, suggesting a broader

central hub genes

coordinating processing, proteasome, and

transcriptional program underpinning this phenotype. For
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BM-MSCs, the chondrogenic signature originally linked to
COMP, AGC1, and COL10A1 is partially recovered —
COMP is represented within the PI3K-Akt signaling gene
set (Table 2), and COL4A1 and MET emerge as dominant
hub genes in ECM-receptor and structural pathways. The
absence of AGCI1 and COL1I0A1 among the top-ranked

hub genes under the current thresholds likely reflects
differences in the analytical strategy: the present pipeline
applies a log2FC > 0.8 cutoff combined with nominal p-
values and network topology-based hub ranking, which
prioritizes highly connected genes rather than markers of
highest fold-change.

Table 6. Structured comparison of findings between Markov et al. (2007) and the present re-analysis of the GSE6029 dataset

Finding Category Markov et al. (2007) Original Findings

Present Re-analysis (GSE6029, Current Thresholds)

UCB-MSC proliferation

markers high growth rates and adipogenic potential

High expression of HGF, SDF1/CXCL12, PPARG;

Consistent: MYC and HSPA4 identified as hub genes; systemic
enrichment of RNA processing, proteasome, and spliceosome
pathways  corroborates  superior  proliferative  capacity.
HGF/SDF1/PPARG not among top hub genes under current log2FC
> 0.8 threshold, though directionally consistent.

BM-MSC chondrogenic
markers

COMP, AGC1, COL10A1
chondrogenic superiority

associated  with

Partially consistent: COL4A1 and MET are top hub genes in BM-
MSCs; ECM-receptor interaction and PI3K-Akt pathways enriched.
COMP is present in PI3K-Akt gene list (Table 2). AGC1 and COL10A1
not recovered as hub genes under current thresholds — likely due
to differences in analytical pipeline and FDR criteria.

Regulatory networks R
gene expression reported

Not investigated at systems level; marker-level

Novel contribution: TF networks (PRRX1, FOXS1, TWIST1/2 for BM-
MSC; PA2G4, ZBTB9 for UCB-MSC) and miRNA regulatory layers
(miR-20b-5p in UCB-MSC; miR-15a-5p, miR-26a-5p in BM-MSC)
identified — not present in original study.

Not performed; individual gene

Pathway analysis .
4 ¥ characterized

markers

Novel contribution: KEGG pathway enrichment reveals
spliceosome, proteasome, Huntington/Alzheimer  disease
pathways in UCB-MSCs; PI3K-Akt, ECM-receptor interaction, TGF-
beta pathways in BM-MSCs.

Discrepancy note -

Discrepancies arise from: (1) updated bioinformatics pipeline
(limma/GEO2R vs. original methods); (2) log2FC threshold of 0.8
applied here vs. unconstrained in original; (3) nominal p-value used
without FDR correction, which may inflate DEG count; (4) systems-
level network topology prioritizes connectivity over single-gene
significance.

Importantly, the present study extends the original
findings by mapping post-transcriptional and epigenetic
regulatory layers — specifically, transcription factor
networks and miRNA-hub gene interactions — that were
not investigated by Markov et al. (2007). These constitute
a genuinely novel contribution, rather than a mere
replication, of the original dataset analysis.

4. Discussion

The transcriptomic divergence between UCB-MSCs and
BM-MSCs observed in this study is inherently linked to the
developmental and microenvironmental contexts of their
respective niches (Hass et al. 2011). The results indicate
that despite sharing fundamental stem cell properties,
these cell types exhibit distinct molecular signatures that
may reflect functional specialization (Dominici et al.
2006).

A key finding of this study is the enrichment of RNA
metabolism and proteostasis pathways in UCB-MSCs,
suggesting a heightened state of transcriptional plasticity
(Batsali et al. 2019). The identification of MYC as a central
hub gene in UCB-MSCs is noteworthy, as it may underpin
the superior expansion rates often reported for neonatal

sources (Wilson et al. 2008, Nagamura-Inoue 2014).
Furthermore, the upregulation of heat shock proteins like
HSPA4 suggests a robust stress adaptation mechanism,
which
environments (Yuan et al. 2025).

is critical for cell survival in inflammatory

In contrast, BM-MSCs exhibited a program heavily
oriented toward structural development. The enrichment
of the PI3K-Akt signaling pathway and hub genes such as
COL4A1 is consistent with the well-established role of
BM-MSCs in orthopedic regeneration (Infante and
Rodriguez 2018).
miRNAs like hsa-miR-26a-5p is consistent with the

Post-transcriptional regulation via
involvement of BM-MSCs in structural repair (Han and
Fan 2021).

The findings of this study provide a critical molecular
framework that may inform the strategic selection of MSC
sources in clinical applications. The distinct transcriptomic
profiles identified here suggest that the therapeutic use
of MSCs should not be viewed as a 'one-size-fits-all'
approach; instead, the source may be deliberately
matched to the clinical objective (Han et al. 2019). For
instance, the metabolic and RNA-processing signature of
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UCB-MSCs positions them as a candidate source for
conditions requiring rapid cellular response, such as
systemic inflammatory diseases (Kugi et al. 2019).
Conversely, the structural and ECM-oriented signature of
BM-MSCs suggests potential utility in reconstructive
therapies and bone tissue engineering (Kostadinova et al.
2025). By delineating these source-specific programs, this
study emphasizes that achieving optimal clinical efficacy
depends on aligning the biological strengths of the MSC
source with the pathological demands of the patient.

Building on the marker-level distinctions originally
characterized by Markov et al. (2007) — UCB-MSCs linked
to growth factors such as HGF, SDF1/CXCL12, and PPARG,
and BM-MSCs to chondrogenic markers including COMP,
AGC1, and COL10A1 — the present re-analysis reframes
these source-specific differences at the systems level. The
proliferative capacity of UCB-MSCs appears associated
with systemic activation of RNA processing, proteasome,
and spliceosome pathways centered on hub genes such
as MYC and HSPA4, whereas the orthopedic potential of
BM-MSCs is reflected in enrichment of PI3K-Akt signaling
and ECM-receptor interactions converging on COL4A1
and MET.

The present study further extends this framework by
mapping miRNA-based
regulatory layers. Notably, miR-20b-5p emerges as a

transcription-factor  and

candidate regulator within the proliferative profile of
UCB-MSCs, while miR-15a-5p and miR-26a-5p appear
linked to the structural-repair features of BM-MSCs.

Taken together, the present analysis expands upon the
original marker-level characterization by Markov et al.
(2007) by elevating isolated gene-level observations to a

systems-biology perspective. BM-MSCs and UCB-MSCs
exhibit distinct transcriptomic patterns and candidate
regulatory features that could inform future studies on
source-specific applications. However, it must be
emphasized that, as an entirely in silico study relying on a
single microarray dataset with a limited sample size, the
present findings are exploratory and hypothesis-
generating in nature. The identification of hub genes,
transcription factor networks, and miRNA regulatory
interactions represents a foundation for future
experimental investigations rather than a basis for
definitive clinical recommendations. Rigorous validation
— including independent cohort replication, gRT-PCR,
blot, and

knockdown/overexpression studies — is required before

Western functional gene
these transcriptomic distinctions can be translated into

actionable clinical guidelines for MSC source selection.

The GSE6029 dataset was selected due to its unique
comparative design encompassing both BM-MSCs and
UCB-MSCs from healthy donors, despite limitations
inherent to 2007 microarray platforms. This provided a
homogeneous and well-characterized platform crucial for
directly comparing the transcriptomic profiles of these
two distinct MSC types at that time. However, microarray
technology inherently offers lower resolution and a more
limited dynamic range compared to contemporary RNA-
sequencing (RNA-seq) or single-cell RNA sequencing
(scRNA-seq) approaches. Future investigations employing
advanced methodologies, especially scRNA-seq, are
warranted to resolve MSC heterogeneity at single-cell
resolution, thereby complementing these macro-level
findings.

In addition, the differential gene expression analysis
conducted via the GEO2R web tool relied on nominal p-
values without multiple testing corrections, such as False
Discovery Rate (FDR) adjustment. While GEO2R allows for
rapid and accessible analysis, multiple testing correction
was not applied in the present pipeline. Therefore, the
presented DEG lists and subsequent downstream
analyses (e.g., hub genes, regulatory networks) should be
interpreted with caution, recognizing the potential
impact of an unadjusted p-value on the false-positive
rate. Future studies, ideally incorporating robust
statistical pipelines with FDR corrections, are essential to

validate and refine these specific findings.

Several limitations of this study warrant consideration.
First, the analysis is based on a single publicly available
dataset (GSE6029) with a limited sample size (n = 9),
which may not fully capture the biological variance
inherent to MSC populations (Shakya et al. 2019). Second,
the GEO2R-based differential expression analysis relied
on nominal p-values, as multiple testing correction was
not applied through this interface; this increases the
potential for false-positive findings, and all downstream
results should be interpreted with this caveat in mind.
Third, the predictions of PPl networks, transcription
and miRNA-target
entirely computational

factor binding, interactions are
and derived from curated
databases; they do not constitute experimental evidence
Fourth,

variables such as age and sex, which can influence the

of functional interactions. donor-specific
MSC transcriptome, were not available within the dataset
metadata (Rojewski and Weber 2008). Future studies
employing RNA-sequencing or single-cell RNA-sequencing
approaches with larger, well-characterized cohorts and
rigorous statistical frameworks will be essential to
validate and extend the candidate regulators and

pathways proposed here.

811



Comparative Bioinformatics Analysis of Transcriptomic Signatures and Regulatory Networks in BM-MSCs and ..., KARAKUS.

5. Conclusion

In conclusion, this integrative bioinformatics analysis of
the GSE6029 dataset provides insights into the distinct
transcriptomic profiles of BM-MSCs and UCB-MSCs.

Specifically, profiles of differentially expressed genes,
enriched biological pathways, potential hub genes, and
regulatory networks were mapped to underscore the
molecular heterogeneity between these two MSC

sources.

While these findings indicate that BM-MSCs exhibited
with  bone
regeneration, and UCB-MSCs in immunomodulation,

transcriptomic  features  associated

certain limitations must be noted, including the inherent

constraints of microarray platforms, small sample sizes,
and reliance on nominal p-values.

These computational predictions warrant rigorous

experimental validation and further investigation using
contemporary high-throughput sequencing technologies
and larger cohorts. Nevertheless, this study proposes a
molecular framework that can contribute to the informed
selection of MSC sources for specific regenerative
medicine applications and guides future research

directions into their therapeutic potential.
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Oz

Glnes benzeri titresimler yapan evrimlesmis yildizlarda
gozlenen karma modlar sayesinde yildizlarin ¢ekirdek bolgeleri
hakkinda bilgi sahibi olunabilmektedir, ¢linki bu tir titresimler
yildizin merkezinde g-modu, yilizey katmanlarinda ise p-modu
gibi davranmaktadir. Bu yildizlarda gorilen bu tir titresimler, i¢
yapi  modellerinin  yardimiyla  evrimlesmis  yildizlarin
cekirdeklerindeki helyum bollugu ve yaslar hakkinda ayrintil
bilgiler vermektedir. Bu kapsamda, evrimlesmis ve oldukga yash
bir yildiz olan KIC 7341231 incelenmistir. Yildizin temel
parametrelerinin MESA evrim koduyla hassas olarak elde
edilmistir. Yildiza ait i¢ yapi modelleri, yildizin hem asterosismik
hem de asterosismik olmayan gozlemsel parametrelerini en iyi
sekilde temsil etmektedir. Yildizin kitlesi ve yarigcapi sirasiyla
0.79 Mo ve 2.62 Ro olarak belirlenmistir. Ayrica yildizin yasi
modeller araciligiyla 11.80 Gyil olarak elde edilmistir. Son olarak,
karma modlarin analizinde gelistirilen <d,;> parametresi
kullanilarak bu vyildizin merkezindeki helyum c¢ekirdegin
ozellikleri ilk kez bu ¢alismada belirlenmistir.

Anahtar Kelimeler: yildiz sismolojisi, yildiz i¢ yapi ve evrimi, evrimlesmis
yildizlar, karma modiar.

Abstract

Mixed modes observed in solar-like oscillating evolved stars
provide a unique opportunity to probe their internal structures.
These oscillations behave as gravity modes (g-modes) in the
deep interior and as pressure modes (p-modes) in the outer
layers, allowing direct access to the stellar core properties.
Through detailed modeling and analysis of these oscillations,
valuable constraints can be placed on the helium abundance
and structural properties of evolved stellar cores.In this study,
the evolved and relatively old star KIC 7341231 was selected for
detailed investigation. Stellar models were constructed using
the MESA evolutionary code to determine its fundamental
parameters. The models were optimized to simultaneously
reproduce both asteroseismic and non-asteroseismic
observational constraints.The mass and radius of the star were
determined to be 0.79 Meand 2.62 Rq respectively. Its age was
estimated to be 11.87 Gyr from the best-fitting models. Finally,
by employing the newly developed <d,;> parameter in the
analysis of mixed modes, the properties of the helium core of
this star were determined for the first time in this work.

Keywords: astroseismology, stellar interior and evolution, evolved stars,
mixed modes.

1. Girig

Yildiz sismolojisiyle (asterosismoloji) yildizlarda goérilen
titresimler incelenerek yildizlarin i¢ yapi ve evrimi
hakkinda detayli bilgiler elde edilmektedir. Glinimizde
ana hedeflerinden biri glines benzeri titresim yapan
yildizlan goézlemek olan CoRoT (Costes vd. 2004), Kepler
(Borucki vd. 2010) ve TESS (Ricker vd. 2009) uzay
teleskoplari sayesinde ¢ok sayida bu tir titresim yapan
yildizin gdzlemi yapilmistir. Ozellikle anakol yildizlarina
gore daha dusik genlikli titresimlere sahip olan glines
benzeri titresim yapan evrimlesmis yildizlarin sayisi, uzay
teleskoplariyla yapilan gozlemler sayesinde 6nemli l¢lide
artmistir. Glines benzeri titresim yapan evrimlesmis
yildizlarda gozlenen karma modlar vyildizin merkezi
bolgelerinde g-(kiitle cekimi) modu ve ylizeyde p-(basing)
modu gibi davrandigi icin yildizin 6zellikle 6zek bolgeleri

hakkinda bilgi tasimaktadir. Bu c¢alismada Kepler’in

gozlemledigi ve karma mod gosteren KIC 7341231 yildizi
MESA evrim kodu modelleriyle detayh olarak
incelenmistir. Bu yildizin MESA (Paxton vd. 2011; 2013;
2018) evrim kodunun icinde yer alan “astero” koduyla ilk
Celik Orhan vd. (2021)
calismasindan farkh olarak yildizin gozlenen /=1 ve 2

kez modelleri yapilmistir.
titresim frekanslari da detayh olarak yapilan modellerle
incelenmistir. Ozellikle /=1 modunun hem gézlemsel hem
de modellerile incelenerek yildizin 6zegi hakkinda bilgiler
ilk kez bu calismada elde edilmistir.

Yildizlarda glines benzeri titresimlerin gbzlenebilmesi icin

yildizlarin  ylizeyinde ince bir konvektif katmanin
bulunmasi yeterlidir. Bu titresimler sayesinde vyildizin
yapisal ve evrimsel 6zellikleri hakkinda asterosismoloji ve
ic yapi modelleri kullanarak detayl bilgi elde edilmektedir,
clinki glines benzeri titresim gosteren vyildizlar igin

gelistirilen olgceklendirme iliskileri sayesinde (Kjeldsen ve
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Bedding 1995) sadece gozlem verileri kullanilarak tek
yildizlanin kitle ve vyarigaplari sirasiyla %2-3 ve %1-2
hassasiyetle belirlenmektedir (Metcalfe vd. 2014, Mathur
vd. 2012, Yildiz vd. 2019). Bu iliskiler cok 6nemlidir, ¢linki
tek bir yildizin dogrudan goézlem verileriyle kiitlesinin
belirlenmesi oldukga zordur. Glinimuzde 6l¢eklendirme
iliskisiyle yildizin evriminde ve yapisinda birincil dnemli
kitle
belirlenmektedir. Boylece yildiz i¢ yapi modelleriyle bu

role sahip olan olduk¢a hassas olarak
yildizlarin yapisal ve evrimsel siiregleri detayli olarak
incelenmektedir (Chaplin ve Miglio 2013). Bu sayede
yildizlarin titresim frekanslari da kullanilarak yapilan
modellerle belirlenmesi nispeten zor olan vyildizlarin

yaslari da oldukg¢a hassas olarak tespit edilebilmektedir.

Ayrica glnes benzeri titresim yapan yildizlarin 6zek
bélgelerini anlamadaki roli gok dnemlidir, ¢linkili yapilan
gozlemlerden alinan fotonlar yildizin merkezinden yiizeye
kadar yolculugu sirasinda en son yilizey bodlgeleri
tarafindan  soguruldugu o bolgeler hakkinda
gozlemsel bilgiler vermektedir. Yildiz evriminin dogasi
geregi ortaya ¢ikan merkezde g modu gibi ylzeyde p
modu gibi davranan ve karma modlar sayesinde yildizlarin
ozekleri hakkinda da detayh bilgi elde edilmektedir. Bu
sayede yapilan ¢alismalarda kirmizi dev yildizlarin ve alt

icin

dev yildizlarin 6zeklerinin yizeylerine goére sirasiyla 10 ve
5 kat hizli dondigi gozlem verileri kullanilarak tespit
edilmistir (Beck vd. 2012, Deheuvels vd. 2012). Bu
tespitler ic yapl

¢ok Onemlidir,

ozellikle yildiz modelleri c¢alisan

astrofizikgiler icin clinki  ozellikle
evrimlesmis yildizlarda diferansiyel doneminin i¢ yapi
modellerinde ihmal edilmeyecek kadar etkili oldugu
ortaya ¢ikmistir.  Bir baska calismada Celik Orhan vd.
(2023) karma mod uzerine yapilan incelemelerde segilen
glines benzeri titresim yapan alt dev doért yildizin karma
modlari i¢ yapi modelleriyle elde edilmistir. Bu sayede
karma modlar kullanilarak gelistirilen iliskilerden
yildizlarin 6zek bolgesindeki helyumun yapisi ve yasini
tespit eden yeni yontemler gelistirilmistir. Bu ¢alismada
da Celik Orhan vd. (2023) calismasinda yer alan iliskiler
secilen KIC 7341231 yildizinin MESA evrim koduyla detayli
olarak modellenmesiyle test edilmistir. Boylece bu
evrimlesmis yildizin merkezi bolgeleri hakkinda bilgi sahibi

olunmustur.

Bu calisma secilen KIC 7341231 yildizinin MESA evrim

koduyla ilk kez karma mod gosteren /=1 titresim

frekanslarini kullanarak 6zek bélgelerini incelemeye
dayanmaktadir. Bu kapsamda Boélim 2’de KIC 7341231
yildizinin literatiirden alinan gdézlem verileri verilmistir.
Bolim 3’te kullanilan MESA evrim kodunun 6zelliklerine
yer verilmistir. B6lim 4’te MESA evrim kodunun sonuglari
ve elde edilen bulgular sunulmustur. Son olarak Bolim
5’te elde edilen bulgular kullanilarak elde edilen sonuglar
ve yapilan tartismaya yer verilmistir.

2. KIC 7341231 yildizinin gozlemsel verileri

Karma modlarin {zerine ¢alisma yapilacak olan KIC
7341231 (HIP 92775, G205-42) yildizi evrimlesmis bir
yildizdir. Cizelge 1'de yer alan gézlemsel parametrelerden
biri [Fe/H] olup -1.640 dex ve sicaklik ve kitle ¢ekim
ivmesi sirasiyla 5233 K ve 3.55 dex olarak Appourchaux
vd. (2012) ¢alismasindan alinmigtir. Yildizin tayftan elde
edilen gbzlem verilerinin yaninda detayli incelemeler igin
asterosismik olan biiylk ayrilma (Av) ve maksimum genlik
(Vmax), Takeda vd. (2016)
alinmistir. Yildizin biyik ayrilmasi 28.95 puHz olmasi da
yildizin evrimlesmis bir yildiz oldugunu gostermektedir.
Bu parametreler yildizin asterosismik incelemelerinde
kullaniimistir.

frekansi ¢alismasindan

Cizelge 1: Model yapiminda kullanilan KIC 7341231 yildizinin
asterosismik olan vmax (maximum genlik frekansi), Av (buyik
ayrilma) , AP (periyot araligl) ve asterosismik olmayan Tes (etkin
sicaklik), logg (yuzey ¢ekim ivmesi), [Fe/H] (metal bollugu), n
(paralaks), G (G bandindaki parlaklik) gozlem parametreleri.

Terr (K) 5233+ 100
logg (dex) 3.550 + 0.030
[Fe/H] (dex) -1.640 + 0.06
1 (mas) 4.2685 + 0.0102
G (mag) 9.771% 0.002
Vmax (LHZ) 368

Av (uHz) 28.95 +0.2
AP (uHz) 112.75 0.3

3. MESA evrim kodunun 6zellikleri

Secilen bu yildizin i¢ yapi modelleri MESA (v24.08.01)
evrim kodu ile yapilmistir. Bu paketin icinde yer alan

“astero” modulid  kullanilmistir.  “astero” modula

sayesinde yildizin asterosismik olan ve olmayan tim
gozlem parametreleri modellerle temsil edilmistir.
Modellerde konveksiyon karisim 6lgek uzunlugu teoremi
(Bohm-Vitense, 1958) ile tamimlanmistir. Saydamsizhk
tablolari olarak (1993, 1996)

Iglesias ve Rogers

kullaniimistir.

Cizelge 2: KIC 7341231 yildizini temsil eden en iyi modelin sonuglari. M, R, Teff, logg, Y (helyum bollugu), a (konveksiyon karisim 6lgek

uzunlugu), t (yas), AV, Vyay -

Yildiz adi M(Mg)  R(Rg) Teff (K) logg Y z a T(Gyil) Av (pHz) Vimax (WHZ)
KIC 0.79 2.62+0.03 5271 3.50+0.08 0.260 0.0010 1.150 11.80+2.26  28.92 366.75
7341231 +0.02 +100 +0.200 +0.0008 +0.20
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Yuksek  sicakhk OPAL
tablolarini, disiik sicaklik bolgelerinde ise Ferguson vd.
(2005) tarafindan (retilen tablolari
Nikleer reaksiyon hizlar igin Angulo vd. (1999) ile
Caughlan ve Fowler (1988) esas alinmistir. KIC 7341231
yildizinin  kitlesinin - kUglik  oldugu literatiirdeki
calismalardan bilinmektedir (Celik Orhan vd. 2021). Bu

yuzden kiiglik kutleli olan bu yildizin modelleri difiizyonlu

bolgelerinde saydamsizlik

kullanilmaktadir.

olarak yapilmistir. Ayrica yildizin metal bollugu Cizelge
1'de oldukga disiik oldugu gorilmektedir. Bu ylizden de
yildizin tim vyapilan modellerinde anakol 6ncesi dahil
edilmistir.

Secilen yildizin glines benzeri titresimleri de modellerle
elde edilip incelenmesi bu calismada amaglanmaktadir.
Bu ylizden glines benzeri titresim frekanslari atmosferik
kosullardan 6nemli 6lglide etkilendiginden, yapilan i¢ yapi
modellerinde “photosphere” segenegi tercih edilmistir.
Tayfsal gozlem parametrelerini en iyi temsil eden model
elde edildikten sonra bu modele ait titresim frekanslar
ADIPLS paketi kullanilarak hesaplanmistir (Christensen-
Dalsgaard 2008).

4. KIC 7341231 modellerden elde edilen sonuglar

Evrimlesmis yildiz olan KIC 7341231 yildizinin MESA ig yapi
modelleri detayl olarak yapilmistir. Karma modlarin
incelenmesi icin yildizin /=1 ve /=2 titresim frekanslar ilk
defa i¢ yapi modelleri ile elde edilmistir. Segilen bu yildiz
Celik Orhan vd. (2021)'nin segtigi 15 yildiz arasinda yer
almaktadir. Ancak Celik Orhan vd. (2021) galismasinda
MESA evrim kodunun

modiliyle sadece gozlenen /=0 titresim frekanslarini

secilen bu vyildizlar, “star”
kullanarak modellenmistir. Bu calisma da ise KIC 7341231
yildizinin MESA kodundaki “astero” modili ile i¢c yapi
modelleri yapiimistir. “astero” modili star modiliinden
oldukga farklidir. “star” modilu ile yildizlarin titresim
frekansinin elde etmek i¢in ilk dnce asterosismik olmayan
gozlem parametrelerine iyi uyum saglayan model elde
edilir. Daha sonra ADIPLS (Chistensen-Dalsgaard 2018)
paketiyle gozlem frekanslarinin elde edilmesi icin fgong
dosyasi elde edilir. Boylece en iyi temsil eden modelden
sonra frekanslarin en iyi sekilde temsil edilmesine dikkat
edilmistir. Ozellikle dogrudan goézlemlerle belirlenen Av
Ve Vyar frekanslari modellerle oldukga hassas olarak
hesaplanmistir. Ancak bu c¢alisma da ise KIC 7341231
yildizinin  “astero” modili ile yapilan modellerinde
asterosismik olan ve olmayan tim gézlem parametreleri
esas alinarak /=0, 1 ve 2 basta olmak tizere Av ve v, da
en iyi temsil edildigi model elde edilmesi amaglanmistir.
Cizelge 2’de elde edilen model sonuglar verilmistir.
Celik Orhan vd. (2021)

calismasindaki gibi 0.79 Mo olarak elde edilmistir.

Burada vyildizin kitlesi

3 gozlem e

logg

4.5 *

1 1 Il 1
3.85 38 3.75 3.7 3.65 3.6
log(Te (K))

Sekil 1: KIC 7341231 yildizinin en iyi temsil eden model ve
gozlem verilerinin uyumunu gosteren Kiel grafigi.

Metal bollugu gozlenen [Fe/H] degeri esas alinarak
hesaplanmistir. Yildizin helyum bollugu (Y) ise 0.260
Celik Orhan vd. (2021) galismasinda
Z=0.010 (agir element bollugu) olarak aldiklari modellerde

olarak alinmugtir.

yildizin yasint 12.75 Gyil olarak belirlemislerdir. Bu
¢alismada da 0.0010
hesaplandiginda yas 11.80 Gyil olarak elde edilmistir. Bu

yildizin  Z  degeri olarak
sonuglar kendi icinde oldukga tutarhdir, ¢linki elde edilen
sonuglar hata araliginda kalmaktadir. Celik Orhan vd.
(2021) cahsmasinda yildizin yarigapini 2.59 Ro olarak
modellerden elde etmisken bu c¢alisma da vyapilan
modellerde 2.62 Ro olarak yarigap belirlenmistir. Bu da
=0, 1 ve 2 frekanslarinin fit edilmesinden kaynakl olan ve
hata araliginda kalan bir sonugtur. Elde edilen modelin
Kiel diyagrami Sekil 1’de verilmistir. Bu diyagramdan da
yildizin evrimlesmis yildiz olarak modellendigi agik¢a
gorilmektedir.

40
35 -
30 -
Av (pHz)

25

20 -

15 1 1 1 1
300 350 400 450 500 550 600

v (uHz)
Sekil 2. KIC 7341231 yildizinin gozlenene /=0, 1 ve 2 titresim
frekansinin modellerden elde edilen titresim frekanslariyla
kiyaslanmasini veren biyik ayrilma frekans grafigi.

Ayrica bu sekilde yapilan modellerle yildizin model ve
gozlem verilerinin uyumu ortaya ¢ikmaktadir. Sekil 2'de
de yildizin gbzlem parametrelerine en uyumlu olan
modelden elde edilen titresim frekanslarin buyik
ayrilmaya frekans gozlenen titresim

karsi grafigi
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frekanslariyla birlikte verilmistir. Bu grafikten yildizin
gozlemsel ve model titresim frekanslarinin oldukga
uyumlu oldugu goérilmektedir.

4.1. Karma modlar kullanilarak yildizin é6zek bélgesi
hakkinda elde edilen bilgiler

Bu galismanin en 6zgilin yanlarindan biri de karma mod
gosteren /=1 titresim frekanslarinin hem modeller hem de
gozlemsel veriler kullanilarak incelenmesidir. Karma
modlar yildizlarin 6zek ve 6zege yakin kisimlarinin
incelenmesini saglayan titresim frekanslaridir. Karma
modlarin incelenmesi sayesinde Deheuvels vd. (2012) ve
Beck wvd. (2012) yaptiklari

¢alismalarla evrimlesmis yildizlarin merkezden ylzeyine

birbirinden bagimsiz
kadar donme profillerini elde etmislerdir. Bu sayede
yildizlarin gozlenen frekanslarini kullanarak teorik olarak
aciklanan ama gozlemsel olarak simdiye kadar veri
alinmamis olan 6zegin ylzeyden daha hizli déndigiine

dair gozlemsel kanitlar elde etmislerdir. Bu ¢alismalarda
=0, 1 ve 2 titresim frekanslarinda gorilen yarilmalardan
faydalanarak kirmizi devlerin ve alt devlerin sirasiyla
Ozeklerinin ylizeylerinden yaklasik olarak 10 ve 5 kat daha
hizli dondiigli elde edilmistir. Bir baska ¢alisma da ise Celik
Orhan vd. (2023) yaptiklari galismalarda /=1 titresim
frekanslarini segtikleri dort alt dev yildiz icin hem model
hem de gozlem verileri kullanilarak karma modlarla
hakkinda detayli bilgi
etmiglerdir. Boylece segilen doért yildizdan yola ¢ikarak

yildizin  6zeginin yapisi elde
yildizin helyum 6zeginin yapisini ve yasini belirleyen yeni
bir parametre (<d.;>) elde etmislerdir. Bu ¢alisma
kapsaminda oldukca evrimlesmis bir yildiz olan KIC
7341231

parametresini hesaplayip yildizin 6zek yapisiyla ilgili bilgi

icin karma modlardan elde edilen <dni>

elde edilmistir. Boylece alt devler igin gelistirilmis bu
iliskinin kirmizi dev bir yildiz igin testi yapiimistir.

Cizelge 3: KIC 7341231 evrimlesmis yildizin gézlem ve modelden elde edilen glines benzeri titresim frekanslari.

n lobs=0 Imod=0 lobs=1 Imod=1 lobs=2 Imod=2
8 299.038 298.731 315.473 314.734 323.415 323.261
9 327.266 326.927 349.882 349.723 352.322 352.214
10 355.830 355.556 378.993 380.260 381.841 380.719
11 384.508 384.119 412.346 415.489 409.609 409.738
12 413.474 412.887 434.861 438.307 439.352 438.660
13 442.581 441.978 460.278 462.904 468.430 468.432
14 472.001 471.235 488.188 490.283 498.277 497.550
15 501.395 500.625 516.727 509.909 527.974 527.071
16 531.282 530.107 547.714 540.573 — -

17 560.893 569.248 587.640 590.630 — -

4.1.1. 6zek He yogunlugu

Gilnes benzeri titresim yapan evrimlesmis yildizlarin
karma modlarininincelenmesiile yildizlarin 6zek bolgeleri
hakkinda bilgi sahibi
literatlirde cok sayida calisma yapilmistir. En glincel
calismalardan biri de Celik Orhan vd. (2023) yaptiklar
cahismadir. Bu ¢alisma sayesinde evrimlesmis yildizlarin

olunabilmektedir. Bu konuda

ozek bolgeleri hakkinda bilgi sahibi olmak igin karma mod
gosteren /=1 titresim frekanslarinin analizleri yapilmistir.
Bu calismada ilk defa <dn;> olan karma mod ile 6zek
hakkinda bilgi iceren bir iliski tanimlanmistir. Bu iligki
sayesinde secilen dort tane alt dev yildizin 6zek ve yasinin
tahmini yapilmistir. Bu ¢alisma da ise kirmiz dev kolunda
olan evrimlesmis bir yildiz olan KIC 7341231 yildizi igin test
edilmistir. <d,;> parametresini elde etmek icin yildizin
karma mod gosteren /=1 titresim frekanslari kullanilarak
Sekil 3'teki <dn;>’e karsin frekans grafigi cizilmistir. <dn;>,

Celik Orhan vd. (2023) belirttigi yontemle elde edilmistir.
Sekil 3’e f(x) uyumu temsili yapilarak Cizelge 4'teki hem
model hem de gbzlem verileri kullanilarak <d,;.> degerleri
hesaplanmistir. Daha sonra yine Celik Orhan vd. (2023)
calismasinda yer alan denklem (10) ile Cizelge 4’teki
ortalama helyum 6zegin yogunlugu hesaplanmistir. Bu da
model verilerinden elde edilen ortalama helyum 6zegin
yogunlugu ile Cizelge 4'teki
<dn1>

sonuglar kiyaslanmistir.

Buradan kullanilarak elde edilen ortalama

yogunlugun modellerden hesaplanan ortalama
yogunlukla olduk¢a uyumlu oldugu acik¢a gorilmektedir.
Bu da Celik Orhan vd. (2023) ¢alismasindaki alt devler igin
KIC 7341231 vildizi igin de

kullanilabilecegini gostermektedir. Boylece evrimlesmis

yapilan bu iliskinin
yildizlardan biri olan KIC 7341231 yildizinin 6zeginin
yogunlugunu belirleme de <d,;> degerinin kullaniimasinin
uygun oldugu ortaya ¢ikmistir.

Cizelge 4: Model ve gozlem |=1 frekanslari kullanilarak elde edilen <d,1> degerleri ve yildizin 6zek helyum bolluk arasindaki iligki.

<dn1obs> <dnimod>  Meecore (M) Ruecore (Rp)  tmod (Gyil)

tan1 (Gyil)

log(g/g+) log(gan1/g+) log(p/p+) log(pan1/ps+)

0.20408 0.195678 0.1547 0.003575 11.8

11.45 3.02 4.89 2.84 3.22
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4.1.2. Ozek He kiitle cekimi

Glines benzeri titresim yapan yildizlardan gii¢ tayfi elde
edildiginde bu vyildizin maksimum genlik frekansini
kolayca belirlenebilmektedir. vmax degeri de yildizin kitle
cekim ivmesiyle ve etkin sicakligiyla orantili bir iliskiye
sahiptir. Dolayisiyla yildizin vimax frekansi kullanilarak kitle
cekim ivmesini hesaplanabilmektedir. Ote yandan Celik
Orhan vd. (2023) galismasinda karma mod gosteren /=1
titresim frekanslarindan elde edilen <d.> degeri

hesaplanabilirse bu durumda yildizin  6zegindeki
helyumun kutle ¢ekim ivmesi ve yildizin 6zegi hakkinda
bilgi edilmektedir. Bu iliskiler evrimlesmis yildizi olan ve ilk
kez I=1 frekanslari da bu calisma da modellerle temsil
edilen KIC 7341231 yildizi igin test edilmistir. Bunun
sonuglar da Cizelge 4’te yer almaktadir. Calismalarinda
yer alan denklem (9) kullanilarak segilen bu yildizin
yapilan hesaplamalar Cizelge 4’te yer almaktadir. Bu
cizelgede modelile <dn1>ile hesaplanan log g degerlerinin

olduk¢a uyumlu oldugu gozlenmektedir.

0.8 T T T
0.6 - g _
04 -

< dn1 2.2 i

obs + |
mod‘el B

| 1 | | |
250 300 350 400 450 500 550 600
v (uHZ)

Sekil 3: KIC 7341241 yildizinin 6zek bolgesinin incelenmesi igin
cizilen <dn1> karsi frekans grafigi.

4.2. Yildizin yasini karma moddan hesaplama

Yildizlarin en zor belirlenen parametrelerinden biri de
yasin
belirlenmesi ¢cok zordur. Onun yerine yildizin gézlemsel

yastir, ¢linki dogrudan gozlem verileriyle
parametreleri kullanilarak yapilan modeller yardimiyla
yas tahmini yapilabilmektedir. Ancak giinimiizde glines
benzeri titresim yapan vyildizlar icin asterosismik yas
hesabi hem modellerle hem de dogrudan gobzlenen

frekanslar yardimiyla hesaplanabilmektedir.

Asterosismik yontemlerle yapilan modellerle yas oldukga
hassas olarak tespit edilebilirken frekanslarda gorilen
kiiclik ayrilmalar ve biyiik ayrilmalar sayesinde sismik HR
diyagrami ile wyildizlarin yaslari hesaplanabilmektedir.
Kiguk ayrilma yildizin merkezindeki H bollugu ve u olarak
bilinen ortalama molekil

yogunlugu ile dogrudan

iliskilidir. Yildiz anakolda evrimlestikce merkezindeki H

bollugu azalir ve ortalama molekil yogunlugu artarken
kiigiik ayrilma ¢ok hizl bir sekilde kiigilir ve anakol terk
asamasinda Olgllemeyecek degerlere ulasabilmektedir.
Bu ylzden giines benzeri titresim yapan evrimlesmis
yildizlarda kiglk ayrilma tespit edilemedigi icin yas
belirteci olarak kullaniimasi zordur. Ancak Celik Orhan vd.
(2023) yaptiklari galismada belirledikleri <dn;>'in yildizin
o6zegindeki He bollugu ile iliskisini tespit ettikten sonra,
<dn1>’in evrimlesmis yildizlarda yas belirteci oldugunu da
bulmuslardir. Denklem (11)'deki iliskiyi elde ederek
<dn1>’in yas belirteci olarak kullanabilecegini Celik Orhan
vd. (2023) ¢alismasinda gostermislerdir. Bu ¢alismada da
alt dev degil daha ¢ok evrimlesmis bir yildiz olan KIC
7341231 yildizi igin bu iliski test edilmistir. Bu yontemle
yas hesabi yapilarak Cizelge 4’te sonuglar verilmistir. Bu
yas model yasiyla olduk¢a uyumludur
hesaplanan yasi ile model yasi hata araligindadir. Bu tir

ve yildizin

yildizlar icin de bu iliskilerin yas hesaplama da

kullanilabileceginin gostergesidir.
5. Sonuglar ve Tartisma

Glnes benzeri titresim yapan evrimlesmis yildizlarda
gorilen karma modlarin analiz edilmesi yildizlarin 6zek
bolgeleri hakkinda bilgi sundugu icin oldukca degerlidir.
Bu calismada secilen KIC 7341231 yildizi olduk¢a yash
evrimlesmis bir yildizdir. Bu yildizin ilk olarak MESA evrim
koduyla i¢ yapr modelleri yapilmistir. Literatlirden farkh
olarak vyildizin i¢ yapi modelleri MESA’nin “astero”
modiiliinde ve karma mod gosteren /=1 ve /=2 titresim
frekanslari ilk kez incelenmistir. Boylece yildizin 6zeginin
yapisi hakkinda bilgi edinilirken literatirde var olan
iliskiler bu yildiz icin test edilmistir.

Yildizin kitlesi ve yarigapi bu ¢alisma da sirasiyla 0.79 Mo
ve 2.62 Ro olarak verilmistir. Bu sonuglar da Celik Orhan
vd. (2021)
sonuglaridir.

calismasiyla oldukca uyumlu model

Elde edilen
olmasinin nedeni ise MESA model versiyon ve modulu

sonuglarda farkhhklarin

farkhligi olacag! gibi ayrica bu calismada gozlenen /=0
titresim frekanslarinin yaninda /=1 ve /=2 titresim
frekanslarinin da temsil edilen bir model yapilmasindan
kaynaklanmaktadir. Yine yapilan modeller kendi icinde
tutarhdir ve hata araliginda kalan sonuglardir. Yildizin yasi
bu calismada biraz farkl olarak bulunsa da bu da secilen
yontemin farkindan kaynaklanmaktadir. Buradan
asterosismik yontemlerle elde edilen yildizlara ait temel
parametrelerin olduk¢a iyi bir belirleme yontemi

olduguna isarettir.

Yildizlarin belirlemesi zor olan bir parametresi de yastir.
Bu calisma kapsaminda KIC 7341231 yildizin yasi hem
MESA i¢ yapi modelleriyle hem de Celik Orhan vd. (2023)
calismasindan yola cikarak hesaplanmistir. Bu yaslar
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kiyaslandiginda Celik Orhan vd. (2019) calismasinda
gelistirdikleri <dn1> kullanarak vyapilan yas hesabi
yonteminden bu tiir evrimlesmis kiglk kitleli yildiz igin
hata sinirlari icerisinde olduk¢a uyumlu sonuglar verdigi

ortaya ¢ikmaktadir.

Gozlemelerle alinan fotonlar yardimiyla yildizin yilizey
bolgeleri hakkinda detayl bilgi elde edilebilmektedir.

Ancak gilines benzeri titresim yapan evrimlesmis

yildizlardan alinan karma modlar sayesinde yildizlarin
Ozekleri hakkinda bilgi edinilmesi mimkindiir. Bu calisma
da KIC 7341231 yildizin /=1 titresim frekanslarina gorilen

karma modlar kullanilarak yildizin  helyum 6zegin

yogunlugu ve kiitle ¢ekim ivmesi modellerle oldukga
uyumlu bir sekilde elde edilmistir. Boylece Celik Orhan vd.
(2023) galismasindaki dort alt dev yildiz igin elde edilen bu
iliskiler kirmizi dev koluna giden bu yildiz igin bu ¢alisma
da ilk kez test edilmistir.

Etik Standartlar Bildirgesi

Bu ¢alisma Dog.Dr. Zeynep CELIK ORHAN danismanhginda 24.09.2025
tarihinde sundugumuz “Giines benzeri evrimlesmis yildizlarin
incelenmesi” baslikli yiiksek lisans tezi esas alinarak hazirlanmistir.

Bu ¢alismanin hazirlanma stirecinde bilimsel ve etik ilkelere uyuldugu ve
yararlanilan tiim ¢alismalarin kaynakg¢ada belirtildigi beyan olunur.

Yazarlik Katki Beyani

Yazar 1: Kaynaklar, inceleme.

Yazar 2: Kaynaklar, Arastirma, inceleme, Yazma/orijinal taslak,
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Abstract

In this research, the adsorption efficiency of nitric acid (HNOs)-
modified kaolin (MK) clay for the removal of methylene blue
(MB) from aqueous solutions was examined. The influence of
key operational parameters, including contact time and the
initial concentration of MB, on the adsorption performance was
systematically studied. Experimental findings indicated that the
optimal conditions for MB elimination were achieved at an
initial dye concentration of 350 mg/L and a contact duration of
80 minutes. Structural and compositional alterations on the
adsorbent surface before and after adsorption were
characterized using scanning electron microscopy (SEM),
energy-dispersive spectroscopy (EDS), and Fourier transform
infrared spectroscopy (FTIR) analyses. The adsorption data were
found to be consistent with the Langmuir isotherm model,
suggesting that both chemisorption and irreversible interactions
played a role in the process. The maximum adsorption capacities
of MB were determined to be 32.26, 34.13, and 35.46 mg/g at
25, 35, and 45 °C, respectively. Kinetic modeling demonstrated
that the adsorption process followed the pseudo-second-order
(PSO) model. Overall, the study highlights that modified kaolin
is a promising, low-cost, and efficient adsorbent for the removal
of methylene blue dye from wastewater.

Keywords: Kaolin; Adsorption; Methylene Blue; izoterm; Kinetic.

Oz

Bu arastirmada, sulu ¢ozeltilerden metilen mavisi (MB) giderimi
icin nitrik asit (HNOs) ile modifiye edilmis kaolin (MK) kilinin
adsorpsiyon verimliligi incelenmistir. Temas stliresi ve MB'nin
baslangi¢ konsantrasyonu gibi temel operasyonel
parametrelerin adsorpsiyon performansi Uzerindeki etkisi
sistematik olarak incelenmistir. Deney sonuglari, MB giderimi
icin optimal kosullarin, 350 mg/L baslangic boya konsantrasyonu
ve 80 dakikalik temas siresi ile elde edildigini gostermistir.
Adsorpsiyon 6ncesi ve sonrasi adsorban ylizeyindeki yapisal ve
bilesimsel degisiklikler, taramal elektron mikroskobu (SEM),
enerji dagihmli spektroskopi (EDS) ve Fourier donusimli
kizilotesi spektroskopi (FTIR) analizleri kullanilarak karakterize
edilmistir. Adsorpsiyon verilerinin Langmuir izoterm modeliyle
tutarh oldugu bulunmus ve bu da hem kimyasal adsorpsiyonun
hem de geri donisimsiliz etkilesimlerin siiregte rol oynadigini
gOstermistir. MB'nin maksimum adsorpsiyon kapasitelerinin
sirastyla 25, 35 ve 45 °C'de 32,26, 34,13 ve 35,46 mg/g oldugu
belirlenmistir. Kinetik modelleme, adsorpsiyon siirecinin sdzde
ikinci derece (PSO) modelini izledigini gbstermistir. Genel olarak,
calisma, modifiye kaolinin atik sudan metilen mavisi boyasinin
giderilmesi igin umut verici, dusik maliyetli ve verimli bir
adsorban oldugunu vurgulamaktadir.

Anahtar Kelimeler: Kaolin; Adsorpsiyon; Metilen Mavisi; izoterm;
Kinetik.

1. Introduction

With the
urbanization, environmental pollution caused by dyes

rapid increase in industrialization and
poses a serious threat to all living things (Métivier-Pignon
et al. 2003). These toxic dyes permanently pollute food
sources, drinking water reserves, agricultural lands, and
wastewater (Saygili et al. 2015; Kiling et al. 2022; Hosny et
al. 2022; Ekinci, 2023). Methylene blue (MB) carries
significant risks for the environment and human health
due to its complex aromatic structure (Saygil et al. 2015;
Kiling et al. 2023). The accumulation of MB in water
resources inhibits photosynthetic activity by reducing
light transmittance, thus disrupting the ecosystem
balance and causing irreversible damage to aquatic plants
and aquatic organisms. In addition, long-term exposure to

high concentrations of MB can cause health problems
such as respiratory disorders, weakening of the immune
system, and metabolic imbalances and threaten human
health with mutagenic and carcinogenic effects.
Therefore, effectively removing MB from aqueous media
is essential for environmental sustainability (Zhang et al.

2023).

Adsorption is a low-cost, efficient, and environmentally
friendly method for removing toxic dyes such as
methylene blue (MB) from aqueous solutions (Zhang et al.
2023). Since it has a more straightforward application
process than alternative treatment techniques and offers
high removal capacity, it is widely used to treat industrial
wastewater. In order to minimize the negative effects of
MB on the environment and human health, various
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natural materials such as clay minerals, activated carbon,
and plant wastes have been evaluated as adsorbents
(Hosny et al. 2022). Studies have shown that both natural
and surface-modified adsorbents show high efficiency in
removing dye pollution. The large surface area, high
porosity, and good adsorption capacity of these materials
pollution by
facilitating the retention of pollutants. Furthermore,

contribute to reducing environmental

these adsorbents are biodegradable, recyclable, and

sustainable, offering an environmentally friendly
alternative in industrial wastewater treatment. In this
context, the development and widespread use of natural
and modified adsorbents is essential in reducing
environmental pollution and protecting water resources
(Tan et al. 2008; Canpolat et al. 2022). Clays are natural,
eco-friendly materials characterized by their large specific
surface area and excellent cation exchange capacity.
Kaolin, a commonly found clay mineral, is recognized for
its strong ability to adsorb harmful and toxic dyes from
aqueous environments (Robinson et al. 2001; Ravi et al.
2005). This property can be improved by incorporating
inorganic and/or organic substances into the interlayer
structure of kaolin and changing the selectivity and
mechanism of kaolin-dye interactions. The adsorption
capacity of the clay surface can be enhanced by acid or
base treatment or functionalization with certain
additives, thereby strengthening the interactions on the
surface and enabling more efficient removal of dyes

(Ghosh and Bhattacharyya, 2002; Wu and Tseng, 2008).

In this study, the capacity of modified kaolin (MK) to
remove methylene blue (MB) from aqueous solutions was
investigated in detail. Various experimental tests and
analyses were carried out to evaluate the efficiency of MK
in MB adsorption. In line with the data obtained, many
experimental parameters were comprehensively
analyzed to determine the adsorption efficiency of MK for
MB. In particular, the factors that maximize the
interaction between MB and MB in solution were
initial MB

concentration on adsorption efficiency. Analyzing these

revealed by examining the effect of

parameters allowed the determination of the optimal
conditions for the effective removal of MB. In addition,
the study evaluates the kinetics and isotherms of the
ultimately determining the

adsorption  process,

adsorption capacity of MB.
2. Materials and Methods

Kaolin-type clay used in this study was obtained from
quarries in Senkaya district of Erzurum province. In
preparing acid-modified kaolin, raw kaolin was first dried
at a specific temperature to remove the moisture

content. Then, it was ground to obtain a homogeneous
particle size distribution and sieved to remove particles
below 100 um. After these treatments, a 1 M nitric acid
(HNO3) solution was prepared for modification. Next, 250
mL of a 1 M HNO; solution was added to a 500 mL flask
containing 20 g of kaolin. The mixture was stirred
continuously for 24 hours. After stirring, the kaolin was
filtered to remove acid residues and washed with
deionized water to bring the pH of the filtration to
neutralize. To finish the modification procedure, the
cleaned kaolin was dried at 105 °C in an oven. A 500 mg/L
stock solution of methylene blue (MB) was prepared for
adsorption experiments, and MB solutions with different
concentrations were prepared with this stock solution. All
solutions used in the experiments were freshly prepared
diluted solutions. The Sigma-Aldrich business supplied the
chemicals utilized in the investigation.

The binding patterns of functional groups were examined
using Fourier Transform Infrared (FTIR) spectroscopy
(SHIMADZU IRXross) on the modified kaolin (MK) surface
before and after adsorption. This technique provides an
effective tool to detect chemical changes and functional
group interactions occurring on the surface of MK. In
addition, A scanning electron microscope (SEM) (JEOL
JSM-6010LA) equipped with energy dispersive X-ray
spectroscopy (EDS) was used to examine the surface
morphology and composition in detail. While EDS gave
details on the elemental composition and distribution of
MK, SEM photos showed changes in the surface
morphology of kaolin. This combination offers an
essential contribution to understanding adsorption
processes and a detailed evaluation of the changes on the
adsorbent surface.

It was reported that 20 mL of solution at different
concentration ranges (between 100 and 500 mg/L) were
used in adsorption trials in 100 mL conical flasks and
agitated in a water bath shaker at a rotation rate of 100
cycles per minute. After the adsorption process, the
amount of unadsorbed MB remaining in the aqueous
medium was measured by UV-Vis Spectroscopy
(Shimadzu-1900 model device) at a wavelength of A =664
nm. MB's initial concentration and contact time were
thoroughly examined and used to determine the
optimum parameters to maximize the adsorption
efficiency. Furthermore, the effect of thermal conditions
on the adsorption process was evaluated at controlled
temperatures of 25, 35, and 45 °C. Equation 1 was used to
determine the amount of adsorbed MB (Canpolat, 2023)

Co—Ce
qe =272V 1
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The mass of the adsorbent in this study is represented by
W(g), and the volume of solution used is represented by
V(mL). C, and Ce (mg/L) were the MB solution's starting
and equilibrium concentrations, respectively.

3. Results and Discussion
3.1. Characterization studies

The binding process of MB dyestuff was examined and
possible adsorption functional groups on the MB surface
were identified using FTIR spectroscopy. FTIR spectra
were recorded and compared before and after the
adsorption of MB, and these data are presented in Figure
1. When the IR spectrum of MB is analyzed, the peaks at
1005 and 1114 cm™ reflect the stretching vibrations of Si-
O-Si groups in the tetrahedral structure. The peak at 685
cm? shows the vibration band associated with the silica
compound, and the peaks at 458 and approximately 529
cm? show the vibrations of the Si-O-Si and Al-O-Si bonds,
respectively. After the adsorption of MB dyestuff,
significant shifts in these characteristic peaks and
decreases in the vibration bands were observed. These
spectral changes indicate that the functional groups on
the MK surface directly interact with MB molecules and
in the adsorption process. In
particular, the decreases in peak intensities suggest that

actively participate

the functional groups are partially saturated or subjected
to chemical binding during MB adsorption. Furthermore,
the shifts in wavelengths indicate the presence of
different adsorption mechanisms, such as electrostatic
interactions, hydrogen bonding, and possible covalent
bond formation. These findings show that functional
groups on the MK's surface are crucial for MB adsorption
and that these interactions have a significant impact on
the adsorption capacity.

Transmittance (%)

458

Before Adsorption

—— After Adsorption 7 /
1003 528 1455

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 1. FTIR spectrum before and after adsorption

The surface morphology and chemical composition of MK
were examined using SEM and EDS both before and after
adsorption. The SEM map obtained before adsorption
(Figure 2a) shows that MK is heterogeneous and has
different colors and region densities on the surface. The

SEM map obtained after MB adsorption (Figure 2b)
reveals the presence of significant color changes on the
surface of the MK, indicating the changes in the surface
and the effect of MB on the adsorption process on the
surface of the MK. In addition to SEM analysis, EDS
analysis revealed remarkable changes in the surface
chemical composition of MB before and after adsorption.
An increase in the ratios of carbon (C), sulfur (S), and
nitrogen (N) elements was observed on the surface after
MB adsorption, confirming the binding of MB molecules
to the surface. In addition, changes in the relative
densities of some key components (e.g., silicon (Si) and
aluminum (Al)) have occurred, suggesting that new
chemical interactions and possible complex formation
have happened on the surface. These morphological and
chemical changes indicate that during MB adsorption,
new compounds are formed on the MB surface, and the
chemical properties of the surface are transformed. The
initiation of a dissolution-precipitation mechanism
adsorption  process due to
physicochemical interactions between the surface and

characterizes the

MB molecules. These findings, supported by EDS data,
reveal that the changes occurring on the surface of MB
after adsorption are essential both at morphological and
chemical levels.

mne o e i : : e
Figure 2. SEM/EDS spectrum before (A) and after (B) adsorption

3.2. Batch Experiments
3.2.1 Effect of initial concentration

The efficiency of the adsorption process is largely
dependent on the solution's starting concentration. The
findings obtained in this study show that the adsorption
rate varies depending on both contact time and initial
concentration, and this relationship can be explained by
kinetic parameters, (Altunkaynak et al. 2024). To evaluate
this effect, 0.2 g of MK was used in the specified
experimental conditions and mixed with 20 mL of MB
solution at 25, 35, and 45°C for 120 min. The initial
concentrations of the MB solutions were systematically
varied between 100 and 500 mg/L. The amount of MB
that remained in the solution phase following adsorption
was measured using a UV-Vis spectrophotometer.
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The data presented in Figure 3 show that MB extraction
from aqueous medium by MK varies depending on the
initial concentration. The findings revealed that MB
adsorption on the MK's surface increased up to a certain
concentration threshold. Still, after exceeding this
threshold, the adsorption capacity remained constant.
The adsorbent surface's active site saturation by MB
molecules can explain this. Furthermore, as shown in
Figure 3, the experiments executed at 25, 35, and 45 °C
showed an increase in the amount of MB adsorbed when
the temperature rose, indicating that MB's adsorption
capacity is positively correlated with temperature. In the
later stages of the study, 350 mg/L concentrations of MB
solutions were used with MK based on the data obtained.

34
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Figure 3. Impact of starting concentration on MK's ability to
remove MB (Adsorbent mass of 0.2 gand V =20 mL)

33 -
[ |
.-II-
28 L .00000
m e
m®
| e
—~ 28 r *
(=]
>
£ = #25°C
= *
S 18 m35°C
45°C
[ ]
13 | o
8 1 1 1 1 1 1 ]

0 20 40 60 80 100 120 140
Contact time (min)

Figure 4. Impact of contact duration on MB adsorption with MK
3.2.2 Effect of contact time

In an aqueous solution, the adsorbent and MB's
interaction period is one of the main parameters
determining the efficiency of adsorption processes
(Altunkaynak and Canpolat, 2023). Figure 4 shows the MB
removal effectiveness changes depending on MK's
contact time. The adsorption tests were conducted at
temperatures of 25, 35, and 45 °C using 0.2 g adsorbent

and MB solution at a 350 mg/L concentration. According

to the data presented in Figure 4, it was determined that
the amount of MB adsorbed (qgt) was plotted against time
using the values measured in the period between 10 and
120 minutes, and the time of balance in the adsorption
process was achieved in approximately 80 minutes. At the
initial stage, the amount of MB removal showed a
continuous increase during the first 60 minutes. However,
a plateau trend was observed in the MB removal rate
beyond this time because the saturation of the active sites
on the adsorbent surface. This leads to the adsorption
capacity remaining constant at a certain level despite
increasing contact time.

3.2.3 Kinetic Study

Kinetic studies were carried out to understand the
mechanism of MB adsorption on MB and to determine
the rate-limiting step of the process. Contact time is a
crucial parameter in the process of adsorption, and
modeling of nonlinear kinetic was applied to investigate
the kinetic properties of this process in more detail. Based
on experimental data, pseudo-first-order (PFO) and
pseudo-second-order (PSO) kinetic
in the assessment of adsorption data.
Equations 2 and 3 present the PFO and PSO models'
nonlinear kinetic equations (Canpolat, 2023; Altunkaynak
and Canpolat, 2023).

models were

examined

In(q, — q¢) = Inq, — kqt (2)

t t 1
— = 3
ac  de k243 3)

Here, qe represents the equilibrium adsorption capacity,
and gt represents the amount of adsorbed MB at a given
time t. The PFO and PSO kinetic model's rate constants
are represented by k; and k;, respectively.

The parameters obtained from the nonlinear fitting of the
kinetic models are shown in Figures 5 and 6 and Table 1.

4 -
¥a5 = -0,0639x + 3,741 PFO
R?=0,9775
3T ¢
) Ys5 = -0,0567x + 3,6196
i R?=0,9839
1 F Y45 = -0,055x + 3,5706
R?=0,9817
’c?r- 0 L 1 L L )
= 20 40 60 80 100 120
£al
.
2 L
®25°C
3 r m35°C m
4 L 45°C ¢
5 L

t (min)
Figure 5. PFO model plot for MB adsorption on MK
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Figure 6. PSO model plot for MB adsorption on MK

Table 1. Kinetic factors for MB removal on MK at various

temperatures

PFO Model 25°C 35°C 45 °C
ge (Mg/g) 42.14 37.32 35.54
ki1 (min-1) 0.064 0.057 0.055
R2 0.9775 0.9839 0.9817
PSO Model

ge(mg g) 32.26 34.13 35.46
k2 (g/mg min) 0.0024 0.0023 0.0024
R2 0.9979 0.9984 0.9987

The values of g and g: given in Table 1 are based on
calculations performed at 25, 35, and 45 °C. The low R?
coefficients of determination of the PFO model and the
discrepancy between experimental (qexperimental) and
theoretical (Qtheoretical) adsorption capacity indicate that
this model is unsuitable for explaining the adsorption
process of MB. In contrast, the PSO model better
represents the adsorption kinetics of MB by MK,
supported by the high agreement between experimental
and theoretical adsorption capacities and relatively high
R? values.

3.2.4 Isotherm Study

The equilibrium adsorption characteristics of MK were
assessed using the Langmuir and Freundlich isotherm
models. These isotherm models describe the relationship
between the adsorbent surface's characteristic properties
and the adsorbate's adsorption capacity in solution. The
Langmuir isotherm model assumes that MB adsorbs
homogeneously and as a monolayer on the surface of MB.
According to this model, adsorption is predicted to occur
over a specific and limited quantity of active surfaces.
Equation 4 presents the Langmuir isotherm's linear
equation (Sayar and Canpolat, 2024; Altunkaynak and
Canpolat, 2025).

Ce 1 Ce (4)

qe qmax.Kj, qmax

The maximum adsorption capacity is denoted by gm, while
C. indicates the equilibrium concentration of MB, and ge
refers to the amount of MB adsorbed at equilibrium. The
equilibrium constant associated with the adsorption
process is represented by K.

The adsorbent surface's

adsorption,

heterogeneous structure,

multilayer and molecular interactions
between the adsorbent and adsorbate are all taken into
account by the Freundlich isotherm model. This model
explains the dynamic nature of the system by reflecting
interactions

the complex during the process of

adsorption. Equation 5 represents the Freundlich
isotherm model's linear version (Sayar and Canpolat,

2024; Altunkaynak and Canpolat, 2025).

logq, = logKy + (1/n)logC, (5)

In this case, the adsorbent's adsorption capacity and the
degree of surface heterogeneity are represented by the
constants Kr and n in the Freundlich isotherm model,
respectively.

The adsorption equilibrium data of the Freundlich and
Langmuir isotherm models are presented visually in
Figures 7 and 8. In addition, the calculated isotherm
constants and g values obtained from the models are
summarized in Table 2. Based on the comparison of the
R? values and the agreement between the experimental
and calculated ge. values, it was determined that the
best describes the MB
adsorption process on MK. This result indicates that the

Langmuir isotherm model
adsorption follows the Langmuir equation, suggesting
monolayer adsorption on a homogeneous surface and
implying that the adsorption mechanism is mainly

14
¥ys =0,0327x+0,6959
R®=0,9977

Langmuir

Yss =0,0312x+0,5678
10 - R?=0,9976

Yas =0,03x+0,5121

CJ/q. (g/L)

‘ R?=0,9977 e 25°C
m 35°C
4 L
45°C
2 -
0 1 1 1 3
0 100 200 300 400

C. (mg/L)

Figure 7. Plot for MB adsorption on MK using the Langmuir
model
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L6y, =0,1305x+1,1298

Table 2. Kinetic factors for MB removal on MK at various

R=0,9627 Freunidich temperatures
15 | Ve Langmuir Model 25°C 35°C 45°C
. R Qmax (Mg/8) 30.58 32.05 33.33
1,4 R?=0,9469 K. (L/mg) 0.047 0.055 0.059
:" R2 0.9977 0.9976 0.9977
= 13} ¢ 25°C Freundlich Model
m 35°C Ki(mg g) 13.48 15.54 16.75
12 | 45°C n 7.66 8.64 9.11
R2 0.9627 0.9536 0.9469
1,1 : : :
1 15 2 2,5
log C,
Figure 8. Plot for MB adsorption on MK using the Freundlich
model
Table 3. Comparing the ability of several adsorbents to remove MB
Adsorbent Adsorption capacity (mg/g) Reference
Raw kaolin 15.26 Rida et al. 2013
Cold plasma modified kaolin 23 Yavuz and Saka 2013
HCl treated kaolin 27.13 Boukhemkhem and Rida 2017
Chitosan cross-linked zeolite 252.5 Hidayat et al. 2022
Zeolite-activated carbon from oil palm ash 285.71 Khanday et al. 2017
Mesoporous-activated carbon (CSAC) from chitosan flakes 143.5 Marrakchi et al. 2017
Clay-chitosan-alginate hydrogel beads 303.03 Bellaj et al. 2026
Sodium alginate-kaolin beads 188.7 Marzban et al. 2021
Chitosan-containing organoclay 138 Kabbadj et al. 2019
NaOH treated clay 16.3 Ghosh et al. 2002

Modified Kaolin

32.26 (25 °C)
34.13 (35 °C)
35.46 (45 °C)

This work

As shown in Table 3, the adsorption capacity obtained in
this study is comparable to that of modified natural
mineral-based adsorbents reported in the literature.
Although some polymer-mineral composites exhibit
higher adsorption capacities, their preparation generally
requires more complex and costly processes. Therefore,
the developed modified kaolin can be considered a
promising adsorbent for the removal of methylene blue
due to its simple preparation and satisfactory adsorption

performance.
4. Conclusion

This study investigated using kaolin-type clay modified
with HNOjs as a successful adsorbent for the removal of
MB from wastewater. The results revealed that MK
removed MB dyestuff with high efficiency (32.26, 34.13,
35.46 mg/g at 25, 35, 45 °C, respectively). The Langmuir
model best explains the adsorption process, according to
equilibrium isotherm analysis. Kinetic modeling results
showed that MB removal was fitted to the PSO. FTIR and
SEM-EDS analyses confirmed that notable modifications
occurred in the chemical and morphological structure of
MB before and after adsorption. These changes and
sedimentation mechanisms are thought to contribute
significantly to removing MB from aqueous solutions.

When the obtained data were evaluated, it was
concluded that kaolin-derived clay offers a sustainable
and economically viable alternative for MB removal in
treatment of wastewater due to its wide availability,
strong adsorption ability, and economical efficiency. The
findings obtained in this study show that kaolin-derived
clay is an effective adsorbent for MB removal. However,
applying different chemical and physical modification
methods may help increase the adsorption capacity. In
particular, the effect of acidic and basic activation
processes on surface properties should be investigated in
detail. Furthermore, the sustainability of kaolin-based
adsorbents can be increased by investigating their
reusability and regeneration processes. Conducting field
studies to determine their effectiveness in industrial
wastewater is essential. In addition, analyzing the
adsorption capacity of kaolin-derived adsorbents against
different organic and inorganic pollutants can expand the

potential of this material as a versatile treatment agent.
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Oz

Bu calisma, ham nar kabugu (RPP), nar kabugu biyokomuri
(BPP) ve nar kabugu bazlh aktif karbonun (PPAC) sulu
cozeltilerden Cr** iyonlarinin  giderimindeki adsorpsiyon
performansini karsilastirmali olarak incelemistir. PPAC, nar
kabugundan elde edilen biyokomirin KOH ile kimyasal
aktivasyonu ve yliksek sicaklikta i1sil islem uygulanmasiyla
hazirlanmistir.  Optimum adsorpsiyon kosullari; 250 mg/L
baslangic Cr3* konsantrasyonu, 120 dakika temas siiresi ve pH
5.31 olarak belirlenmistir. Tim deneyler 25 mL ¢6zelti hacminde
gercgeklestirilmis; adsorbent dozajlari RPP, BPP ve PPAC igin
sirasiyla 0.10, 0.05 ve 0.02 g olarak uygulanmistir. 298 K’de elde
edilen maksimum adsorpsiyon kapasiteleri RPP, BPP ve PPAC
icin sirasiyla 38.61, 96.15 ve 243.90 mg/g olarak hesaplanmistir.
Piroliz islemiyle gelisen ylizey alani ve gbézenek yapisi BPP’nin,
KOH aktivasyonu ile daha da artan porozite ve ylizey fonksiyonel
gruplari ise PPACnin en yiksek adsorpsiyon kapasitesine
ulasmasini saglamistir. Kinetik analizler, tim adsorbentlerde
adsorpsiyonun yalanci ikinci dereceden modele uydugunu ve
stirecin kimyasal adsorpsiyon mekanizmasiyla kontrol edildigini
goOstermistir. Termodinamik analizler, adsorpsiyonun
endotermik ve kendiliginden gercgeklestigini ortaya koymustur.
AH® degerleri RPP, BPP ve PPAC icin sirasiyla 41.57, 41.57 ve
33.26 kJ/mol; 298-318 K araligindaki negatif AG® degerleri ise
stirecin spontanhgini dogrulamistir. Sonuglar, 6zellikle PPAC'nin
Cr3* gideriminde dusiik maliyetli, strdirilebilir ve yiksek
performansh bir adsorbent oldugunu géstermektedir.

Anahtar Kelimeler: Nar kabugu, Krom, Kinetik, izotermler, Biyokémiir,
Aktif karbon

Abstract

This study comparatively investigated the adsorption
performance of raw pomegranate peel (RPP), pomegranate peel
biochar (BPP), and pomegranate peel-based activated carbon
(PPAC) for the removal of Cr3* ions from aqueous solutions.
PPAC was prepared by chemical activation of pomegranate peel-
derived biochar using KOH, followed by high-temperature
thermal treatment. The optimum adsorption conditions were
determined as an initial Cr®* concentration of 250 mg/L, a
contact time of 120 min, and pH 5.31. All experiments were
conducted using 25 mL of solution, while the adsorbent dosages
were 0.10 g, 0.05 g, and 0.02 g for RPP, BPP, and PPAC,
respectively. At 298 K, the maximum adsorption capacities of
RPP, BPP, and PPAC were calculated as 38.61, 96.15, and 243.90
mg/g, respectively. The enhanced surface area and pore
structure resulting from pyrolysis improved the adsorption
performance of BPP, whereas the increased porosity and
enriched surface functional groups achieved through KOH
activation enabled PPAC to exhibit the highest adsorption
capacity. Kinetic analysis showed that Cr3* adsorption on all
adsorbents followed the pseudo-second-order model,
indicating that the process was governed by chemisorption.
Thermodynamic analysis revealed that the adsorption process
was endothermic and spontaneous. The AH° values for RPP, BPP,
and PPAC were 41.57, 41.57, and 33.26 kJ/mol, respectively,
while the negative AG® values obtained within the temperature
range of 298-318 K confirmed the spontaneous nature of the
adsorption process. The findings demonstrate that, particularly
PPAC, is a low-cost, sustainable, and highly efficient adsorbent
for the removal of Cr3* ions from aqueous solutions.

Keywords: Pomegranate peel, Chromium, Kinetics,Isotherms, Biochar,
Activated carbon

1. Giris

Hizli kentlesme ve sanayilesme, su kaynaklari sistemlerini
tehdit ederek toplumun ve ekonomilerin sirdirdilebilir
gelisimini sinirlamaktadir (Luo vd., 2022). Su kirliligi, iklim
degisikligi ve yuksek yogunluklu insan faaliyetleri su
havzalari izerinde 6nemli dl¢lide etki yaratmaktadir (Zhu
vd., 2022; Mu vd., 2021). Diinya niifusun yaklasik %40'i su
kithgr sorunuyla karsi karsiya kalmistir (Calzadilla vd.,
2011). Agir metallerin su ekosistemlerini zehirlemesi,
iliskili ekolojik ve insan saghgi tehlikeleri nedeniyle 6nemli

bir kiiresel cevre sorunu haline gelmistir (Wang vd., 2022).
Agir metaller, dogal ortamda kalici olan ve besin zinciri
boyunca birikime yol agarak hem insan hem de cevre
saghgini  olumsuz etkileyen son derece toksik
elementlerdir (Ali vd., 2020; Kumari vd., 2017). Agir metal
kirliligi esas olarak cesitli faktorlerin birlesiminden
kaynaklanmaktadir. Siddetli yagis gibi dogal olaylar su
kirliliginin artmasina neden olabilir, ancak agir metal
kirliligine neden olan ana faktorler insan faaliyetleridir. Fe,

Zn, Cr, Co, Ni, Cu, Cd, Hg, Mn, Pb ve Al dahil olmak Gzere
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agir metaller, endustriyel, belediye ve konut atik sulari,
erozyon, arazi akisi ve gevresel yagis dahil olmak tzere
gesitli kaynaklardan nehirlere karismaktadir. Ozellikle,
kirlenmis suyun nehirlere ve gollere dogrudan desarji
keskin bir sekilde artmis ve agir metallerle yogun kirlilige
yol agmistir.

kirleticilerin ~ birikimi  su

Agir  metal kirliligini

siddetlendirmekte ve igcme suyu gilvenligini, gida
Uretimini ve mahsul guvenligini dogrudan etkileyerek
sonugta insan saghgini tehlikeye atmaktadir (Zhang vd.,
2018; Wang vd., 2022; Kumar vd., 2021). Ozellikle sanayi
bolgelerinde Pb, Cd, Cr ve Co gibi zehirli elementlerin
yuksek konsantrasyonlarda tespit edilmesi, yetersiz ¢evre
diizenlemeleri ve kontrolsiiz sanayi buyumesinin su
kirliligine ve halk saglig tehlikelerine yol actigi uluslararasi
calismalarla raporlanmistir (Chakma vd., 2026). Bu
nedenle, uygun maliyetli, sirdirilebilir ve verimli aritma
teknolojilerinin gelistirilmesi zorunludur.
termokimyasal donlisiminden elde edilen karbonca
zengin bir malzeme olan biyokémiir, son yillarda gevresel

Biyokutlenin

iyilestirme alaninda onemli bir ilgi gormdistir. Cesitli
kullanimlar arasinda, biyokdmirin atik su aritimindaki
etkinligi, yiksek ylzey alani, gozenekli yapisi ve agir
metaller de dahil olmak kirleticilerin
adsorpsiyonunu saglayan fonksiyonel gruplarinin bollugu

Uzere

nedeniyle kapsamli bir sekilde arastiriimaktadir (Samad
vd., 2026). Yapilan galismalarda amag; kirlenmis atik
suyun tarim ve sanayi icin temiz suya donlstirulerek geri
kazanilmasidir. Bu stratejinin uygulanmasi, dogal su
kaynaklarinin yanlis kullanimini azaltabilecegi ve ¢evresel
tahribatin daha da artmasini engelleyebilecegi ©n
gorulmektedir (Elgamal vd., 2023). Bu agir metallerden
krom, bazi sucul organizmalarda ve insanlarda viicut
yagini
artirabilen o6nemli bir eser

azaltabilen ve yagsiz viicut kompozisyonunu
element olarak kabul
edilmektedir. Bununla birlikte, asiri krom balik fizyolojisini
bozabilmekte, alerjik tepkilere ve endokrin bozulmasina
neden olabilmektedir (Jamil Emon vd., 2023).

Gecis elementi olan krom (Cr), tabaklama, metalurji,

elektrokaplama, tekstii ve pigmentler gibi cesitli
endustrilerde yaygin olarak kullanilmaktadir (Manoj vd.,
2021; Jobby vd., 2018). Krom iceren endustriyel atiklar,
ylzey sulari, toprak ve vyeralti sularinda ciddi kirlilige
(0)'dan Cr (VI)'ya kadar

cesitli oksidasyon durumlarinda bulunur. Bunlar arasinda

neden olur. Krom, Cr
Cr (ll1) ve Cr (VI) en yaygin ve en kararli olanlari olmakla
birlikte insan saghgini ciddi sekilde etkileyen iki zehirli
tlrdur (Shahid vd., 2017). Cr (ll1) iyonlari suda siklikla Cr
(H20)6*, [Cr (H20)s(OH)**, [Cr (H20)s(OH),]* ve diger
kompleks tirler halinde bulunur. Suda oksitleyici tirlerin
varliginda, Cr (lll) iyonlari Cr (VI) iyonlarina oksitlenerek

CrO4% ve Cr,0,% gibi tiirler olusturur. Bu CrO4% ve Cr,07%"
iyonlari ise ¢ok sik olarak tabaklama, metal isleme,
elektrokaplama ve boya Uretimi gibi endustrilerden
kaynaklanan atik sularda bulunur (Liang vd.,2021; Zhang
vd., 2021). CrO42" ve Cr,0,* formundaki Cr (VI) iyonlar
kanserojen ve insan sagligi icin toksik kabul edilir ve beyin
kanseri, kanseri, siddetli
hasari, DNA hasari, bobrek
degisiklik, bobrek yetmezligi ve

anemi, akciger
dermatit, sindirim sistemi
dizeyinde tilbiler
diger birgok saglik sorununa neden oldugu bildirilmistir
(Unceta vd., 2010). Ancak, krom maruziyetinin neden
oldugu genotoksik ve epigenetik hasar ve degisiklikler
giderek daha fazla
varyasyon insan viicudundaki krom detoksifikasyonu
tizerindeki

incelenmesine ragmen, genetik

olasi etkileri hakkinda nispeten az sey
bilinmektedir (Pavesi vd., 2020). Cevre Koruma Ajansi'nin
(EPA) igme suyunda izin verilen toplam krom (Cr (lll)
ve/veya Cr (V1)) iyonlari icin belirledigi sinir 0,1 mg L~
Lveya 0,1 ppm'dir (WHO, 2020). Bu nedenle, bu zehirli
iyonlarin sudan uzaklastiriimasi sadece insanlar i¢in degil,
diger sucul ve su disi canlilar icin de hayati 6nem

tasimaktadir.

Son vyillarda, Bitkisel atiklar ile birlikte bunlardan
sentezlenen biyochar ve aktif kémdir kullanilarak yeni
adsorbanlar gelistirilmektedir. Bu tir adsorbanlar yliksek
6zgll ylzey alani, minimum flokilant olusumu, yiliksek
adsorpsiyon kapasitesi, hizli kinetik 6zellikler ve birden
fazla dongli boyunca yeniden kullanilabilme gibi
olaganistu ozellikler sunmaktadir (Abuhatab vd., 2020).
Bircok calisma, metal kirliliginin giderilmesinde aktif
karbonun pratik uygulamasini destekleyen kanitlar
sunmustur. Son yillarda, diisik maliyetli ve dogal kokenli
adsorbanlarin agir metal giderimindeki performansini
arastiran calismalar énemli dlciide artmistir. Ozellikle
dogal mineraller, tarimsal atiklar ve biyokitle bazli
adsorbanlar kullanilarak Pb(Il), Cr(lll), Cr(VI), Cd(ll) ve
diger agir metal iyonlarinin sulu ¢ézeltilerden etkin sekilde
uzaklastirilabilecegi  gosterilmistir.  Kimyasal olarak
islenmemis Midyat tasinin Pb(ll) gideriminde yiksek
adsorpsiyon kapasitesi sergiledigi, adsorpsiyon sirecinin
Langmuir izotermi ve vyalanci ikinci dereceden kinetik
model ile uyumlu oldugu rapor edilmistir. Benzer sekilde,
farkh biyokiitle kaynaklarindan elde edilen adsorbanlarin
ylksek yilizey alani, gelismis gozenek yapisi ve zengin
fonksiyonel gruplan sayesinde agir metal gideriminde
etkili oldugu bildirilmistir. Bu ¢alismalar, strdirdlebilir ve
ekonomik

adsorbanlarin  gelistirilmesinin  atik  su

aritiminda  6nemli  bir arastirma alani  oldugunu

gostermektedir (Canpolat ve Altunkaynak, 2025; Canpolat
vd., 2022; Canpolat vd., 2022; Altunkaynak ve Canpolat,
2022 Canpolat ve Altunkaynak, 2025) .
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Adsorpsiyon, ylksek giderim verimi, basit isletme
kosullari,  dusik  enerji  gereksinimi,  ekonomik
uygulanabilirligi ve adsorbentlerin yeniden

kullanilabilmesi  gibi avantajlari nedeniyle atik su
aritiminda yaygin olarak tercih edilen ydntemlerden
biridir. Kimyasal ¢oktiirme, membran filtrasyonu ve iyon
degisimi gibi yontemlerle karsilastinldiginda daha diigiik
kirlilik
arasinda yer

isletme maliyetine sahip olmasi ve ikincil

olusturmamasi  6nemli  Gstunlikleri
almaktadir. Ayrica adsorpsiyon prosesi yalnizca agir
metallerin degil; boya, farmasotik kalintilar, pestisitler ve
cesitli organik ve inorganik kirleticilerin gideriminde de
etkin  olarak  kullanilabilmektedir. Bu  nedenle
adsorpsiyon, farkli kirletici tirlerinin uzaklastirilmasina
olanak saglayan ¢ok yonlu, strduriilebilir ve cevre dostu
bir aritma teknolojisi olarak 6ne ¢ikmaktadir (Altunkaynak
vd., 2026; Canpolat ve Altunkaynak, 2025; Mutlu ve

Altunkaynak, 2024; Altunkaynak vd., 2024) .

Nar kabugu, meyve suyu ve gida isleme enddistrilerinde
blyik miktarlarda agiga ¢ikan ve ¢ogunlukla atik olarak
degerlendirilen lignoselilozik bir biyokitledir. Yiksek
icerigi, gelismis gozenekli yapi
potansiyeli ve hidroksil, karboksil ile fenolik gruplar gibi
katki cesitli  ylizey
fonksiyonel gruplarini icermesi nedeniyle biyokémir ve

karbon olusturma

adsorpsiyona saglayabilecek
aktif karbon Uretimi icin uygun bir dncil materyal olarak
kabul edilmektedir. Ayrica nar kabugunun bol miktarda
bulunmasi, yenilenebilir bir kaynak olmasi ve disik
maliyetle temin edilebilmesi, strdirilebilir ve ekonomik
adsorban  Uretimi  agisindan  onemli  avantajlar
sunmaktadir. Bu nedenle, mevcut calismada biyokutle

kaynagi olarak nar kabugu tercih edilmistir.

Biyokiitle bazli adsorbentler, son vyillarda gelistirilen
nanopartikiller, metal-organik kafes yapilari (MOF'lar),
sentetik polimerik

mineral bazli adsorbentler ve

adsorbentler ile karsilastirildiginda c¢esitli avantajlar

sunmaktadir. Nanopartikiller ve MOF'lar genellikle
yuksek adsorpsiyon performansina sahip olmalarina
ragmen, Uretim maliyetlerinin yiiksek olmasi, sentez

sureclerinin karmasikhg ve bazi durumlarda cevresel

riskler olusturabilmeleri uygulamalarini
sinirlandirabilmektedir.  Benzer sekilde, polimerik
adsorbentlerin  Gretiminde  kullanilan  kimyasallarin

cevresel etkileri ve mineral bazl adsorbentlerin nispeten
distk adsorpsiyon kapasiteleri 6nemli dezavantajlar
arasinda yer almaktadir. Buna karsilik biyokitle bazl
adsorbentler; yenilenebilir kaynaklardan elde edilmeleri,
dusuk maliyetli olmalari, kolay temin edilebilmeleri, cevre
dostu dretim surecglerine sahip olmalarn ve kullanim
nedeniyle

sonrasinda c¢evresel yik olusturmamalari

surdirdlebilir bir alternatif sunmaktadir. Ayrica yiizey

modifikasyonu, piroliz ve aktivasyon islemleri ile

Olglide
artirilabilmesi, yeniden kullanilabilirlik 6zellikleri ve buylk

adsorpsiyon performanslarinin onemli

Olgekli uygulamalara uygunluklari  biyokltle bazli
adsorbentleri atik su aritiminda son derece cazip hale

getirmektedir.

Biyokdmiir, oncil olarak biyokitle kullanilarak ytksek
sicaklik ve oksijensiz atmosfer pirolizi yoluyla elde edilen
bir tir karbon malzemesidir (Soleimani ve Siahpoosh,
2015). Aktif karbon malzemeleri, yiiksek 06zgil yuzey
alanina ve bol miktarda fonksiyonel gruba sahip, ¢evresel
tehlike Giretmemekte, biyokiitlenin fiziksel veya kimyasal
aktivasyonu yoluyla elde edilebilmektedirler. Bu nedenle,
biyokdmur Gretimi icin hem ucuz hem de kolay erisilebilir
guvenilir bir karbon kaynagl olan piring kabuklan
hindistancevizi kabuklari, misir koganlari, ceviz kabuklari,
seker kamisi bagasi ve gay fabrikasi atiklari gibi birgok
Uran arastirmacilann ilgisini ¢ekmistir (Liang vd., 2021;
Zengvd., 2022).

Bu calismada, RPP, BPP ve PPAC sulu ¢ozeltiden Cr3*
uzaklastirilma kapasitesi arastirildi. Bu malzemeler ile
adsorpsiyon kapasitesi ve hizli metal iyonu giderimi
saglayan etkili bir adsorban elde etmek amaglanmistir.
Ayrica onerdigimiz Gretim yontemi cevre dostu, uygun
maliyetli, zaman kazandiran ve zararli kimyasallardan
arindirilmistir. Adsorban olarak kullanilan RPP, BPP ve
PPAC dogal kaynaklardan elde edilmistir, bu da hem insan
hem de cevre agisindan givenli olduklarini garanti
etmektedir.

Bu calismanin 6zginligl, nar kabugu gibi tarimsal
atiklarin hem dogrudan ham formda (RPP) hem de
biyokémur (BPP) ve aktif karbon (PPAC) tirevleri halinde
degerlendirilmesiyle cevre dostu, dusik maliyetli ve
yiksek performansh adsorbanlarin gelistiriimesinde
yatmaktadir. Literatlrde farkh bitkisel atiklardan tiretilen
adsorbanlar Uzerine ¢alismalar bulunmakla birlikte, nar
kabugu bazli cok asamali bir déntsim yaklasimiyla (ham
- biyokémiir - aktif karbon) agir metal giderimi
performansinin sistematik olarak karsilastiriimasi ilk kez
bu arastirmada gerceklestirilmistir. Ayrica kullanilan

aktivasyon yontemi, enerji ve kimyasal tliketimini

minimize eden sirdirilebilir bir Gretim stratejisi
sunmaktadir. Bu yoniyle ¢alisma, hem atik biyokatlelerin
katma degerli malzemelere donistirilmesi hem de cevre
kirliliginin azaltlmasina yonelik yenilik¢i bir ¢6zim
onermekte; su aritimi, atik yonetimi ve dongiisel ekonomi
alanlarinda bilimsel bilgi birikimine 6nemli bir katki

saglamaktadir.

Adsorban malzemeler, SEM/EDX ve FTIR gibi cesitli
tekniklerle kapsamh bir sekilde karakterize edilmistir.
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Adsorpsiyon sirecini dngérmek igin uygun izoterm ve
kinetik modeller kullaniimistir. Gelistirilen adsorbanlarin
¢oklu dongilerde yeniden kullanilabilirlik ve yenilenme
ozellikleri de kapsamli bir sekilde incelenmistir.

2. Materyal ve Metot

Adsorpsiyon ¢alismasinda kullanilacak Cr3*iyon ¢ozeltisi,
stok ¢Ozelti olarak 1000 mg/L derisimde Sigma Aldrich
(Tarkiye)'ten temin edilen krom (ll1) klorir [CrCls] ile saf
su kullanilarak hazirlandi. Adsorpsiyon ¢alismalarinda
kullanilacak farkli derisim araliginda Cr3*iyon ¢ozeltileri bu
stok ¢ozeltiden hazirlandi. Her adsorpsiyon ¢alismasi yeni
seyreltmeler yapilarak gergeklestirildi. 0.1 M NaOH ve 0.1
M HCl c¢ozeltileri kullanilarak farkli pH degerlerinde
¢ozeltiler hazirlandi. Calismada kullanilan tim kimyasallar
Merck ve Sigma Aldrich'ten satin alinmistir.

Nar kabuklari yikanip oda sicakliginda kurutuldu. Daha
sonra deiyonize su ile iki kez yikandiktan sonra 2 gln
finnda kurutuldu (70 °C). Daha sonra malzemeler
ogutuldi ve 100 mikronun altina elendi. Tapfirini
(PROTHERM - PTF 12/50/450) kullanilarak oksijen sinirl
kosullar altinda biyokdmire donustirildi. Reaksiyondaki
oksijen icerigini en aza indirmek icin azot gazi (N,) verilir,
kap hammadde malzemeleriyle dolduruldu ve sikica
kapatildi. Piroliz sicakligi hedeflenen 400 °C, 500 °C, 600
°C, 700 °C ve 800 °C degerlerine yikseltildi ve 1.5 saat
sabit tutuldu (Gai vd., 2014; Chun vd., 2004). 800°C'de
Uretilen ham biyokdémiir, 30 mL'de 1 mol/ L H,SO4veya 1.5
g deiyonize su iginde slUspanse edildi ve bir ultrason
banyosunda 2 saat ¢alkalandi (Hosain vd., 2020). Daha
sonra slspansiyon, iki ardisik ekstraksiyon arasinda
filtratin  pH' kadar
filtrelendi (xpH 0,02) ve filtre keki, daha ileri adsorpsiyon

stabilize olana pompalanarak
deneyleri igin islenmis biyokomdrleri elde etmek Uzere
firnda kurutuldu (70°C).

Farkli miktarlarda KOH (5, 7.5, 10, 15 ve 20 g) 150 mL
damitilmis suda ¢6zlldi ve daha sonra 10 g kurutulmus
nar kabugu potasyumhidroksit ¢ozeltisi ile karistirnldi ve
yaklasik 85 °C'de 2 saat karistirildi. Karisimlar 110 °C'de bir
firinda yaklasik 24 saat dehidrate edildi. KOH emdirilmis
nar kabugu bir seramik potaya yerlestirildi ve azot akisi
altinda yatay bir boru seklindeki firinda pirolize edildi.
Numuneler 1 saatlik kals slresi icin 10 °C/dakika 1sitma
hiziyla 300-800 °C'lik son sicakliklara isitildi. Elde edilen
aktif karbon, yaklasik 90 °C'de 30 dakika isitilarak 3 M HCl
¢Ozeltisi ile yikandi, filtrelendi ve notr pH'a kadar ihk
damitilmis suyla durulandi, yaklasik 12 saat boyunca bir
firinda 105 °C'de kurutuldu (Qian vd., 2007; Acikyildiz vd.,
2014). Nar aktif karbon
malzemelerinin pHpzc degerlerini belirlemek icin, her bir

kabugu, biyokomir ve

numuneden 0.2 gram alinarak, baslangic pH araligi 2 ile 11

arasinda degisen 50 mL, 0.1 M NaCl ¢6zeltisine eklendi.
Karisim 48 saat boyunca kuvvetli bir sekilde calkalandi.
Ardindan numune ¢ozeltiden ayrildi ve ¢dzeltinin denge
pH degerleri 6l¢lildl. Baslangic pH degeri ile denge pH
degeri arasindaki fark grafige dokildi ve bu farkin
baslangic pH degeri ile olan iliskisi incelendi. Grafigin x
eksenini kestigi nokta, calismada belirtilen Gzere pHpzc
degeri olarak kabul edildi (Hashemi vd., 2021).

Adsorbanlarin FTIR spektrumlarini elde etmek icin FTIR
Spektrumu (Model: Bruker-VERTEX 80 V) (400-4000 cm™?)
kullanildi. Adsorbanlar, bir EDX tnitesine (Enerji Dagihmli
X-151n1 Analizi) bagli, 30K hizlandirici voltajina sahip bir
taramali elektron mikroskobu (SEM) (Model: Quanta 250)
ile goriintilendi. pH 6lgtimleri, dijital bir pH metre (Multi-
9620IDS-pH-metre, WTW, Almanya) ile yapildi. Adsorban
malzemelerin  giderim kapasitesi ylizey alani ve
gozeneklilikleriyle orantiidir. Katyonik degisim kapasitesi
ve katyonik iyon giderimi arasinda yakin bir baglanti
vardir. Bu morfoloji Brunauer, Emmet ve Teller (BET)
hipotezi  (Micromeritics Gemini V)

belirlenmistir Metal konsantrasyonlari,
absorpsiyon spektrofotometresi (AAS) (PerkinElmer
Analyst AA2-400) kullanilarak belirlendi. RPP, BPP ve PPAC

adsorbanlarinin ~ Cr3*

kullanilarak
atomik

iyonlari  icin  adsorpsiyon
kapasitelerini degerlendirmek amaciyla bir dizi parti testi
birinde farkh
konsantrasyonlarda (50-500 mg/L) metal ¢ozeltisi ve
(0.01- 0.14g) bulunan 200 mL'lik

balonlarda yapildi. Karisimlar, 100 rpm hizinda ve 25 °C

gerceklestirildi. Deneyler, her

adsorban dozaji

sicaklikta 120 dakika boyunca termal bir calkalayici
lizerinde calkalandi. Cr3* iyonu baslangi¢ konsantrasyonu,
pH 5.31, 298 K sicaklik ve 0.2 g adsorban dozaji ile 50-500
mg/L araliginda optimize edildi. Ayni sekilde, adsorbanin
aktivitesi lizerindeki pH etkisi, adsorpsiyon
konsantrasyonu (200 mg/L), temas suresi (120 dakika) ve
adsorban dozaji (0.2 g) sabit tutulurken, cesitli pH
seviyeleri (2.0- 7.0 arahginda) incelenerek arastirildi.
Ayrica, adsorban dozaji, pH 5.31 ve 200 mg/L adsorpsiyon
konsantrasyonu sabit tutularak, farkli dozaj seviyelerinde
(0.01 ile 0.14 g/L arasinda) yapilan deneylerle incelendi.
Son olarak, temas siresi optimizasyonu, pH ve
adsorpsiyon konsantrasyonu sirasiyla 120 dakika, pH 5.31,
250 mg/ L iken ve adsorban dozaji ise RPP, BPP ve PPAC
icin sirasiyla 0.1, 0.05 ve 0.02 g olarak belirlendi.
Adsorbanlarin giderim verimlilikleri (RE%) asagidaki

denklem kullanilarak hesaplandi:
Ag—A
%RE =——LX 100 (1)
Ao
Ao, cozeltideki Cr3*

konsantrasyonunu (mg/L) ve As son, ¢dzeltideki Cr3* metal
(mg/L)

iyonlarinin baslangi¢

iyonlarinin  kalan konsantrasyonunu temsil
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eder.Dengedeki adsorpsiyon kapasitesi (ge, mg/g),
Denklem (2) kullanilarak belirlendi:

Ci—Ce
qe=—"7—V (2)

Baslangic c¢ozeltisindeki (C) ve dengedeki (Ce) metal
iyonlarinin konsantrasyonlari mg/L olarak ifade edilir.
Cozeltinin hacmi (V) litre olarak olgulir ve adsorbanin
kitlesi (M) gram olarak olgular.

Tim adsorpsiyon deneyleri, tekrarlanabilirligi saglamak
icin Uger kez tekrarland.. Bildirilen degerler, lic bagimsiz
Olgimiin  ortalamasini  temsil etmekte olup, ilgili
degiskenlik standart sapma olarak ifade edilmistir.
Deneysel hata kabul edilebilir sinirlar igcinde bulunmus, bu
da elde edilen sonuglarin glvenilirligini ve tutarliligini
dogrulamistir.

Kinetik adsorpsiyon siirecini
deneyler 50 ml'lik flasklar (izerinde gergeklestirildi.
Toplamda 0.1 g RPP, 0.05 g BPP ve 0.02 g PPAC
adsorbanlari, 200 mg/L Cr® iceren ¢oézeltilere eklendi.
Flasklar bir calkalayiciya yerlestirilip, 10 dakikadan 300
dakikaya  kadar degisen sirelerde calkalandi.
Calkalamanin  ardindan, Cr®* iceren  kansmlar
adsorbanlarla birlikte 4000 rpm'de 10 dakika santrifij

edildi ve ardindan 0.45 pm'lik bir filtreden stzllda.

arastirmak amaciyla,

Filtrelenmis ¢ozeltilerdeki toplam Cr3* konsantrasyonu
6lgildi. Cr3* iyonlarinin adsorban maddeler {izerindeki
kinetigi, yalanci birinci derece (Yagmur vd., 2013) ve
yalanci ikinci derece (Miranda vd., 2021), denklemleri
kullanilarak modellestirildi. Esitlikte, ki yalanci birinci
derece kinetikler igin hiz sabitini (dakika™) temsil ederken,
ge Ve q: sirasiyla dengedeki ve zamana bagl olarak
adsorplanmis metal iyonu miktarlarini (mg/g) ifade eder.
Sure¢ dogrusal olmaktan saparsa, PSO (yalanci ikinci
derece) modeli olarak adlandirilir ve bu model, k, hiz

sabiti (mg/g dakika) (Jabar vd., 2022). ile karakterize

edilir.
In(q, — q¢) = Inq, — kqt (3)
—= (4)

ac  de k203

Adsorpsiyon deneyleri bir batch sistemi kullanilarak
gerceklestirildi. Her deneyde, sirasiyla 0.1g RPP, 0.05 g
BPP ve 0.02 g PPAC adsorban maddeleri, 50 ila 500 mg/L
araliginda degisen Cr3* ¢ézeltileriyle 200 mL’lik flasklarda
karistirildi.  Karisimlar, ©6nceden belirlenmis denge
adsorpsiyon siiresi olan 2 saat boyunca bir calkalayic
kullanilarak calkalandi. Calkalamanin ardindan, érnekler
santrifij, filtrasyon ve Cr3* konsantrasyonlarinin él¢imi

islemlerine tabi tutuldu; bu islemler adsorpsiyon kinetigi

bélimiinde agiklanan ayni prosediiri izledi. Elde edilen
adsorpsiyon verileri Langmuir ve Freundlich (Yazidi vd.,
2026), izoterm modelleri ve termodinamik dinamikler
(Konneh vd., 2021) kullanilarak analiz edildi.

Ce  Ce 1

(5)

qde Qmax QmaxKL

C. denge durumundaki metal iyonu konsantrasyonunu, ge
kapasitesini, qm
maksimum adsorpsiyon kapasitesini, ve K. adsorpsiyon

denge durumundaki uzaklastirma

sabitini gosterir.
Inq, = InKy + = InC, (6)

Burada KF ve n, sirasiyla uzaklastirma kapasitesini ve
yogunlugu temsil eden Freundlich sabitleridir.

AG® = AHO — TAS® = —RTInK? (7)

Burada K denge sabiti olup, ve (8) denklemi kullanilarak
hesaplanir. Bu denklem, en ince izoterm modelinden elde
edilen denge sabitini (K) boyutsuz bir termodinamik
denge sabitine dondstlrdr.

Denklem 8§, KQ olarak kullanilan denge sabitini verir.

__ (1000KM)[Adsorbat]®
Y

K? (8)
Bu denklemde, [Adsorbate]® is the adsorbatin standart
konsantrasyonunu, M adsorbatin molekiiler agirligini, ve
y ise seyreltilmis adsorbatin birim active kat sayisidir.

Denklem 9'daki Langmuir denge sabiti entropi ve entalpi
degisimleriyle baglantilidir. Sekil 6, In K2 ve 1/T grafiginin
egimi kullanilarak AS° ve AH® nasil kullanilacagini gosterir
(Lima vd., 2020).
550 _ an®

Ink? = —
R RT

9)

RPP, BPP ve PPAC adsorbanlrinin ekonomik
uygulanabilirligi ve yeniden kullanilabilirligi, harcanmis
adsorbanlarin yenilenmesi ve pratik uygulamalardaki
etkinliklerinin test edilmesiyle degerlendirildi. Tipik
olarak, 0.1 g RPP, BPP ve PPAC adsorbanlari, 250 mg/L Cr3*
cOzeltileriyle 2 saat boyunca bir orbital calkalayici
kullanilarak ¢alkalandi. Denge saglandiginda, Cr3* ile
ylklenmis RPP, BPP ve PPAC adsorbanlar kurutulup 50
mL 0.1 M HCl igine daldirildi ve oda sicakliginda 2 saat
boyunca calkalandi, ardindan tekrar kurutuldu. Her
islemden sonra, adsorban malzeme Cr3* ¢ozeltilerinden
ayrildi, damitilmis su ile durulandi ve ardindan bir gece
boyunca damitilmis su icinde bekletildi. Filtrelemeden
sonra, kati kalint;, 200 mg/L Cr3* iceren yeni bir 50 mL

cOzeltiyle tekrar calkalama islemine tabi tutuldu. Bu
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prosedir art arda 10 déngi boyunca tekrarlandi ve her
déngiden sonra Cr3* uzaklastirma verimliligi hesapland.

3. Bulgular ve Tartisma
3.1. Adsorbentlerin Fizikokimyasal Karakterizasyonu
3.1.1. SEM ve BET analizleri

Sekil 1'de nar kabugundan elde edilen RPP, BPP ve
PPAC'nin SEM gorintuleri, Sekil 2'de ise bunlara karsilik
gelen Cr3* yikli numuneler gosterilmistir. Malzemeler
arasindaki mikroyapisal ve yiizey morfolojik farkhliklarini
karsilastirmali olarak incelemek ve bunlarin adsorpsiyon
davranigi Uzerindeki olasi etkilerini degerlendirmek igin
SEM ve EDX analizleri yapilmistir. Sekil 1'de gosterildigi
gibi, RPP, sinirli goriinlir goézeneklilige sahip, nispeten
kompakt ve heterojen bir lignoseliilozik yapi sergiler. Bu
tir biyokitle malzemeleri esas olarak seliiloz, hemiseliiloz
ve lignin'den olusur ve metal iyon baglanmasina katkida
bulunabilecek oksijen igeren fonksiyonel gruplar (6rnegin,
hidroksil ve karboksil gruplari) icerir (Altunkaynak ve
Canpolat, 2022).

Pirolysis sonrasinda, BPP daha pargali ve gevsek bir
morfoloji sergiler; bu durum, ugucu bilesenlerin termal
ayrismasina baglanabilir. Bu yapisal donisiim, ilk gozenek
yapilarinin ve yilizey bosluklarinin olusumunu tesvik
ediyor gibi gérintyor. Buna karsilik, PPAC daha pirizli ve
daha gozenekli bir ylizey sergiler ve gelismis mikro ve
mezogozenekli ozelliklere sahiptir; bu da aktivasyon
isleminin gdozenek agini ve yilzey ozelliklerini gelistirdigini
gOsterir.

Cr3* adsorpsiyonunu takiben (Sekil 2), tiim numunelerde
morfolojik degisiklikler gozlemlenmistir. Yizeyler kismen
kaplanmis goriinmekte ve bazi gozenek agikliklari daha az
belirgin hale gelmektedir. Bu gozlemler, krom iceren
turlerin malzeme ylzeylerinde ve erisilebilir gozeneklerde
birikmesini veya bunlarla iliskili olmasini gosterebilir.

EDX spektrumlari, islemden sonra adsorban yizeylerde
Cr'nin varhgini dogrulamaktadir. C ve O'ya karsilik gelen
baskindir
malzemelerin karbonlu yapisiyla tutarlidir. EDX analizinde

pikler ve bu durum, biyokiitle kaynakli
RPP-Cr'nin nispeten daha yiiksek bir lokalize Cr yilizdesi
sergilemesine  ragmen, hesaplanan  adsorpsiyon
kapasiteleri PPAC>BPP>RPP sirasini izledi. Bu farklilik,
kullanilan tekniklerin kendine 6zgli dogasliyla aciklanabilir.
EDX, kantitatif
elementel bilgi saglarken, adsorpsiyon kapasitesi (qe) ise

lokalize bir ylzey bolgesinden yari

¢Ozeltinin tamamindan yapilan 6lgiimlerden belirlenir ve
uzaklastirilan toplam Cr3* miktarini temsil eder.

Yiiksek gozenekli PPAC'de, Cr®* iyonlari yalnizca dis
yuzeyde birikmek yerine, i¢ gézenek yapilarina yayilabilir
ve karbon matrisi boyunca dagilabilir. Bu nedenle, yerel

ylzey 6lciimleri genel adsorpsiyon kapasitesiyle dogrudan
iliskili olmayabilir.

Genel olarak, SEM-EDX sonuglari, karbonizasyon ve
aktivasyonun nar kabugundan elde edilen malzemelerin
yuzey morfolojisini ve yapisal 6zelliklerini degistirdigini ve
bunun da PPAC icin gdézlemlenen gelismis Cr3* giderme

performansina katkida bulunabilecegini gostermektedir.

Sekil 1. Cr3* adsorpsiyonundan 6nce nar kabugundan elde edilen
RPP, BPP ve PPAC'nin SEM mikrograflari ve bunlara karsilik gelen
EDX spektrumlari.

Sekil 1. Cr3* adsorpsiyonundan sonra nar kabugundan elde
edilen RPP, BPP ve PPAC'nin SEM mikrograflari ve bunlara
karsilik gelen EDX spektrumlari.
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Malzemenin katyon degisim kapasitesi, katyonik iyonlarin
cozeltiden etkin bir sekilde giderilmesi ile dogrudan
iliskilidir. Bu performans, numunenin yiizey 6zellikleri ve
gozenek dagilimiyla yakindan baglantilidir. Yiizey alani ve
gbzenek yapisi, Brunauer-Emmett—Teller (BET) teorisi
kullanilarak Micromeritics Gemini V cihazi ile belirlenmis
olup, sonuglar Cizelge 1'de o6zetlenmistir. Elde edilen
veriler, katyonik iyon adsorpsiyonu ile malzemenin fiziksel
karakterizasyonu arasindaki korelasyonu agik bir sekilde
ortaya koymaktadir.

Cizelge 1. RPP, BPP ve PPAC icin BET ylizey analizi hesaplamalari.

Yiizey T.?plam Ortalama
gbzenek ..
Adsorbentler alani . gozenek capi
(mefg e (nm)
(cm3 /g)
RPP 4.2 0.005 19.4
BPP 89.4 0.081 12.2
PPAC 1047.2 0.79 4.1
RPP'nin nispeten biyik ortalama gozenek c¢api,

literatlirde bildirilen ve genellikle heterojen dogal yapilari
nedeniyle genis gozenek boyutu dagilimlar sergileyen
diger lignoselllozik biyokitle malzemeleriyle makul bir
sekilde karsilastirilabilir. Cizelge 1’de sunulan BET analiz
sonuglarina gére, RPP’nin yiizey alani olduk¢a diistiktir
(~4 m?/g), bu da ham nar kabugunun dogal olarak sinirli
gozenek yapisina sahip oldugunu gostermektedir. Piroliz
islemiyle biyokomire dondstlrildiginde, yizey alani
yaklasik 20 kat artarak 89 m?2/g’ye ulasmis, bu artis ucucu
maddelerin uzaklasmasi ve karbon vyapisinda yeni
gozeneklerin olusmasindan kaynaklanmistir. Kimyasal
aktivasyon sonrasi PPACin yiizey alani 1047 m?/g’ye
yukselmis, KOH uygulamasi ile mikrogdzenekler etkin
bicimde gelistirilmis ve adsorpsiyon kapasitesi onemli
Olgide artirilmistir. Ortalama gozenek capinin 4 nm’ye
dismesi, malzemenin mikropor yapisina sahip oldugunu
ortaya koymaktadir. Bu veriler, RPP’den PPAC'e gecis
surecinde hem yizey alani hem gézenek hacmi artisinin
ve gozenek capindaki kigllmenin, adsorpsiyon
performansindaki iyilesme ile dogrudan iliskili oldugunu

gostermektedir.
3.1.2. Fourier déniisiimlii kizilétesi (FTIR) analizi

RPP, BPP ve PPAC'nin FTIR spektrumlari Sekil 3'te
verilmistir. Spektrumlar gecirgenlik modunda kaydedildi;
bu nedenle, karakteristik sog sogurma bantlar
gecirgenlikteki azalmalarla temsil edilir. Daha anlasilir
olmasi icin spektrumlar dikey olarak kaydirilmistir; bu
durum, bazi bolgelerde yukari dogru egilimler izlenimi
yaratabilir;, ancak bant atamalar, gecirgenlikteki
3200-3600 cm™

bolgesinde gozlemlenen genis bir sog sogurma bandi, nar

azalmalara karsihik gelmektedir.

kabugunun seliloz, hemiseliiloz, lignin ve polifenolik

bilesenlerinden kaynaklanan hidroksil gruplarinin O-H
2026).
bandin

gerilme titresimlerine atfedilir (Saleem vd.,

Pirolysis ve aktivasyon sonrasinda bu
yogunlugundaki azalma, kismi dehidrasyon ve yizey
fonksiyonel gruplarinin ayrismasini dasindirmektedir.
2920-2850 cm! civarinda yer alan bantlar, lignoselilozik
biyokutlede yaygin olarak bulunan alifatik -CH,— ve —CHj3
gruplarinin asimetrik ve simetrik C—H germe titresimlerine
karsilik gelir (Kundu vd., 2023). Bu bantlar, karbonizasyon
sirasinda meydana gelen termal bozunma nedeniyle BPP
ve PPAC'de daha az belirgin hale gelir. 1700-1600 cm™
bolgesindeki sog sogurma bandi, karbonil, karboksil ve
ester gruplarinin C=0 gerilme titresimlerine atfedilir ve
ayrica lignin  yapilarindaki aromatik C=C iskelet
titresimlerinden kaynaklanan katkilari da igerebilir (Nga
vd., 2020). Aktivasyon sonrasinda bu bandin azalmasi
veya kaymasi, yapisal yeniden diizenlemeyi ve karbon

matrisinin aromatikliginin artmasini gosterir.

1400-1450 cm™? civarinda goézlemlenen bant, C-H
bikilme titresimleri ve fenolik O—H deformasyonu ile
iliskilidir (Worku, 2026). Ote yandan, 1000-1100 cm™
bolgesindeki glcli bant, alkol, eter
gruplarinin C-0 gerilme titresimlerine karsilik gelir [43],
Adsorbent ylizeyinde oksijen iceren fonksiyonel gruplarin

ve karboksil

varligini  dogrulamaktadir. Daha dusik dalga sayisi
bélgesinde (800 cm™in altinda), bantlar aromatik C-H
baglarinin dizlem digi bikilme titresimlerine ve karbon
iskeletinin iskelet titresimlerine atfedilebilir (Benamer-
Oudih vd., 2024). Cr** adsorpsiyonundan sonra, cesitli
karakteristik bolgelerde belirgin degisiklikler gdzlemlenir.
0O-H gerilme bandindaki (3200-3600 cm) hafif kaymalar
ve/veya yogunluk degisimleri, adsorpsiyon siirecinde
hidroksil gruplarinin olasi rolini dusindirmektedir. Bu
farkhliklar, koordinasyon veya elektrostatik ¢ekim yoluyla
Cr3* iyonlan ile vyilizeydeki —OH gruplan arasindaki
etkilesimlerle iliskili olabilir. Benzer sekilde, 1700-1600
cm™? bélgesindeki degisiklikler, karbonil ve karboksil
gruplarinin cr3+ baglanmasina katilabilecegini
gostermektedir. Daha disik dalga sayilarina dogru bir
kayma (eger gdzlemlenirse), Cr3* iyonlan ile karboksil
gruplarinin oksijen atomlari arasindaki koordinasyonla
iliskilendirilebilir ve bu da C=0 baginin zayiflamasina yol
acar (Alhammadi vd., 2020). C-O gerilme bélgesindeki
(1000-1100 cm?) degisiklikler, oksijen iceren fonksiyonel
gruplarin metal iyon etkilesimine katkisini daha da

desteklemektedir.

Birlestirilmis spektral varyasyonlar, Cr3* adsorpsiyonunun,
karboksil
komplekslesmesi yoluyla ve adsorban yizeyindeki negatif

hidroksil  ve gruplarini  iceren yilzey

ylkli bolgelerde olasi elektrostatik etkilesimlerle birlikte
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gercgeklesebilecegini disindirmektedir. FTIR analizi tek
basina kesin baglanma mekanizmasini belirleyemese de,
gozlemlenen bant kaymalari ve yogunluk degisiklikleri,
Cr® adsorpsiyonunda oksijen iceren fonksiyonel gruplarin
roliine dair destekleyici kanitlar sunmaktadir.

FTIR
aktivasyonun nar kabugundan elde edilen malzemelerin
ylzey kimyasini degistirdigini ve bu fonksiyonel gruplarin
Cr* gideriminde &nemli bir rol oynadigini géstermektedir.

Genel olarak, sonuglari, karbonizasyon ve

% Gegirgenlik

——BPP  ----BPP-Cr
——PPAC ----PPAC-Cr .
——RPP  ----RPP-Cr ;

T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Dalga Boyu cm™

Sekil 3. Cr3* adsorpsiyonundan once ve sonra RPP, BPP ve
PPAC'nin FTIR spektrumlari (gegirgenlik modul).

3.2. Adsorpsiyon Calismalari
3.2.1. Baslangig¢ pH'sinin Cr** adsorpsiyonu iizerindeki
etkileri

Cozeltinin pH’1, metal iyonlarinin sudan giderilmesinde
kritik bir parametre olup, adsorban yizeyinin yilk
ozelliklerini ve aktif fonksiyonel gruplarin iyonlasma
derecesini dogrudan etkilemektedir. Bu ¢alismada, pH’in
RPP, BPP ve PPAC adsorbanlarinin Cr®* iyonlarini
adsorplama performansi {zerindeki etkisi, 200 mg/L Cr3*
iceren ¢ozeltilerde 0.1 g adsorban kullanilarak ve pH 2-7
araliginda incelenmistir. Cr3* giderim verimlerinin pH’a

bagli degisimi Sekil 4'te sunulmaktadir.

Duasiik pH degerlerinde, adsorban
karboksilik ve hidroksil
nedeniyle adsorpsiyon veriminin azaldigi gézlenmistir. Bu
durum, cozeltide vyiksek derisimde bulunan Hs0*
iyonlarinin Cr3* iyonlan ile adsorpsiyon bélgeleri icin
rekabet iyonlarinin
etkilesiminin baskilanmasina yol agmaktadir. Ayrica, Cr3*
ivonlarinin disiik pH kosullarinda Cr3* ve Cr(OH)s tiirleri

arasinda dengede bulunmasi, bu rekabetci etkiyi daha da

ylzeylerindeki

gruplarinin  protonlanmasi

etmesine ve metal ylzeyle

artirarak adsorpsiyon verimini disirmektedir (Liu vd.,
2013).

pH'In artmasiyla birlikte, adsorban ylizeyindeki oksijen
iceren fonksiyonel gruplarin (—-COOH, —OH ve fenolik
gruplar) kademeli deprotonasyonu
gerceklesmekte ve yilizeyde negatif yukli aktif bolgeler
olugmaktadir. Bu negatif bélgeler ile pozitif yikli Cr3*
iyonlari arasindaki elektrostatik ¢ekim, adsorpsiyonun

olarak

belirgin sekilde artmasina neden olmaktadir (Jain vd.,
2018). pH 5.31, Cr®* cokelmesinin onlendigi ve tim
adsorbanlar icin karsilastirilabilir adsorpsiyon davranisinin
gozlendigi bir aralikta yer aldigindan, bu ¢alismada ortak
baslangic pH’I olarak tercih edilmistir. Sifir yik noktasi
(pHpzc) degerleri RPP, BPP ve PPAC igin sirasiyla 3.95, 6.71
ve 10.42 olarak belirlenmistir. RPP adsorbaninda, ¢alisma
pH’Inin pHpzc'nin Gzerinde olmasi nedeniyle ylizey negatif
yikli hale gelmekte ve Cr® adsorpsiyonu esas olarak
elektrostatik ¢ekim mekanizmasiyla gergeklesmektedir.
Buna karsilik, BPP ve PPAC adsorbanlarinda ¢alisma pH’i
pHezd'nin altinda olmasina ragmen, Cr3* gideriminin
yiksek olmasi, adsorpsiyonun vyalnizca elektrostatik
olmadigini  gostermektedir. Bu
durumda Cr®* iyonlarinin, adsorban yiizeyindeki oksijen
iceren fonksiyonel gruplarla spesifik ylzey kompleksleri
(inner-sphere komplekslesme) olusturarak baglandig
distnlilmektedir (Baig vd., 2020). Literatirde de
belirtildigi Gzere, bu tir komplekslesme mekanizmalari,

etkilesimlerle sinirh

pHpzc'nin altinda dahi metal iyonlarinin etkili bir sekilde
giderilmesini mimkun kilmaktadir.

8 <
PH,,

6 B
Tl .
=2 5
(= :g-_: T :
Igo 1 N Y wa e I )
2 . T =
Z 0 1 2 3 }T ?%170 112 13
&2 F -9 RPP '+T?" i o0

4 _eBPP ' H,Tﬁ Lo

6 _e-PPAC '

pHjy
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— ]

Sekil 4. RPP, BPP ve PPAC adsorbanlariigin Cr3* adsorpsiyonunun
baslangic pH’ina baglh degisimi ve pHpzc karakterizasyonu.
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3.2.2. Adsorbent dozajinin Cr** adsorpsiyonu iizerindeki
etkileri

Sulu ¢ézeltiden Cr* iyonlarinin adsorpsiyonu, adsorban
dozajina baglidir. Bu ¢alismada, bu etkiyi degerlendirmek
icin 0.01- 0.14g arasinda degisen dozajlar kullaniimistir.
Adsorban dozaji, potansiyel aktif adsorpsiyon alanlarinin
mevcut oldugunu belirler ve dolayisiyla metal iyonlarinin
alimini etkiler. RPP, BPP ve PPAC adsorbanlarinin, sulu
cozeltilerden Cr3* giderme kapasitesini degerlendirmek
amaciyla adsorban dozaji incelenmistir. Farkli dozajlarda
adsorbanlarin  Cr3* adsorpsiyon
verimliligi sekil 5'te sunulmustur. RPP, BPP ve PPAC
adsorbanlarinin, adsorpsiyon kapasiteleri, baslangicta
dozaj arttikga hafif bir artis gostermistir sonrasinda

iyonlari  Uzerindeki

neredeyse sabit kalmistir. Ayrica, adsorban yizeylerindeki
aktif gézenek hacminin artmasi nedeniyle Cr®* aliminda
bir artis gozlemlenmistir. Sekil 5, 0.01- 0.14g dozaj
araliginda RPP, BPP ve PPAC adsorbanlari icin Cr3*

iyonlarinin  kaldirlma egiliminde keskin bir artis
gostermektedir.
250
-@-RPP
200
o-BPP
B ogs0 | -o-PPAC
B
E
S’
- 100 +
IS
=
50 W
0 1 1 L L L 1 )

0 0,02 0,04 0,06 008 0,1
Dozaj (g)
Sekil 5. Dozajin RPP, BPP ve PPAC'de Cr3* uzaklastiriimasi
Gzerindeki etkisi.

0,12 0,14 0,16

3.2.3. Temas Siiresinin Adsorbent Verimliligine Etkisi

Bu calismada, RPP, BPP ve PPAC adsorbentlerinin Cr3*
iyonlarini sulu ¢ozeltilerden uzaklastirma verimliligi temas
suresine bagli olarak incelenmistir. Temas siresi 10-320
dakika arasinda degistirilmis ve sonuglar Sekil 6’da
sunulmustur. Baslangi¢ta adsorpsiyon hizi hizli bir sekilde
artmis olup, en yiksek baslangic performansi RPP’de
gozlemlenmistir. Zaman ilerledikce adsorpsiyon hizi
yavaslamis ve her adsorbent icin dengeye ulasiimistir.
Sekil 6’da goruldigu gibi, RPP’nin adsorpsiyon kapasitesi
kisa stirede yuksek bir dizeye ulasirken, BPP ve PPAC
daha dusik hizlarla dengeye varmistir. Bu farkhlik,
adsorbent yizeylerindeki aktif bolgelerin erisilebilirligi ve
gozenek yapisinin etkisiyle aciklanabilir. Denge siiresine
ulasildiginda, sistemin adsorpsiyon kapasitesi temas

sdresinin artmasina ragmen sabit kalmis ve bu durum

biyosorpsiyonun doygunlugunu ortaya koymustur. Bu
veriler 1siginda, sonraki deneyler i¢in 120 dakikalik temas
suresi optimal olarak belirlenmistir. Sekil 6’daki egriler, g
adsorbentin kinetik davraniglarini ve baslangicta hizli,
ardindan yavaslayan adsorpsiyon aclkca

gdstermektedir (Wang vd., 2026).

streglerini

300 |
-o-RPP -¢-BPP -e-PPAC

GO @
8 =@ @@

0 50 100 150 200 250 300 350
Temas siiresi (dak.)

Sekil 6. RPP, BPP ve PPAC'de Cr3*
uzaklastiriimasinda temas siiresinin etkisi.

iyon ¢ozeltisinin

3.2.4. cr** iyonlarinin baslangi¢ konsantrasyonunun
etkisi

Metal
aliminin etkinligi Gzerinde 6nemli bir etkiye sahiptir. Bu

iyonlarinin baslangic konsantrasyonu, metal
calismada, Cr3* giderimini karsilastirmak icin 50'dan 600
mg/L've  kadar
secilmistir. Baslangic metal iyonu konsantrasyonunun
RPP, BPP ve PPAC lizerinde adsorpsiyon etkisi Sekil 7'de
Metal
adsorbentler

olan baslangic  konsantrasyonlari

gosterilmektedir. iyonlarinin  konsantrasyonu
tarafindan Cr®*

Diistik
adsorbentlerdeki belirli alanlar metal adsorpsiyonu igin
Ancak, daha

konsantrasyonlarinda, bu alanlar doygun hale gelebilir ve

arttikca, 'nin  giderim

verimliligi  azalmistir. konsantrasyonlarda,

kullantlir. yuksek metal
degisim alanlar isgal edilebilir (Hamad vd., 2024).
Adsorbentin adsorbat iyonlarini tutma kapasitesi sabit bir
adsorbent miktarinda degismez, ancak adsorbat
konsantrasyonu arttikca, karsilanmasi gereken adsorbat
iyonlarinin sayisi artar. Sonug olarak, adsorpsiyon, daha
ylksek baslangic adsorbat konsantrasyonlarinda daha

hizli hale gelir (Hossain vd., 2026).

Baslangic konsantrasyonunun etkisinin belirlenmesinde,
RPP, BPP ve PPAC adsorbanlarindan sirasiyla 0.1, 0.05 ve
0.02 g alinan numuneler Uzeine, 50 ila 600 mg/L
konsantrasyon araliginda 25 mL Cr3* iyon c¢ozeltisi ile
karistirilmistir. Calkalama, 298 K'de 120 dakika boyunca
ayri ayn gerceklestirilmistir. 120 dakikalik bir calkalama
siiresinin  ardindan, adsorbe olmamis Cr** iyon
cOzeltilerinin konsantrasyonlari bir AAS cihazi kullanilarak

belirlenmistir. Bu calismada, uzaklastirma oranlarinin
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baslangic konsantrasyonuna ve uzaklastirma siresine
gore degistigi bulunmustur.

Sekil 7'de RPP, BPP ve PPAC adsorbanlari (zerine
adsorplanan Cr®* metal iyon konsantrasyonlarinin
sirasiyla 148,74 + 1,59, 159,77 + 1,71 ve 177,34 + 3,05
mg/L, Bu bulgulara gore,
asamalarinda 200 mg/L Cr3* ¢ozeltileriyle caligiimasina

arastirmanin  sonraki

karar verilmistir.

250

200

0 100 200 300 400 500 600 700
C; (mg/L)

Sekil 7. Cr3+ baslangi¢ konsantrasyonunun RPP, BPP ve PPAC
Gzerindeki etkisi.

3.3. Cr®** Kinetik Calisma

Cr3* iyonlarinin RPP, BPP ve PPAC adsorbanlar yiizeyine
kinetik adsorpsiyonunu arastirmak icin iki kinetik model
kullanildi. Bu modeller, yalanci birinci dereceden kinetik
model (PFO) Denklemi (3) (Moussout vd., 2026) ve yalanci
ikinci dereceden kinetik model (PSO) Denklemi (4) Huang
vd., 2021)'dir. Modeller, diiz ¢izginin uyum iyiligi (R?) ve
deneysel ve ongorilen degerler arasindaki uyumun
degerlendirilmesiyle uygunluk acisindan degerlendirildi.
Cizelge 2, RPP, BPP ve PPAC verilerinin PFO ve PSO
modellerine uygulanmasinin sonuglarini géstermektedir.
Cizelge 2, Denklem (3) kullanilarak hesaplanan PFO
modeli icin Cr** degerlerini gdstermektedir. Degerler
analizle belirlenmistir. Sonuglar, PFO kinetik modelinin
dogrusal formunun incelenmesiyle elde edilmistir. PSO
kinetigi kitle transfer dinamiklerine dayanmaktadir. RPP,
BPP ve PPAC 'deki Cr®* icin K3, g ve R? degerleri, denklem

(4) ve Cizelge 2'de verilen kinetik parametreler

incelendiginde, RPP, BPP ve PPAC adsorbentleri icin elde
edilen nispeten yiksek k, degerleri, Cr3* iyonlarinin
adsorbent yizeyine hizli bir sekilde tasindigini ve

adsorpsiyon dengesine kisa siirede yaklasildigini
deneysel  adsorpsiyon

ile PSO modelinden hesaplanan

diisiindirmektedir.
(e,€xp)
adsorpsiyon kapasitesi (qe,cal) degerleri arasindaki uyum

adsorpsiyon
(PSO) model
aciklanabildigini

Ayrica,
kapasitesi

ve yiksek korelasyon katsayilari (R2),

kinetiginin yalanci ikinci dereceden

tarafindan  basarih  bir  sekilde
gostermektedir. Bu durum, adsorpsiyon hizinin ylizeydeki
aktif bolgelerin erisilebilirligi ile iliskili olabilecegine ve
adsorpsiyon siirecinde ylizey etkilesimlerinin 6nemli bir
rol oynayabilecegine isaret etmektedir. Biyochar ve aktif
karbon Uretimi sonrasinda gelisen ylzey Ozellikleri ve
g6zenek yapisinin, Cr3* iyonlar ile adsorbent arasindaki
etkilesimleri destekleyerek adsorpsiyon performansina
katki saglamis olabilecegi dusunilmektedir. Genel olarak
elde edilen bulgular, RPP, BPP ve PPAC adsorbentlerinin
Cr3* iyonlarinin uzaklastiriimasinda etkili bir performans
sergiledigini ve adsorpsiyon kinetiginin PSO modeli ile
uyumlu oldugunu ortaya koymaktadir.Cr3*'nin cesitli
biyokitle kaynakli adsorbanlar ve aktif karbonlar Gzerine
adsorpsiyonu icin yalanci ikinci dereceden kinetik model
deneysel verilere en iyi uyumu saglamistir. Bu bulgular,
PSO kinetiginin Cr®* adsorpsiyon sistemlerinde yaygin
olarak gozlemlendigini ve modelin mevcut adsorbanlara
uygulanabilirligini daha da destekledigini géstermektedir.
Sekil
grafiklerinden elde edilen sonuglari

8 ve C(Cizelge 2, kinetik modellerin dogrusal
gostermektedir.
Cizelge 2, RPP, BPP ve PPAC icin ayri ayri hesaplanan ge ve
t degerlerini sunmaktadir.

Cizelge 2'deki k, degerlerine gore, RPP, BPP ve PPAC’ nin
Cr3* iyonlarini hizla adsorpladigi sonucuna varilmistir. Bu
degerler, RPP, BPP ve PPAC kullanilarak Cr3* iyonlarinin
kinetik
Bu bulgular gdz o6nine alindiginda,
BPP ve PPAC vyizdesinin
adsorpsiyonunu artirdigl sonucuna varilabilir. Bu nedenle

adsorpsiyonunun  PSO modelini izledigini
gostermektedir.
optimum RPP, kirletici
RPP, BPP ve PPAC 'nin metal iyonlari adsorpsiyonu igin

Gistlin bir malzeme oldugu ortaya ¢cikmistir.

Cizelge 2. Cesitli sicakliklarda RPP, BPP ve PPAC ile Cr3* iyonunun uzaklastiriimasina iliskin kinetik parametreler.

PFO RPP BPP PPAC
ge(mg/g) 40,43 51,40 88,48
k1 (min-1) 0,0241 0,016 0,0159
R? 0,981 0,9082 0,7734
PSO RPP BPP PPAC
de(mg/g) 39,68 83,33 208,33
ka(g/mgmin) 5,95x10-4 3,23x104 2,67x104
R? 0,9932 0,9940 0,9978
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Sekil 8. RPP, BPP ve PPAC'de Cr3* gideriminin PFO ve PSO kinetik model grafikleri.

3.4. Cr** Adsorpsiyon izotermleri

Langmuir ve Freundlich modelleri, RPP, BPP ve PPAC'nin
denge ozelliklerini arastirmak igin kullanilmistir (Foo ve
Hameed, 2010; Bakar vd., 2021). Denklem 5 ve denklem
6, sirasityla Langmuir ve Freundlich izoterm modellerini
dogrusallastirilmis bir bicimde agiklamaktadir. Sekil 9'da
deneysel denge verilerinin Langmuir ve Freundlich
izoterm modellerine uygulanmasi sonucu elde edilen
uyum gosterilmektedir. Her iki modele ait parametreler
Cizelge 3’te sunulmustur. Korelasyon katsayisi (R?)
degerleri karsilastirildiginda, Langmuir izoterm modelinin
RPP, BPP ve PPAC tarafindan Cr3* iyonlarinin adsorpsiyon
davranisini Freundlich modeline kiyasla daha iyi temsil
ettigi gorilmektedir. Bu sonug, adsorpsiyonun nispeten
homojen enerjiye sahip aktif bolgelerde gerceklestigini ve

yluzey (Uzerinde tek tabakall adsorpsiyonun baskin

olabilecegini  distindirmektedir. Bununla birlikte,
yalnizca izoterm analizlerine dayanarak adsorpsiyon
25 .
© RPP Langmuir -
20 } © BPP
@ PPAC
515
3 s
E': 10
] MW
5 M

0 L L L L L L . . )
0 50 100 150 200 250 300 350 400 450

C, (mg/L)

mekanizmasinin kesin olarak tanimlanmasi muimkiin
olmadigindan, bu yorumun diger karakterizasyon ve
kinetik bulgularla birlikte
gerekmektedir.  Langmuir

degerlendirilmesi
hesaplanan
maksimum adsorpsiyon kapasitesi (qmax) degerleri RPP,
BPP ve PPAC igin sirasiyla 38,61, 96,15 ve 243,90 mg/g
olarak belirlenmistir. Ozellikle PPAC'nin daha vyiiksek
adsorpsiyon kapasitesi sergilemesi, aktivasyon islemi

modelinden

sonucunda gelisen gdzenek yapisi ve ylzey ozellikleri ile
iliskilendirilebilir. Elde edilen sonuglar, biyochar ve aktif
karbon (retim sireglerinin adsorpsiyon performansini
onemli 6lglide iyilestirdigini gostermektedir. Genel olarak,
RPP, BPP ve PPAC adsorbentlerinin Cr®* iyonlarinin
gideriminde etkili oldugu ve deneysel denge verilerinin
Langmuir izoterm modeli ile iyi bir uyum gosterdigi
sonucuna ulasilmistir. Cizelge 3. Bu grafik, RPP, BPP ve
PPAC'de Cr® iyonunun uzaklastirilmasina iliskin izoterm
parametrelerini gostermektedir.

24 .
., L eRPP Freundlich
, | eBPP
®
18 b PPAC
1.6 -
o o14 f
s | ®
S 12t
1 .
=3
0.8
0.6 | /
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Sekil 9. RPP, BPP ve PPAC'de Cr3*'lin uzaklastiriimasi igin Langmuir ve Freundlich izoterm grafikleri.

Cizelge 3. Bu grafik, cesitli sicakliklarda RPP, BPP ve PPAC'de Cr3* iyonunun uzaklastiriimasina iliskin izoterm parametrelerini

gostermektedir.

Langmuir RPP BPP PPAC

Qm (mg/g) 38,61 96,15 243,90
K (L/ mg) 0,00229 0,00263 0,00348
R? 0,9934 0,9936 0,9951
Freundlich RPP BPP PPAC

Ke (mg/g) 0,2211 0,6438 2,8873
n 1,3213 1,3592 1,5595
R? 0,9879 0,9914 0,9816
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3.5. Cr** Termodinamik ¢calismalar

Termodinamik arastirmalar, adsorpsiyon sireglerinin
bir aragtir. Standart

termodinamik parametreleri analiz ederek, arastirmacilar

dogasini anlamak igin 6nemli

bir adsorpsiyon siirecinin dogasini belirleyebilir, fiziksel ve
kimyasal adsorpsiyonlar arasinda ayrim yapabilir. Gibbs
serbest enerji (AG), entalpi (AH) ve entropi (AS) gibi
termodinamik 6zelliklerin, adsorpsiyon sureci ile iliskili
degisiklikleri degerlendirmek, hem hiz denklemi (Denklem
9) hem de Hoff

gerceklestirilebilir (Banerjee ve Sharma, 2013; Muinde

van’t denklemi  kullanilarak
2017). Denklem 7 uyarinca, denge sabiti (K), mutlak

sicaklik (T), denge konsantrasyonu (Ce) ve adsorbanlarin

yiizeyinde adsorbe edilen Cr3* miktari (q.) hesaplamalarda
dikkate alinmistir. Cizelge 4, farkh sicakhklarda RPP, BPP
ve PPAC adsorpsiyonuna
termodinamik parametreleri sunmaktadir. Adsorpsiyon
strecinin uygulanabilirligi ve kendiligindenligi, negatif AG®
degerleri ile onaylanmaktadir. Sicakhgin artirilmasi, AG®
degerinde bir dlslise neden olmus ve bu da yuksek bir

tizerinde Cr* iligkin

sicakligin adsorpsiyon siirecinin elverisliligini artirdigini
onermektedir. Entalpi degerinin pozitif olmasi, hazirlanan
RPP, BPP ve PPAC ile Cr3*nin dis sinir katmani arasindaki
etkilesimin endotermik dogasini dogrulamaktadir. Sicaklik
arttikca, AG*'nin negatif degerleri daha da negatif hale
gelmis ve bu, RPP, BPP ve PPAC adsorbanlari tizerindeki
Cr3*adsorpsiyonunun arttigini gdstermektedir.

Cizelge 4. Bu ¢alisma, RPP, BPP ve PPAC lizerine Cr3*adsorpsiyonu igin termodinamik parametreleri (AG®, AH® ve AS°®) sunmaktadir.

Temperature AG? AH° (KJ/ ASO
A InK,

dsorbent (K) nKa (k}/mol) mol) (1/molK)
298 5,68 -17,12

RPP 308 6,1 -19,09 41,57 196,95
318 6,82 -21,06
298 6,66 -15,64

BPP 308 7,21 -17,56 41,57 191,98
318 7,69 -19,48
298 7,82 -22,60

PPAC 308 8,30 -24,48 33,26 187,44
318 8,74 -26,35

o ¢ , ot
o 3+ cr . . ’
4 3 y y ™
\\ ,c \\ .O:’ __c," ..' .___.-(rj
H—07 L .OH ¢
o :C:J' \,CF"
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Sekil 10. RPP, BPP ve PPAC'de Cr3* 'nin olasi baglanma mekanizmalari.

3.6. Cr®* Adsorpsiyon mekanizmasi

RPP, BPP ve PPAC tarafindan agir metallerin uzaklastiriima
mekanizmasi genellikle iyon degisimi, komplekslesme,
cOkelti olusumu, fiziksel adsorpsiyon ve bu siireglerin
sinerjik etkilerinin bir kombinasyonunu icerir (Bian vd.,
2022). Cr®* iyonlarinin RPP, BPP ve PPAC yiizeyine
adsorpsiyon mekanizmalari iki ana tipe ayrilabilir. ilk
kategori, atomlar veya molekiller arasindaki mesafe
arttikca zayiflayan van der Waals kuvvetleri tarafindan
yonlendirilen tek asamali bir stre¢ olan fiziksel
adsorpsiyondur (Son vd., 2018). Cr3*'nin RPP, BPP ve PPAC
Gzerine adsorpsiyonu, yalanci ikinci dereceden kinetik
model ve tek tabaka adsorpsiyonu icin Langmuir
izotermine glicli bir uyum gostermekte olup, kimyasal
adsorpsiyonun (kemisorpsiyonun) adsorpsiyon sirecini
yoneten baskin mekanizma oldugunu géstermektedir.

FTIR analizimize dayanarak adsorpsiyon mekanizmalari
daha da netlestirilebilir. Cr3* adsorpsiyonu igin, O-H
ve (C=0/C-0
bantlarindaki degisimler ile gosterildigi tizere, RPP, BPP ve
PPAC yiizeyindeki karboksil (—-COOH) ve fenolik hidroksil
(-OH)
komplekslesmesi  ve

gerilme bandindaki kirmizi  kaymalar

gruplart baslica aktif bolgeler olup, ylzey

koordinasyon etkilesimlerinin

gerceklestigini gostermektedir.

Yiizey komplekslesmesi, RPP, BPP ve PPAC ylizeyinde
bulunan fonksiyonel gruplar ile sulu fazdaki agir metal
iyonlari ve boyar maddeler arasindaki elektrostatik
etkilesimlerden kaynaklanir. Hidroksil, karboksil, ester
veya amin gibi yukli ylzey gruplari, ¢cozeltideki zit yikla
iyonlari cekerek kimyasal baglanma vyoluyla ylzey
komplekslerinin olusumuna neden olur (Dakroury vd.,

2020).
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Cr®* adsorpsiyonu, yalanci ikinci dereceden kinetik model
ve tek tabaka adsorpsiyonu icin Langmuir izotermine iyi
bir uyum gostermektedir (Qin vd., 2023). Bu durum,
kimisorpsiyonun baskin mekanizma oldugunu ve RPP, BPP
ve PPAC tabaka
gercgeklestigini gostermektedir. Sekil 10, metal iyonlari ile

yuzeyinde tek kaplanmanin
boya molekiillerinin baglanmasinda rol oynayan belirli
fonksiyonel gruplari vurgulayarak baslica adsorpsiyon
mekanizmasini gostermektedir.

3.7. Hazirlanan adsorban kompozitlerin yeniden
kullanilabilirligi iizerine ¢calismalar

Bir adsorbanin yeniden kullanilabilirligi, operasyonel
Omriinu ve maliyet etkinligini degerlendirmede kritik bir

faktordtr. RPP, BPP ve PPAC adsorbanlarinin
rejenerasyon ve yeniden kullanim  potansiyelini
arastirmak  i¢cin  toplu  desorpsiyon  deneyleri

yuratilmustir. Bu deneylerde (Qin vd., 2023), 0.2 g
adsorban, 25 mL Cr3 c¢ézeltisi (600 mg/L) ile temas
ettirilmis ve 120 dakika boyunca ¢alkalanmistir. Adsorbe
edilen Cr3*iyonlarinin konsantrasyonlari AAS kullanilarak
belirlenmistir. Adsorpsiyon sonrasi, adsorban numuneleri
150 mL damitilmis su ile iyice durulanmis ve ardindan
50°C'de 24 saat firinda kurutulmustur. Desorpsiyon islemi
icin, metal yUklU adsorbanlar 50 mL 0,1 M hidroklorik asit
icerisine daldiriimis ve 100 rpm'de 120 dakika boyunca
calkalanmistir. Desorbe edilen Cr3*konsantrasyonlari AAS
spektrofotometrisi  kullanilarak  analiz  edilmistir.
Adsorbanin dayanikhligi ve rejeneratif kapasitesi, on
ardisitk  adsorpsiyon-desorpsiyon dongisli  boyunca
degerlendirilmistir. Dongller arasinda, kullanilmis RPP,
BPP ve PPAC 0,1 mol/L HCl ¢ozeltisine daldirilmis ve
yeniden kullanima hazirlamak igin bir saat boyunca
80°C'de kurutulmustur. Sekil 11'de gosterildigi gibi, RPP,
BPP ve PPAC on rejenerasyon déngiisii boyunca Cr3*igin
yluksek bir giderim verimliligi saglamis, ancak tekrarlanan
yuzeyindeki  aktif
atfedilebilen

kapasitesinde kademeli bir disls gézlemlenmistir.

kullanimla  adsorban baglanma

bolgelerinin  tikenmesine adsorpsiyon

Her dongu igin adsorpsiyon kapasitesi (ge, mg/g) ve
uzaklastirma verimliligi (%) standart kitle dengesi
kalan Cr3*

konsantrasyonlarina gore hesaplandi. Spesifik olarak,

denklemleri kullanilarak baslangic ve
adsorpsiyon kapasitesi ge = (Co — Ce)V/m formiiline goére
belirlendi; burada C, ve Ce (mg/L) baslangic ve denge
konsantrasyonlari, V (L) ¢6zelti hacmi ve m (g) adsorban
kltlesidir. Uzaklastirma verimliligi (%) ise (C, — Ce)/ Co) x
100 olarak hesaplandi. Bu hesaplama yontemleri, benzer
adsorban sistemlerinin adsorpsiyon-desorpsiyon
cahismalari ve rejenerasyon degerlendirmelerinde yaygin
olarak kullaniimaktadir.

Calismamizda, glglli protonlama kabiliyeti nedeniyle
desorpsiyon ¢oziiclisi olarak HCI segilmistir. Bu ozellik,
dzellikle Cr®* gibi metal iyonlan igin adsorban yizey ile
adsorplanan tirler arasindaki etkilesimi etkili bir sekilde
bozmaktadir. Asidik ortam, iyon degisimi ve elektrostatik
itme mekanizmalarini kolaylastirarak verimli
desorpsiyonu destekler. Bu ¢alismanin ana odagi HCl
olmakla birlikte, 6n testler HNOs; ve etanol gibi diger
eluantlar kullanilarak gercgeklestirilmistir. Bununla birlikte,
HCl, donguler arasinda lstlin desorpsiyon verimliligi ve
tutarhligr gostererek deneysel kosullarimiz altinda en

uygun se¢im haline gelmistir.
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Sekil 11. RPP, BPP ve PPAC adsorbanlarindan Cr(lll) iyonlarinin
desorpsiyon performansini gostermektedir (baslangic Cr(lll)
konsantrasyonu: 200 mg/L)

3.8. On maliyet analizi

Gelistirilen adsorbanlarin ekonomik fizibilitesinin 6n

degerlendirmesi, genel Uretim maliyetinin o6ncelikle

hammadde temini, kimyasal reaktifler, piroliz ve
aktivasyon sirasindaki enerji tiiketimi ve ardindan gelen
ytkama/kurutma adimlarindan etkilendigini
gostermektedir. Nar kabugu bol miktarda bulunan bir
tarimsal atik oldugundan, hammadde maliyeti ihmal
edilebilir
sirdirilebilirligine 6nemli 6l¢lide katkida bulunur. Sentez
yollari arasinda, kimyasal aktivasyon (PPAC), ham
biyokitle (RPP) ve biyokomiire (BPP) kiyasla daha yiksek

enerji ve reaktif talebi icerir; ancak bu artis, adsorpsiyon

dizeydedir ve bu da sirecin ekonomik

kapasitesindeki dnemli iyilesme ile hakh ¢ikariimaktadir.
Genel olarak, dusik maliyetli biyokutle kullanimi ve
nispeten basit isleme adimlari, gelistirilen adsorbanlarin,
bildirilen
degerlendirmelerle

literattrde onceki teknik-ekonomik

tutarli olarak, atik su aritma
uygulamalarinda Cr3* giderimi icin maliyet etkin ve

olgeklenebilir bir alternatif sundugunu géstermektedir.
4. Sonuglar

Farkli temel malzemelerin adsorban olarak kullanimi, bu
malzemelerin kendine 6zgii 6zelliklerinin etkin bir sekilde
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harmanlanmasini saglamis ve Cr** iyonlarinin giderilmesi
agisindan farkli yetenekler ortaya ¢ikarmistir. XRD, SEM-
EDX ve FT-IR karakterizasyonlari, RPP, BPP ve PPAC
malzemelerinin olusumunu kanitlamistir. Farkli deneysel
kosullarin (pH, adsorban dozu, baslangic metal iyonu
konsantrasyonu ve temas siresi) etkileri incelenmistir.
SEM analizi,
uygunlugunu dogrulayarak purizli bir ylizey ve gézenekli

adsorpsiyon islemi icin malzemenin
bir yapi sergilemistir. PPAC'nin adsorpsiyon kapasitesi,
Cr® icin BPP ve RPP’ ye gére ¢ok daha iyi bir tutunma
yetenegi gostermistir. Ozellikle, maksimum adsorpsiyon
kapasiteleri PPAC (243.90 mg/g) > BPP (96.15 mg/g) > RPP
(38.61 mg/g) sirasini takip ederek aktif karbonun
UstlinlGgunU agikga gostermistir. Serbest enerji degisimi
(AG®), entalpi (AH®) ve entropi (AS°) gibi termodinamik
parametreler de degerlendirilmistir. Bulgular, RPP, BPP ve
PPAC ile Cr** iyonlarinin uzaklastirilmasinin endotermik
bir stire¢ oldugunu gostermistir. Metal iyonlariyla doymus
RPP, BPP ve PPAC adsorbanlari (zerine desorpsiyon
¢ahismalari, 0.1 M HCl ve saf su kullanilarak yapilmistir. Bu
¢alisma, mineral asit olan HCl'nin adsorbanlardan metal
iyonlarinin geri kazanimi igin yeterince etkili oldugunu
ortaya koymustur. Adsorbentler, 6zellikle PPAC, kabul
edilebilir kullanilabilirlik
koruyarak, pratik attk su aritma uygulamalar igin

yeniden performansini

potansiyellerini dogruladi. Bu sonuglar, diisik maliyetli
RPP, BPP ve PPAC adsorbanlarin basit ve ¢cevre dostu bir

sekilde Uretilebilecegini ve bu malzemelerin sulu

cozeltilerden Cr3* iyonlarinin adsorpsiyonu icin dikkate
deger adaylar oldugunu gostermektedir.

Etik Standartlar Beyani
Yazarlar tim etik standartlara uyduklarini beyan ederler.

Yazarlik Katkisi Beyani Yazar
Yazar 1: Arastirma, Metodoloji, Deney, Yazim

CGikar Catismasi Beyani
Yazarlarin bu makalenin igerigiyle ilgili beyan edecek herhangi bir gikar
gatismasi bulunmamaktadir.

Veri Erigilebilirligi
Bu galismada retilen veya analiz edilen tim veriler bu yayinlanan
makaleye dahildir.
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Oz

Bu ¢alisma, sera gazi emisyonlarinin azaltilmasina katki saglayan
gevreci bir enerji tasiyicisi olan hidrojenin, sodyum borhidrir
(NaBH4) ¢ozeltisinin  hidrolizi  yoluyla elde edilmesini
amaclamaktadir. Bu dogrultuda, karabas otu ekstrakti destekli
Co—Zn—B nanomalzemeleri, yesil sentez ve kimyasal indirgeme
tekniklerinin birlikte uygulanmasiyla hazirlanmistir. Uretilen
malzemelerin yapisal ve morfolojik 6zellikleri BET, XRD, FT-IR ve
SEM-EDX yontemleri kullanilarak karakterize edilmistir.
Reaksiyon sicakhgl, katalizor miktari ile NaBH; ve NaOH
derisimleri gibi parametrelerin hidrojen Gretim hizi tzerindeki
etkileri sistematik olarak degerlendirilmistir. Zn/Co mol orani 1:4
olarak belirlenmis ve optimum kosullarda (%5 NaOH, %1 NaBH,,
0.02 g katalizor ve 30 °C) hidrojen Uretim hizi 5675 mL dak® g1,
aktivasyon enerjisi ise 18.49 k] moll olarak hesaplanmistir.
Ayrica, katalizortin dayanikliligl, yeniden kullanilabilirligi ve farkl
sicakhklardaki kinetik davranisi da incelenmistir. Elde edilen
sonuglar, Co—Zn—B nanokompozitlerinin sirdirilebilir hidrojen
Uretimi agisindan yiiksek bir potansiyele sahip oldugunu
gostermektedir.

Anahtar Kelimeler: Yesil Sentez; Nanopartikiil; Karabas otu; Enerji;
Hidrojen dretimi.

Abstract

This study aims to produce hydrogen, an environmentally
friendly energy carrier that contributes to the reduction of
greenhouse gas emissions, through the hydrolysis of sodium
borohydride  (NaBH;) solution.  Accordingly, Co-Zn-B
nanomaterials supported by Lavandula stoechas extract were
synthesized through the combined application of green
synthesis and chemical reduction techniques. The structural and
morphological properties of the synthesized materials were
characterized using BET, XRD, FT-IR, and SEM—-EDX analyses. The
effects of parameters such as reaction temperature, catalyst
amount, and NaBH4 and NaOH concentrations on the hydrogen
generation rate were systematically investigated. The Zn/Co
molar ratio was determined as 1:4, and under the optimum
conditions (5% NaOH, 1% NaBH,, 0.02 g catalyst, and 30 °C), the
hydrogen generation rate and activation energy were calculated
as 5675 mL min-1 gt and 18.49 k) mol-%, respectively. In addition,
the durability, reusability, and kinetic behavior of the catalyst at
different temperatures were also examined. The obtained
results demonstrate that Co—Zn—B nanocomposites possess
strong potential for sustainable hydrogen production.

Keywords: Green synthesis; Nanoparticles; Lavandula stoechas
(lavender); Energy; Hydrogen production.

1. Giris

Dinyanin yasanabilirligini tehdit eden en onemli
sorunlarin basinda kiresel 1sinma ve iklim degisikligi
gelmektedir. Bu durumun temel nedenlerinden biri sera
gazi emisyonlaridir. Yapilan arastirmalar, fosil yakit
kullaniminin kisa ve uzun vadede CO, emisyonlarini
onemli olcide artirdigini gostermektedir. Buna karsilik,
yenilenebilir enerji kaynaklarinin  kullaniminin  CO,
emisyonlar lzerinde kisa ve orta vadede azaltici etkiler
sagladigi bilinmektedir. Strdirdlebilir cevresel hedeflere
ulasilabilmesi icin yenilenebilir enerjinin kritik bir role
sahip oldugu ve fosil yakitlara olan bagimliigi 6nemli
iceren Olclide azaltacagl ongorilmektedir (Abbasi vd.,

2022). Eneriji krizinin ¢dzimiine katki saglayacak ve ¢evre

kirliligini azaltacak cevre dostu yeni enerji Uretim
teknolojilerinin gelistirilmesine yonelik biyuk bir ihtiyag
bulunmaktadir. Bununla birlikte, bazi yenilenebilir enerji
kaynaklar dogrudan veya dolayl olarak belirli miktarda
karbon emisyonuna neden olabilmektedir (Li vd., 2022;
Rosen vd., 2016). Hidrojen bazli yanma sistemleri, karbon
emisyonu olusturmamasi ve yanma Uriinu olarak yalnizca
su buhari meydana getirmesi nedeniyle ¢evre dostu eneriji
teknolojileri arasinda 6ne ¢ikmaktadir. Yeni nesil bir enerji
tastyicist  olarak hidrojen enerjisi, yuksek gelisim
yakitlara  6nemli
edilmektedir. Bu

nedenle, hidrojenin Uretimi, depolanmasi ve givenli

potansiyeline sahip olup fosil

alternatiflerden biri olarak kabul

kullanimi giincel arastirmalarin odak noktalarindan biri

*Sorumlu Yazar/Corresponding Author: Mehmet Salih KESKIN

e-posta/e-mail: msalih.keskin@gmail.com


https://dergipark.org.tr/tr/pub/akufemubid
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-9862-1590
https://creativecommons.org/licenses/by-nc/4.0/

Yesil Sentez ve Kimyasal indirgeme Yéntemlerinin Birlestirilmesiyle Hazirlanan Bimetalik Co—Zn—B Katalizérii Kullanilarak..., KESKIN.

haline gelmistir (Liang vd., 2017; Kytsya vd., 2022; Ouyang
vd., 2022; Brown vd., 1962; Muir vd. 2011). Hidrojenin
Uretimi  ve  depolanmasinda  kullanilan  dénemli
kaynaklardan biri metal bor hidriir bilesikleridir. Metal bor
hidrdrlerin hidroliz reaksiyonlariyla hidrojen Uretimi;
temiz, glvenli, cevre dostu, etkili ve kontrol edilebilir bir
yontem olmasi nedeniyle son yillarda 6nemli 6lglide ilgi
gormektedir (Boynuegri vd., 2016; Onat vd., 2021; Brack
vd., 2015; Xu vd., 2022; Wang vd., 2021; Abe vd., 2019;
Yue vd., 2021; Filippov vd., 2021; Bhandari vd., 2024;
Hassan vd., 2023; Amin vd., 2022; Ishaq vd., 2021; Xu vd.,
2020). Metal borhidrir sinifindaki bilesikler arasinda yer
alan NaBH,, yaklasik %10.8'lik ylksek hidrojen depolama
kapasitesi sayesinde dikkat ¢ekmektedir (Deonikar vd.,
2020; Baydaroglu vd., 2022; Wang vd., 2024; Kiling vd.,
2019; Tiri vd., 2022; Ecer vd., 2025; Bozkurt vd., 2019;
Zhang vd., 2020; Song vd., 2023; izgi vd., 2024; Onat,
2024; Onat vd., 2024). NaBH4'Gin 6nemli avantajlarindan
biri, yapisinda bulunan hidrojenin reaksiyon sonrasinda
yeniden kazanilabilmesi ve boylece sirdirdlebilir
hidrojen depolama sistemleri icin uygun bir alternatif

sunmasidir (Song vd., 2023; Ekinci ve Onat, 2024).
NaBHs + 2H,0 > NaBO, + 4H, + Isi (1)

Bugtline kadar, NaBH4'den hizli hidrojen Gretimi amaciyla
metalik nanopartiklller veya farkli katalitik sistemler
iceren ¢ok sayida heterojen katalizor gelistirilmis ve
kullanilmistir (Sahin vd., 2016; izgi vd., 2023; izgi vd.,
2020; Keskin vd., 2022; Keskin vd., 2024). Ancak ozellikle
asal metal nanopartikllerinin (Ru, Pt, Pd ve Rh) kullanimi,
yuksek maliyetleri ve sinirli rezervleri nedeniyle 6nemli
Olglide kisitlanmaktadir. Bu nedenle, benzer katalitik
aktivite gosterebilen, dusik maliyetli ve yiksek verimli
asal olmayan katalizorlerin gelistirilmesi buyik 6nem
tasimaktadir (Keskin vd., 2023). Son yillarda, asal olmayan
gecis metallerinden sentezlenen nanopartikdller, 6zellikle
de kobalt bazli katalizorler, yliksek katalitik aktiviteleri ve
nispeten dusik maliyetleri nedeniyle NaBH,4 hidrolizinden
hidrojen Uretimi alaninda 6nemli olclide ilgi gérmeye
baslamistir (Figen vd., 2013; Wei vd., 2017 (a); Patel vd.,
2009; Onat ve Ekinci, 2024). Metal tuzlarinin sodyum
borhidrir ile indirgenmesiyle hazirlanan metal borir
katalizorleri, yuksek katalitik aktiviteleri, disik maliyetleri
ve kolay sentezlenebilmeleri nedeniyle NaBH, hidroliz
reaksiyonunda  etkili  katalizorler  olarak  kabul
edilmektedir. Ozellikle kobalt boriir (Co—B) temelli
katalizorler, hidrojen dretiminde gosterdikleri yiksek
performans sayesinde dikkat cekmektedir (Loghmani vd.,
2013).
katalizorlerin hidroliz reaksiyonunu kontrolll bir sekilde

Ayrica, bu metallerden {(retilen heterojen

hizlandirmada oldukga etkili oldugu ve bircok kez yeniden
kullanilabilmesi 6nemli bir avantaj saglamaktadir. Yapilan

arastirmalar, borhidriir  hidrolizi yoluyla

Uretiminde kullanilan asal olmayan gecis metali esasl

hidrojen

katalizorlerin gelistiriimesine yonelik dnemli ilerlemeler
kaydedildigini ortaya koymaktadir. Hazirlama kosullarinin

optimize edilmesi, nanoyapilandirma, yesil sentez
yontemlerinin uygulanmasi, alasimlama, farkl destek
materyalleri  kullanilmasi  ve  hibrit  sistemlerin

gelistirilmesi gibi c¢esitli stratejilerle bu katalizorlerin
etkinlik ve kararliliklarinin artirllmasina yonelik ¢alismalar
devam etmektedir (Xiang vd., 2015).

Bu ¢alismada, farkli sentez stratejileri kullanilarak yiiksek
etkinlige sahip g¢evre dostu bir Co—Zn—B katalizériiniin
gelistirilmesi amaglanmistir. Literatlirde NaBH4 hidrolizine
yonelik ¢ok sayida kobalt bazl katalizor rapor edilmis
olmasina ragmen, yesil sentez ve kimyasal indirgeme
birlikte kullanildigi Co—Zn—B tabanl
sistemlere iliskin ¢alismalarin oldukga sinirli oldugu
gorilmektedir. Bu kapsamda c¢alismanin 6zglin yond,
karabas otu (Lavandula stoechas) ekstraktinin hem
indirgeme hem de stabilize edici ajan olarak kullanildig
yesil sentez yaklasiminin kimyasal indirgeme yontemiyle

yontemlerinin

entegre edilmesidir. Ayrica, Co—Zn—B katalizori Gg farkl
yontemle [yesil sentez, kimyasal indirgeme ve yesil sentez
+ kimyasal indirgeme] katalitik
performanslari ayni deneysel kosullar altinda sistematik

hazirlanmis  ve

olarak karsilastirilmistir.

Elde edilen sonuglar, kombine sentez vyaklasiminin
katalizériin ylzey morfolojisi, gbzenek yapisi ve katalitik
aktivitesi Gzerinde belirgin iyilestirici etkiler sagladigini
goéstermistir.  Ozellikle sentezlenen katalizériin  diisiik
aktivasyon enerjisi ve yiksek hidrojen iretim
performansi, gelistirilen sistemin siirdlrilebilir hidrojen
Giretimi agisindan 6nemli bir potansiyele sahip oldugunu
ortaya koymaktadir. SEM ve BET analizleri, sentezlenen
katalizorin mezogozenekli (2-50 nm) yapida oldugunu
gostermistir. Bu yapi, hem reaktanlarin diflizyonunu
kolaylastirmakta hem de aktif metal bolgelerine erisimi
artirarak hidrojen Uretimi  gibi kinetik kontrolli
reaksiyonlarda yiksek performans saglamaktadir. Sonug
olarak, yesil sentez ve kimyasal indirgeme yontemlerinin
birlikte uygulanmasi, metal nanopartikillerin homojen
dagihmini destekleyerek yizey alanini artirmis ve cevre
dostu bir sentez yaklasimiyla yiksek yapisal butlinlige
sahip etkili bir katalizorin elde edilmesini mimkin

kilmistir.
2. Materyal ve Metot

Bu calismada, Kobalt siilfat heptahidrat (CoSO,4-7H,0,
98.9%, Merck), cinko silfat heptahidrat (ZnSOa.-7H.0,
99.9%, Sigma-Aldrich), sodyum borhidrir (NaBH., 98.9%,
Sigma-Aldrich), etanol (C;HsOH, 98%, Sinopharm Group)
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ve sodyum hidroksit (NaOH, 99.9%, Sigma-Aldrich)

kullanilmistir.  Calismada  kullanilan  karabas otu

Kezer Cayi
sirecgler ise (g

(Lavandula stoechas) o6rnekleri Siirt

cevresinden toplanmistir. Deneysel

asamada gerceklestirilmistir:

1. Co-Zn-B
yontemiyle sentezlenmesi

katalizoriniin ~ kimyasal indirgenme

2. Co—Zn-B katalizorliniin yesil sentez yontemiyle
sentezlenmesi

3. Co-Zn—-B katalizériiniin yesil sentez ve kimyasal
indirgenme birlikte

yontemlerinin uygulanmasiyla

sentezlenmesi
2.1 Katalizériin Kimyasal Yontemle Sentezi

Belirlenen Zn/Co metal mol orani (1:4) esas alinarak
uygun miktarlardaki CoSO4-7H,0 ve ZnSO4-7H,0 tuzlan 50
mL saf su igerisinde ¢6zllmis ve karisim manyetik
karistiricida 15 dakika boyunca homojen héle getirilmistir.
Ardindan, 0.008 mol NaBHa, 15 mL saf suda ¢6zllmus ve
elde edilen ¢ozelti, buz banyosu kosullarinda (0-5 °C)
metal tuzu cozeltisine damla damla ilave edilmistir.
indirgeme islemi sirasinda karisim renginin siyaha
nanopartikil olusumunun gergeklestigini
Reaksiyonun tamamlanmasini saglamak
amaciyla karisim 30 dakika daha karistinlmistir. Olusan

donltsmesi,
gostermistir.

kati drin slzldlmis ve yabanci iyonlar ile kalintilarin
uzaklastirilmasi amaciyla saf su ve etanol ile birka¢ kez
yikanmistir. Elde edilen katalizor, azot gazi atmosferinde
110 °C'de 150 dakika sireyle kurutulmus ve NaBH,
hidrolizi deneylerinde kullaniimak tzere kapali bir kapta
muhafaza edilmistir.

2.2 Katalizériin Yesil Yontemle Sentezi

Siirt'in Kezer Cayi cevresinden toplanan karabas otu
(Lavandula stoechas) o6rnekleri o6ncelikle saf su ile
yikanmis, oda kosullarinda kurutulmus ve kiclik parcalara
ayrilmistir. Hazirlanan bitki materyalinden 5 g alinarak 50
mL saf su ile karistinlmis ve 80 °C sicakliktaki su
banyosunda 60 dakika boyunca karistiriimistir. Elde edilen
ekstrakt oda kadar
bekletilmeden sentez isleminde kullaniimistir.

sicakhgina sogutulmus ve

Ayni Zn/Co metal mol orani (1:4) korunarak, 1.12 g
CoS04-7H,0 ve 0.278 g ZnSO4-7H,0 tuzlari 30 mL saf su
icerisinde ¢6zllmustiur. Daha sonra, hazirlanan 15 mL bitki
ekstrakti bu c¢ozeltiye yavas yavas eklenmis ve karisim
once oda sicakhginda 30 dakika, ardindan 60 °C’'de 40
dakika boyunca manyetik karistiricida karistiriimistir.
Gozlemlenen renk degisimi, metal iyonlarinin bitki
ekstraktinda bulunan biyolojik bilesenler araciligiyla
indirgenerek nanopartikiillere déntistigini gostermistir.

Reaksiyon tamamlandiktan sonra olusan nanopartikiller

¢cOkeltilmis, stzllmis ve deiyonize su ile birka¢ kez
yikanmistir. Elde edilen Grriin oda sicakliginda kurutulmus
ve NaBH4 hidrolizi deneylerinde kullanilmak tGzere uygun
kosullarda muhafaza edilmistir.

2.3. Katalizériin Yesil ve Kimyasal Yéntemlerle Sentezi

Onceden belirlenen metal mol oranlari korunarak ilgili
metal tuzlari 40 mL saf su igerisinde ¢ozUlmustdr.
Ardindan, 6nceden hazirlanmig olan 40 mL bitki ekstrakti
bu metal tuzu ¢ozeltisine yavas yavas ilave edilmis ve
karisim manyetik karistiricida 60 dakika boyunca homojen
sekilde karistirilmistir. Bu islem sirasinda gozlemlenen
degisimi, bagladigini
gostermistir. Daha sonra, 15 mL saf suda ¢6ziilen 0.008

renk indirgeme  slrecinin
mol NaBH, ¢6zeltisi, 0-5 °C sicaklik araliginda bulunan buz
banyosu kosullarinda karisima damla damla eklenmistir.
Reaksiyonun tamamlanmasinin ardindan karisim 30
dakika daha karistirilmis, daha sonra suziilerek elde edilen
kati Grilin saf su ve etanol ile birkag¢ kez yikanmistir. Elde
edilen katalizér, azot gazi atmosferinde 110 °C’'de 150
dakika NaBH4 hidrolizi

deneylerinde kullanilmak Uzere hazirlanmistir. NaBH,

sireyle  kurutulmus ve
hidrolizi sirasinda katalizorin katalitik performansini
asagidaki parametrelerin
etkileri sistematik olarak incelenmistir:

degerlendirmek amaciyla

1. Farkh yontemlerle sentezlenen katalizorlerin katalitik
aktiviteleri

2. NaOH konsantrasyonu (%1, %2.5, %5 ve %10)

3. NaBH, konsantrasyonu (%1, %2, %3 ve %4)

4. Kataliz6r miktari (10, 20, 30 ve 40 mg)

5. Reaksiyon ortami sicakligi (30, 45, 55 ve 65 °C)

NaBH, hidroliz deneyleri; 30 °C sicaklikta, 20 mg katalizor,
%1 NaBH,; ve %5 NaOH iceren 10 mL ¢ozelti ortaminda
gerceklestirilmistir. Olusan hidrojen gazinin hacmi, gaz—
sivi yer degistirme prensibine dayal ters cevrilmis bir
biret sistemi kullanilarak ol¢lilmustir. Optimum NaBH,4
ve NaOH konsantrasyonlari ile katalizér miktari ve sicakhk
parametrelerinin etkileri ayrintili olarak arastiriimistir.
Ayrica, farkh sicakhklarda reaksiyon kinetigi hesaplanmis
ve katalizériin kararhligr ile yeniden kullanilabilirligi
degerlendirilmistir.

3. Bulgular
3.1. SEM Goriintiileri

Co—Zn-B katalizoriinin morfolojik o6zellikleri, Taramall
Elektron Mikroskobu (SEM) gorintileriile ayrintili sekilde
ortaya konmustur. Dislik ve yiksek bliylitme oranlarinda
elde edilen mikro yapilar, yesil sentez ve kimyasal
birlikte
malzemenin ylizey morfolojisi Uzerinde belirgin etkiler

indirgeme  yontemlerinin uygulanmasinin

olusturdugunu géstermektedir.
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Sekil 1. Co—Zn-B katalizorine ait farkh blyutmelerde SEM gorintileri

Sekil 1(a)’da, pargaciklarin kimelenme egiliminde oldugu
ancak gevsek aglomerasyonlar olusturdugu ve vyapilar
arasinda gozenekli bosluklarin bulundugu gorilmektedir.
Bu gozenekli yapi, katalizériin yiiksek yiizey alanina sahip
olmasina ve ¢ok sayida aktif merkezin olusmasina katki
saglayarak énemli bir avantaj sunmaktadir.

Sekil 1(b)’'de yuzeyin oldukca diizensiz, gozenekli ve
plrizli bir morfoloji sergiledigi gbzlenmektedir. Yiksek
ylzey vyapisl,
merkezlerinin daha fazla agiga c¢ikmasini saglayarak
katalitik
olusturmaktadir.

derecede gozenekli katalizorin  aktif

aktivite agisindan  uygun  bir  ortam

Sekil 1(c)'de ise pargaciklarin kiresel benzeri bir yapida
oldugu, ince agsi yapilarla cevrelendigi ve gevsek baglarla
birbirine tutundugu belirlenmistir. Bu agsi morfolojinin,
kimyasal indirgeme sirasinda gerceklesen  hizh
cekirdeklenme sireci ile yesil sentezde kullanilan bitki
ekstraktindaki

etkisinden kaynaklandigi dusuntlmektedir. Sekil 1(d)’de,

fonksiyonel gruplarin stabilize edici
ylzeyin genis bir alanda oldukca diizensiz ve heterojen bir
dagihm sergiledigi gorilmektedir. Bu morfoloji, gézenekli
yapinin yalnizca belirli bolgelerde degil, tim vyizey
boyunca yaygin sekilde bulundugunu gostermektedir.
Ayrica, ylzeyin plrizli yapisi katalizoriin yuksek aktif
ylzey alanina sahip olduguna isaret etmektedir. Bu
durum, Ozellikle hidrojen Uretim reaksiyonlarinda
reaktant molekdllerinin yilizey Uzerinde etkin sekilde

adsorplanmasina katki saglayabilmektedir.

Sonug¢ olarak, yesil sentez ve kimyasal indirgeme
yontemlerinin birlikte uygulanmasiyla elde edilen Co—Zn—
B katalizori; diizensiz, gbzenekli ve kiresel benzeri yapisi
ile agsi morfolojisi sayesinde yiksek ylzey alani, ¢oklu
aktif merkez ve etkili elektron iletim yollari sunabilecek bir
yap! sergilemektedir. Bu o6zelliklerin, o6zellikle hidrojen
katalizor
sagladig

uygulamalarinda
yonde katki

tretimi  gibi
performansini
dusinidlmektedir.

eneriji
artirici

3.2. Co—Zn—-B Katalizoriiniin EDS Analizi

EDS analizinde Co ve Zn elementlerine ait karakteristik
pikler acikga gozlenmektedir. Spektrumun distk enerjili
bolgesinde (0.2—-0.6 keV) ortaya ¢ikan guclu piklerin, yesil
sentezde kullanilan karabas otu (Lavandula stoechas)
ekstraktinda bulunan fenolik bilesiklerden ve indirgeme
islemi sonrasinda ylzeyde kalan karbon (C) ile oksijen (O)
iceren organik kalintilardan kaynaklandig
distnltlmektedir (Sharma vd., 2024). Ayrica, analiz
sirasinda kullanilan bakir 1zgara veya 6rnek tutucudan
(sample holder) kaynaklanan bazi metal sinyallerinin bu
bolgede gozlenen gicli piklerle cakismis olabilecegi
dusinidlmektedir. Bor (B) elementi ise yaklasik 0.183 keV
gibi cok diistk enerji seviyelerinde sinyal verdiginden EDS
spektrumunda belirgin olarak gbzlenememektedir.
Hidrojen (H) elementi ise X-isini Gretmediginden EDS
yontemiyle  tespit  edilememektedir. Literatiirde
belirtildigi Gizere, bitkisel ekstraktlar indirgeme ve stabilize

edici ajan olarak gorev yapan flavonoid, fenolik asit ve
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terpenoid gibi gesitli fitokimyasal bilesenler icermekte
olup, bu bilesikler EDS spektrumlarinda ¢ogunlukla
karbon (C) ve oksijen (O) pikleri seklinde yansimaktadir
(Jothibas vd., 2022). Bu sonug, karabas otu ekstraktinin
katalizor ylizeyinde organik kaplayici roll Ustlendigini ve
yesil basariyla  gergeklestigini
gostermektedir.

sentez  ydnteminin

200 £00 500 [ 75 800 o.00
& lae Co% XN DT 348 Lsec 304 Den: Blemment-C 20

Sekil 2. Co ve Zn"in EDS spektrumu

18336 Cnts 1080 ke

 REEEEEEEEEEass | T T RS EEE e o T T T
3730 3300 3250 3000 2750 2500 2230 2000 1730 1300 1250 1000 750 500
liem

Sekil 3. Co—Zn—B katalizoriin FT-IR Spektrumu

3.3. Co-Zn—-B Katalizériin FT-IR Goriintiisii

Kombine kimyasal ve vyesil indirgeme yontemleriyle
sentezlenen Co-Zn—-B nanokompozitine ait Fourier
dontsimli kizilotesi (FT-IR) spektrumu, her ne kadar
diusik yogunluklu bazi bantlar icerse de hem metal-bor
esasli baglar hem de yesil sentezde kullanilan bitkisel
ekstrakta ait organik kalintilari ortaya koymaktadir. 3200—
3500 cm™ araliginda gézlenen genis bant, yesil sentez
surecinde indirgeme ve stabilize edici ajan olarak gérev
yapan fitokimyasallardaki hidroksil gruplarina ait O-H
gerilme titresimlerine karsilik gelmektedir. 2920-2850
cm? civarinda gézlenen zayif bantlar C-H gerilme
titresimlerine atfedilirken, yaklasik 1620 cm™’deki bant
fenolik bilesiklerle iliskili C=0 veya C=C gruplarini
gostermektedir (Iravani vd., 2011). Ayrica, 600-800 cm™

bolgesinde goézlenen bantlar Co-O, Zn-O ve B-O
baglarinin varligina isaret etmektedir (Ahmad vd., 2019).
Bu bulgular, Co—Zn—B iskelet yapisinin basarili sekilde
olustugunu goéstermektedir. Sonug olarak, FT-IR analiz
sonuglari hem kompozitin yapisal bitinligini hem de
bitki kaynakli biyomolekdillerin stabilize edici roluni
dogrulamaktadir.

3.4. Co-Zn-B Katalizériiniin X-isin1  Kirinimi  (XRD)

Spektrumu

Yesil sentez ve kimyasal indirgeme ydntemlerinin birlikte
uygulanmasiyla sentezlenen Co—Zn-B katalizoriine ait
XRD deseni, belirgin kristal piklerin gozlenmemesi ve
yaklasik 30-40° araliginda genis bir tepe olusmasi
nedeniyle katalizériin amorf bir yapiya sahip oldugunu
gostermektedir. Genisleyen pik yapisi, kombine sentez
yaklagiminin olusturdugu yapisal diizensizlik ve disik
kristallik derecesi ile iliskilendirilebilir. Amorf yapi, metal
atomlarinin dizensiz dagilimina bagli olarak daha fazla
aktif ylizey alani olusmasini saglamakta ve boylece
katalitik reaksiyonlarda etkinligi artirmaktadir. Ayrica,
elde edilen BET vyiizey alani degerinin 89.94 m?/g olmasi,
katalizoriin gelismis bir gozenek yapisina sahip oldugunu
desteklemektedir. Elde edilen sonuglar, kombine sentez
yonteminin amorf faz olusumunu tesvik ederek katalizor
performansini iyilestirdigini ortaya koymaktadir (Xiang
vd., 2025; Jothibas vd., 2022; Ahmad vd., 2019; Iravani
2011; Durap vd., 2009; Sharma vd., 2024; Shi vd., 2019).
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Sekil 4. Katalizorin X-1sin1 kirinimi spektrumu

Cizelge 1. Co-Zn-B katalizoriinin BET karakterizasyonu ile
hesaplanan ylzey alani

p/p°= 0,351777209'da tek nokta yiizey alani:
BET Yiizey Alani:
Langmuir Yuzey Alani

106,2242 m?/g
89,9415 m?/g
1.819,2791 m?/g
t-Grafik dig yiizey alani 164,2006 m?/g

Gozenek Boyutu

10,3624 nm
11,7259 nm

Adsorpsiyon ortalama gbézenek gapi (BET'e gbre 4V/A):
Desorpsiyon ortalama gézenek ¢api (BET'e gbre 4V/A):

Elde edilen BET yiizey alani (89,94 m?/g), katalizoriin
oldukca gelismis bir gézenek yapisina sahip oldugunu
geleneksel  kimyasal

gostermektedir. Bu  deger,

yontemlerle sentezlenen benzer Co—-B ve Zn—B tabanl
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katalizorlerle karsilastirildiginda daha yiiksek olup (Co—
B=20.4, Co—Zn—B=83.1, Co-Zn-B/GP =86.4), (Xiang vd.,
2015), Co—B=32.8, Co—B-50G0 =67.1) (Shi vd., 2019), yesil
ekstrakt gibi biyolojik
bilesenlerin indirgeme ve stabilizasyon siireglerinde ylizey

sentezde kullanilan bitkisel

morfolojisini olumlu yonde etkiledigini gostermektedir.
Ayrica bu durum, sentezlenen katalizoriin bazi destekli
katalizor sistemlerine kiyasla dahi daha yiiksek katalitik
performans sergileyebilecegine isaret etmektedir.

Tek nokta yiizey alani (106.22 m?/g) ve Langmuir yiizey
alani (1819.28 m?/g) degerleri, gézeneklerin homojen
sekilde dagildigini ve yilksek adsorpsiyon kapasitesine
sahip aktif merkezlerin varhgini gostermektedir. Bu
durum, yapinin erisilebilir ylizey alaninin sinirli olmasina
ragmen gaz adsorpsiyon kapasitesinin oldukg¢a yiksek
oldugunu ortaya koymaktadir. t-plot dis ylizey alani
degerinin 164.20 m?/g olarak hesaplanmasi, katalizériin
yalnizca i¢ gozeneklerinde degil, ayni zamanda dis
yluzeyinde de aktif bolgeleri
gostermektedir. Ortalama gozenek ¢apinin adsorpsiyon
icin 10.36 nm ve desorpsiyon icin 11.72 nm olarak

reaksiyon icerdigini

belirlenmesi ise katalizoriin mezogozenekli (2-50 nm)
karakterde oldugunu ortaya koymaktadir. Mezogo6zenekli
yap! hem reaktanlarin diflizyonunu kolaylastirmakta hem
de aktif metal bolgelerine erisimi artirarak hidrojen
Uretimi gibi kinetik kontrollii reaksiyonlarda yiiksek
performans saglamaktadir. Sonug olarak, yesil sentez ve
kimyasal indirgeme yontemlerinin birlikte uygulanmasi,
metal nanopartikillerin homojen dagilimini
destekleyerek yizey alanini artirmis ve ¢evre dostu bir
sentez yaklasimiyla yiksek yapisal biitlinlige sahip etkili

bir katalizorin elde edilmesini saglamistir.
3.5. Ug farkh Sentez Yénteminin Karsilastiriimasi

Bu ¢alismada, katalizor g farkli ydontemle sentezlenmis ve
katalitik
sonuglar

aktiviteleri
Sekil 5'te

elde edilen katalizorlerin

karsilastirlmistir.  Elde edilen

sunulmustur.
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Sekil 5. Farkli yontemlerle sentezlenen katalizérlerin katalitik
performansin karsilagtiriimasi

=3
=3

H, Hacmi (mL)

o
S

—M— Co-Zn-B Kimsayal sentez
@®— Co-Zn-B Yesil + Kimsayal sentez
—A&— Co-Zn-B Yesil sentez

o

Sekil 5'te gorlldugi Uzere, katalizorler kimyasal sentez,
yesil sentez ve yesil sentez + kimyasal indirgeme olmak
Gzere Ug¢ farkh yontemle hazirlanmis ve katalitik

performanslari  karsilastirilmistir.  Sonuglar, kombine
sentez yontemiyle (yesil sentez + kimyasal indirgeme)
hazirlanan katalizériin diger yontemlerle sentezlenen
katalizorlere kiyasla daha yiiksek performans sergiledigini
gostermistir.  Bu  nedenle, ¢alismanin  sonraki
asamalarinda gergeklestirilen tim deneylerde katalizorler
kombine  yontem  kullanilarak  sentezlenmis ve
parametrelerin etkileri bu sentez yaklagimi Uzerinden
degerlendirilmistir. Tutarli bir karsilastirma yapilabilmesi
amaciyla tim katalizorler benzer deneysel kosullar altinda

hazirlanmistir.
3.6. NaOH Konsantrasyonunun Etkisi

NaBH,4
reaksiyon ortamina NaOH ilave edilmektedir. Bu sayede
¢ozeltide bulunan serbest H,O molekillerinin etkinligi

¢Ozeltilerinin  kararhihgim artirmak amaciyla

azaltilarak borhidrirlerin  kendiliginden gergeklesen
hidroliz  reaksiyonu  baskilanmaktadir.  Literatiirde
bildirilen  bir c¢alismada, NaBH4'iin  katalizorsiz

kosullardaki hidroliz davranisi incelenmis; 50 °C’de, 10 mL
¢Ozelti hacminde ve NaOH icermeyen ortamda 90 dakika
sonunda yaklasik 300 mL hidrojen gazi olustugu rapor
edilmistir. Buna karsilik, ayni deneysel kosullar altinda
¢cOzeltiye %1 NaOH ilave edildiginde, 90 dakika sonunda
yalnizca yaklastk 10 mL gaz c¢ikisi gozlenmistir. Bu

sonuglar, NaOH’nin NaBH, ¢ozeltilerinin stabilitesini
artirmada ve kendiliginden gerceklesen hidrolizi
baskilamada etkili bir rol oynadigini  agik¢a

gostermektedir. Bu calismada ise Co-Zn-B katalizori
varliginda NaBH, hidrolizinin en etkin sekilde gerceklestigi
NaOH konsantrasyonunun belirlenmesi amaglanmistir. Bu
dogrultuda, NaBH, ¢ozeltilerine sirasiyla %1, %2.5, %5 ve
NaOH
gerceklestirilmis ve katalitik ortamda olusan H, miktarinin

%10 oranlarinda ilave edilerek deneyler
zamanla degisimi incelenmistir. Elde edilen deneysel

sonuglar Sekil 6’da sunulmustur.
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Sekil 6. Farkli NaOH konsantrasyonlari varliginda H, gaz
hacminin zamana bagli degisimi.
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Sekil 6 incelendiginde, NaOH konsantrasyonunun %1’den
%5'e birlikte
performansinin yikseldigi ve en yliksek performansin %5

artinlmasiyla hidrojen Uretim
NaOH konsantrasyonunda elde edildigi gorilmektedir.
Ancak bu degerin Uzerine ¢ikildiginda reaksiyon hizinda
belirgin bir azalma meydana gelmistir. Bu durumun olasi
nedeni, yuksek NaOH konsantrasyonlarinda c¢ozeltinin
viskozitesinin artmasi ve buna bagli olarak OH" iyonlarinin
hidroliz inhibe edici bir etki
olusturmasidir. Ayrica, yiksek NaOH konsantrasyonlari
NaBO;'nin

¢okelmesine

reaksiyonu (zerinde

¢OzUnUrlGgini azaltarak ¢Ozeltide

neden olabilmekte; olusan ¢okeltiler
katalizor ylzeyindeki aktif bolgeleri kapatarak katalitik
aktivitenin diismesine yol agabilmektedir. Literatiirde de
benzer sonuglar rapor edilmistir (Kiling vd., 2019),
hidrojen Uretim hacminin NaOH konsantrasyonundaki
artigla yukseldigini ve maksimum degere yaklasik %2.5
ulastigini, daha
konsantrasyonlarda ise azalma gosterdigini bildirmistir.

Bunun nedeni, belirli bir araliga kadar NaOH ilavesinin

NaOH konsantrasyonunda yuksek

NaBH, hidrolizini desteklemesi ve hidrojen tretim hizini
artirmasidir. Ancak asirt NaOH konsantrasyonlari, NaBO,
¢OzUndrliglunin azalmasina ve ¢okelti olusumuna neden
olarak katalizor ylizeyindeki aktif bolgelerin tikanmasina
yol acabilmektedir (Weivd., 2017 (a)). Benzer sekilde, Co—
Cu katalizori ile gergeklestirilen bir calismada da NaOH
konsantrasyonunun hidrojen Uretim hizi Gzerinde sinirli
bir etkiye sahip oldugu belirtilmistir (Loghmani vd., 2013).
Ayrica, Xiang vd., (2015), NaOH konsantrasyonunun
%0.5'ten %5’e c¢ikarilmasiyla hidrojen Uretim hizinin
dizenli olarak arttigini, ancak %10 seviyesinde hidroksit
iyonlarinin inhibe edici etkisi nedeniyle reaksiyon hizinin
azaldigini bildirmistir.

3.7. Katalizor Miktarinin Etkisi

NaBHs’Un sulu ortamda katalizér bulunmaksizin
gerceklesen hidroliz reaksiyonu oldukc¢a distk bir hizla
ilerlemektedir. Buna karsilik, uygun 6zelliklere sahip bir
katalizorin sisteme ilave edilmesiyle reaksiyon kinetigi
belirgin sekilde hizlanmakta ve siire¢ daha kontrolll bir
hidroliz

performansi Uzerinde etkili olan katalizér miktarinin

bicimde gerceklesmektedir. Bu nedenle,

incelenmesi onemli bir parametre olarak

degerlendirilmistir.  Katalizér  miktarinin  reaksiyon
Uzerindeki etkisini belirlemek amaciyla deneyler; 30 °C
sabit sicaklikta, 10 mL ¢ozelti hacminde, %5 NaOH ve %1
NaBH,4

kullanilarak gerceklestirilmistir.

iceren sistemde farkli katalizor miktarlarn

Deneysel c¢alismalar
sonucunda elde edilen hidrojen tretim verileri Sekil 7’de
Sekil

miktarindaki artis NaBH; hidroliz hizini 6nemli oOlcide

sunulmustur. 7'de goralduga Uzere, katalizor

etkilemektedir. Ornegin, 10 mg katalizér varliginda %1

NaBH, iceren ¢ozeltinin hidrolizi yaklasik 12 dakikada
tamamlanirken, ayni kosullar altinda 40 mg katalizor
kullanildiginda reaksiyon siiresi yaklasik 3 dakikaya
dismistir. Bu bulgu, NaBH4 hidroliz hizinin dogrudan
katalizor miktarina bagh oldugunu gostermektedir.
Literatlirde de benzer sekilde, katalizér miktarinin 25
mg’'dan 100 mg’a artirilmasiyla reaksiyon siresinin
belirgin bicimde azaldigi ve daha ylksek katalizoér
daha  kisa
tamamlanmasini sagladigl rapor edilmistir (Onat vd.,
2021; Onat vd., 2024). Bu ¢alisma kapsaminda elde edilen

sonuglar da, NaBH4 hidrolizinde katalizér miktarinin

ylklemelerinin  reaksiyonun surede

etkisine iliskin literatlirde bildirilen bulgularla uyum
gostermektedir.
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Sekil 7. Farkh Co-Zn-B katalizor miktarlari varliginda NaBH,
hidrolizi sonucu olusan hidrojen hacminin zamana bagh
degisimi.

3.8. NaBH,Konsantrasyonun Hidroliz Tepkimesine Etkisi

Co—Zn—-B katalizori varliginda ve sabit sicaklk kosullari
altinda, NaBH, derisiminin hidrojen Uretim performansi
tizerindeki etkisi degerlendirilmistir. Bu amagla deneysel
calismalar, 30 °C'de, farkli NaBH4; konsantrasyonlarina
sahip 10 mL ¢ozelti kullanilarak ve katalizér miktari 20 mg
olacak sekilde gergeklestirilmistir. Gergeklestirilen hidroliz
deneyleri sonucunda elde edilen hidrojen gazi hacminin
zamana bagh degisimi Sekil 8’de gosterilmektedir.
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Sekil 8. Farkli NaBH,4 derisimlerine sahip ¢ozeltilerde Co-Zn-B
KatalizorG varliginda olusan H; gazi hacminin zamana bagli
degisimi
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Sekil 8 NaBH,
derisiminin %1’den %3’e artirilmasinin hidroliz reaksiyon
hizinda belirgin bir artis olusturmadigi, %4 derisimde ise
sinirh bir  hiz meydana geldigi
gorulmektedir. Bu bulgular, NaBH, konsantrasyonundaki

incelendiginde, ¢0zelti igerisindeki

yalnizca artisinin
artigin hidrojen dretim hizi (HU) (zerinde belirleyici bir
etkiye sahip olmadigini gdstermektedir.

Literatirde vyer alan bazi ¢alismalarda, NaBH,
miktarindaki artisin belirli bir sinir degere kadar hidrojen
Uretim hizini artirdigl, ancak bu degerin asilmasiyla
birlikte HU degerinin sabit kaldigi veya yalnizca sinirli
degisim gosterdigi rapor edilmistir. Ornegin, 20 mL ¢ozelti
icerisinde 0.1 g NaBH; kullanildiginda maksimum HU
degeri 399 mL dk* g1 olarak belirlenmis; NaBH4 miktarinin
0.2 g’a gikarilmasiyla bu degerin yaklasik iki kat artarak
900 mL dk?! g seviyesine ulastigi bildirilmistir. Buna
karsin, NaBHs miktarinin 0.4 g’a yukseltilmesi durumunda
HU degerinin 1176 mL dk™ g™ seviyesinde sabit kaldig
ifade edilmistir (Keskin vd., 2023). Benzer sekilde, baska
bir calismada NaBH, konsantrasyonunun 0.08 mol L'Y’den
0.10 mol L'Ve artinlmasiyla hidrojen iretim hizinda artis
gézlenirken, konsantrasyonun 0.12 mol L? seviyesine
cikariimasi sonucunda HU degerinde belirgin bir disis
meydana rapor edilmistir. Bu davranis,
sentezlenen Co—Cu—B nanopartikiillerinin kendine 6zgi

geldigi

ici bos kiiresel morfolojisi ile iliskilendirilmistir (Wang vd.,
2021). NaBH,4
konsantrasyonunun hidrojen tretim hizi Gzerinde anlaml

Buna karsilik, bazi arastirmalarda
bir etkisinin bulunmadigl belirtilmistir (Loghmani vd.,
2013). Bu galismada elde edilen sonuglar da literatiirde
bildirilen NaBH4

konsantrasyonunun artirilmasinin hidrojen tGretim hizinda

bulgularla uyumlu olup,
kayda deger bir degisim olusturmadigini gbstermektedir.
Bu durum, Co—Zn-B katalizori esliginde gerceklesen
NaBH, hidroliz NaBH4

konsantrasyonundan biyik oOlciide bagimsiz ilerledigini

reaksiyonunun

ve reaksiyonun kinetik olarak sifirinci mertebeye yakin bir
davranis sergiledigini dastindirmektedir (Xiang vd.,
2015). NaBH,4

konsantrasyonunun %1’'den %4’e kadar artirilmasiyla

Ayrica, bazi calismalarda
HU’de sinirh bir yiikselme gdzlenirken, daha yiksek
konsantrasyonlarda hidrojen tretim hizinin azaldigi rapor
edilmistir (Onat vd., 2024). Literatlrde bildirilen bu farkl
sonuglar, NaBH4 hidroliz davranisinin kullanilan katalizor
tlrine, yapisal 6zelliklerine ve reaksiyon kosullarina bagli
olarak degisebilecegini ortaya koymaktadir.

3.9. Sicakhigin Hidroliz Tepkimesine Etkisi

Kimyasal reaksiyon kinetigini  belirleyen  temel

parametrelerden biri reaksiyon ortami sicakligidir. Bu
kapsamda, Co—Zn—-B katalizérii varhginda, %1 NaBH,

iceren 10 mL ¢ozelti kullanilarak ve katalizér miktari 20 mg
sabit tutulmak suretiyle farkh sicakliklarda hidroliz
deneyleri gerceklestirilmistir. Deneyler sonucunda agiga
¢tkan H, gazi hacminin zamana bagh degisimi Sekil 9'da

sunulmustur.
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Sekil 9. Farkli sicakliklarda Co—Zn—B katalizoru varliginda NaBH,4
hidrolizi sonucu olusan H, gazi hacminin zamana bagh degisimi
(30 °C, 10 mL ¢ozelti, %5 NaOH, %1 NaBH,4 ve 20 mg katalizor).

Sekil 9 incelendiginde, sicaklik artisiyla birlikte hidroliz
reaksiyonunun daha kisa
hidrojen
gorilmektedir.
reaksiyonu Uzerinde 6nemli bir etkiye sahip oldugunu

sirede tamamlandigi ve
sekilde arttig
sicakhgin  NaBH; hidroliz

Gretim  hizinin  belirgin

Bu durum,

acikca ortaya koymaktadir. Ornegin, 30 °C’de yaklasik 4
dakika siiren hidroliz reaksiyonunun, 65 °C’'de yaklasik 2
dakika icerisinde tamamlandigi belirlenmistir. Sicakligin
artmasiyla reaksiyon slresinin kisalmasi, sistemde
bulunan molekiillerin kinetik enerjisinin yikselmesine ve
etkin carpisma sayisinin artmasina baglanabilir. Elde
edilen bu bulgular, hidroliz hizinin sicakhk artisiyla birlikte
ylkseldigini  bildiren literattr

gostermektedir (Onat vd., 2021).

cahsmalariyla uyum

3.10. NaBH, Hidroliz Kinetigi ve Tepkime Hiz Mertebesi

Co—Zn—-B katalizori esliginde gerceklesen NaBH, hidroliz
reaksiyonunun kinetik davranisinin ortaya konulabilmesi
acisindan, reaksiyon hiz mertebesinin belirlenmesi ve
farkl
hesaplanmasi biylik 6Gnem tasimaktadir. Bu amagla, Sekil

sicakliklarda elde edilen hiz sabitlerinin
9’da sunulan ve farkli sicakliklarda o6lgiilen hidrojen gazi
hacminin zamana bagl degisim verileri kullanilarak n.
dereceden kinetik yaklasim uygulanmistir. Yapilan
dogrusal regresyon analizleri sonucunda, reaksiyonun hiz
mertebesi yaklasik 0.9 olarak belirlenmis ve elde edilen
dogrusal iliskiler regresyon katsayilar (R?) dikkate alinarak

degerlendirilmistir.

Elde edilen dogrularin egimlerinden hesaplanan reaksiyon
hiz sabitleri (k), sicakliga bagh kinetik parametrelerin
belirlenmesi amaciyla Arrhenius esitliginde kullaniimistir.
Bu dogrultuda, In k ile 1/T arasindaki iliskiyi gosteren
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grafik Sekil 10’da verilmistir. Sekil 10’da elde edilen
dogrusal iliskinin egiminden yararlanilarak, Co—Zn-B
gerceklesen NaBH; hidroliz

reaksiyonuna ait aktivasyon enerjisi 18.49 kJ mol* olarak

katalizéri  varliginda

hesaplanmistir. Aktivasyon enerjisinin belirlenmesinde

kullanilan matematiksel ifadeler asagida sunulmustur.

Ea
Ln k =In ko-—— (2)
Arrhenius denklemi ile aktivasyon enerjisi hesaplanmistir.
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y = -2274,5x + 7,2289
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Sekil 10. 30°C'de 20 mg Co-Zn-B katalizori, %1 NaBH4; ve %5

NaOH kullanilarak NaBH4 hidrolizinden hidrojen {retim
reaksiyonuna ait Arrhenius grafigi

3.11. Katalizériin Kararlihigi ve Yeniden Kullanilabilirligi

Katalizoriin kararlihgl yedi ardisik déngii boyunca test
edilmis ve elde edilen sonuglar Sekil 11'de sunulmustur.
Co—Zn—B katalizoriiniin yeniden kullanilabilirligi, NaBH,4
hidroliz reaksiyonunda gergeklestirilen ardisik ¢evrimler
aracihgiyla degerlendirilmistir. Her ¢evrim sonrasinda
katalizor deiyonize su ile yikanmis ve ayni reaksiyon

kosullari altinda yeniden kullaniimistir.

6000

H, Hacmi(mL)
w
8
o

Dongu sayisl

Sekil 11. Co-Zn-B katalizoriin kararlilik testi (45°C'de, %1
agirlikga NaBH4 + %5 agirlikca NaOH,10 mL ¢dzeltisinde 20 mg
katalizor sartlarinda yurittlmustdr.)

Elde edilen sonuglar, ilk tG¢ dongl boyunca katalitik
aktivitede belirgin bir degisim meydana gelmedigini ve
kararliligini  korudugunu

itibaren katalitik

katalizorin yiksek yapisal

gostermistir. Dordincl  cevrimden

aktivitede kademeli bir azalma gézlenmis, ancak yedinci
¢evrim sonunda dahi baslangi¢ aktivitesinin yaklasik
%82’sinin korundugu belirlenmistir. Bu durum, Co—Zn-B
katalizorliniin iyi bir kararlihiga ve yeniden kullanilabilir bir
yaplya sahip oldugunu gostermektedir.

Literatlirde benzer sekilde, Co—Mo—-B katalizoriiniin
Uglincli dongl sonrasinda baslangig aktivitesinin yaklasik
%75’ini korudugu rapor edilmistir (Wei vd., 2017 (a)).
Borhidriir hidroliz

katalizorlerde gozlenen aktivite kaybi genellikle reaksiyon

reaksiyonlarinda kullanilan
sirasinda olusan yan {rlnlerin katalizor ylizeyinde
birikerek aktif bolgeleri kismen kapatmasina ve boylece
aktif merkezlerin erigilebilirliginin azalmasina
baglanmaktadir (Xiang vd., 2015; Durap vd., 2009).

4. Tartisma ve Sonug

Bu c¢alismada, borhidrirlerin hidrolizi yoluyla kisa siirede
yliksek miktarda hidrojen Uretimi saglayabilecek, disik
maliyetli ve yiksek etkinlige sahip katalizorlerin
gelistirilmesi amaglanmistir. Bu dogrultuda Co—Zn-B
katalizori; kimyasal indirgeme, yesil sentez ve yesil sentez
+ kimyasal indirgeme olmak (izere Ug¢ farkli yontemle
sentezlenmistir. NaBH, hidroliz deneylerinden elde edilen
kimyasal
yontemlerinin birlikte uygulanmasiyla hazirlanan Co—Zn—

sonuglar, vyesil sentez ve indirgeme

B katalizoriiniin, diger yontemlerle sentezlenen
katalizorlere kiyasla daha yiksek hidrojen tretim hizi ve
katalitik aktivite sergiledigini gostermistir (Sekil 5). Bu
durum, her iki

yontemin avantajlarinin  bir araya

gelmesiyle daha aktif bir katalizor yapisinin elde
edilmesine baglanmaktadir. NaBH, konsantrasyonu ise
agirlikca %1, %2, %3 ve %4 seviyelerinde incelenmistir.
%1'den %3’e kadar hidroliz hizinda belirgin bir degisim
gozlenmezken, %4 seviyesinde yalnizca sinirli bir artis
tespit edilmistir. Bu sonug, belirli bir konsantrasyonun
lizerinde NaBH; miktarindaki artisin kiitle transferini
sinirlayarak reaksiyon hizini 6nemli olctide artirmadigini

gostermektedir.

Farkh sicakliklarda elde edilen hidrojen hacimlerinin
zamana bagh degisimi incelenerek reaksiyon kinetigi
degerlendirilmistir. Yapilan kinetik analizler sonucunda,
hidroliz reaksiyonunun yaklasik birinci dereceden (n = 0.9)
kinetik modele uydugu belirlenmistir. Ayrica, Arrhenius
analizlerinden hesaplanan aktivasyon enerijisi 18.49 kJ
mol? olarak bulunmustur. Bu disiik aktivasyon enerjisi
degeri, katalizoriin NaBH; molekdllerinin parcalanmasi
icin gerekli enerji bariyerini etkin sekilde dastrdiGgini
gostermektedir. Katalizoriin ~ kararlihgr ve yeniden
kullanilabilirligi de degerlendirilmis ve yedinci kullanim
donglist sonunda baslangig aktivitesinin yaklasik %82’sini

korudugu belirlenmistir. Bu bulgu, katalizértin uzun streli
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kullanim agisindan iyi bir kararliliga sahip oldugunu
gostermektedir.

Yapisal analiz sonuglarina gore, yesil sentez ve kimyasal
indirgeme yontemlerinin birlikte uygulanmasiyla elde
edilen Co—Zn—B katalizoérl dlzensiz, gozenekli ve kiiresel
benzeri bir morfoloji

sergilemistir. Bu morfoloji,

katalizorin ylzey alanini artirarak aktif merkezlere
erisilebilirligi kolaylastirmig; ayrica gbzenekli yapi elektron
iletimini destekleyerek reaksiyon hizinin artmasina katki
saglamistir. Bu yapisal ozelliklerin birlesimi, katalizorin
yiksek hidrojen Uretim performansi ve uzun sireli

kararlilik géstermesinde 6nemli rol oynamistir.

Co-Zn-B
performansi

Cizelge 2'de,
katalizorinlin

bu c¢alismada sentezlenen
NaBHs  hidrolizindeki
literatlirde rapor edilen gesitli kobalt bazh katalizorlerle
karsilastirilmistir. Karsilastirma sonuglari incelendiginde,
Co—Zn-B katalizériinin 18.49 kJ mol™ gibi disik bir

aktivasyon enerjisine ve 5675 mL g! dk?! diizeyinde
yiuksek bir hidrojen dretim hizina sahip oldugu
gorilmektedir. Ozellikle Co—B—P, Co—Ni/MWAC, Co—Zn—
B/GP, Cu—Mo—-Co ve Co-W-P/CC gibi bir¢ok katalizor

Co-Zn-B
performans

sistemiyle  kiyaslandiginda,  sentezlenen
daha katalitik
sergiledigi dikkat ¢ekmektedir. Elde edilen bu {stiin
yesil sentez ve
birlikte

yuksek aktif yilzey alani

katalizériiniin ylksek

performans; kimyasal indirgeme
yontemlerinin olusan
yapl, ve aktif

merkezlerin homojen dagilimiile iliskilendirilebilir. Ayrica,

uygulanmasi  sonucu

gozenekli

dusik aktivasyon enerjisi degeri, katalizorin NaBH,
hidrolizi sirasinda reaksiyon igin gerekli enerji bariyerini
etkin sekilde dustrdigiini gostermektedir. Bu sonuglar,
gelistirilen Co—Zn—B katalizoriinlin hidrojen Uretimi
acisindan literatlirdeki benzer kobalt bazli katalizorlerle
rekabet edebilecek diizeyde ylksek performansa sahip
oldugunu ortaya koymaktadir.

Cizelge 2. Co—Zn-B katalizoriinlin NaBH, hidroliz performansinin farkli kobalt bazli katalizérlerle karsilastiriimasi.

Katalizor Sicakhk (°C) Ea (kJ/ mol) H, tretimi (mL/g.dk) Referans
Co—-B-P 30 49.11 3976 (Sahin vd., 2017)
Co—Ni/MWAC 30 40.7 740.7 (Soltani & Zabihi, 2020)
Co—-Zn-B/GP 30 35.92 3580 (Xiang vd., 2015)
Co—Ce-B/Chi-C 30 33.1 4760 (Zou vd., 2018)
Cu—Mo-Co 25 30.76 1005.7 (Deonikar vd., 2020)
Co-W—P/CC 30 27.18 3269 (Wei vd., 2017 (b))
Co—Cu-B 30 17.38 4972 (izgi vd., 2016)
Co@VHE 25 55 36624 (Onat vd., 2026(a))
Co@HME 25 32.53 12720 (Onat vd., 2026(b))
Co@CHE 40 55.6 65791 (Onat vd., 2026(c))
Co@CQDs (water) 60 35.57 23753 (Onat vd., 2025)
Co-Zn-B 30 18.49 5675 (Bu ¢alisma)
Bu c¢alismada, vyesil sentez ve kimyasal indirgeme oldugu belirlenmistir. Elde edilen dusik aktivasyon

yontemlerinin birlikte uygulanmasiyla Co—Zn—B bazli bir
katalizor basariyla sentezlenmis ve NaBH,4 hidrolizinden
hidrojen Uretimindeki performansi ayrintih  olarak
incelenmistir. Elde edilen sonuglar, kombine sentez
yaklasiminin katalizoriin yapisal ozelliklerini ve katalitik
etkinligini 6nemli 6lclde iyilestirdigini gbstermistir. SEM,
BET, XRD ve FT-IR analizleri,

gozenekli, dizensiz ve ylksek

sentezlenen katalizériin
ylzey alanina sahip bir
morfoloji sergiledigini ortaya koymustur. Bu vyapisal

ozelliklerin, aktif merkezlere erisilebilirligi artirarak

hidrojen lretim performansini olumlu yonde etkiledigi

belirlenmistir.

Deneysel calismalar sonucunda, optimum reaksiyon
kosullari %5 NaOH, %1 NaBH4, 20 mg katalizor ve 30 °C
sicakhk olarak belirlenmistir. Bu kosullar altinda
katalizériin hidrojen tretim hizi 5675 mL g dk? olarak
hesaplanmistir. Ayrica, kinetik analizler sonucunda
reaksiyonun yaklasik birinci dereceden kinetik modele

uydugu (n = 0.9) ve aktivasyon enerjisinin 18.49 kJ mol*

enerjisi degeri, sentezlenen Co-Zn-B katalizorliinln

NaBH; hidrolizi icin yiksek katalitik etkinlige sahip

oldugunu gostermektedir. Yeniden kullanilabilirlik
deneylerinde ise katalizériin yedinci dongli sonunda
baslangic aktivitesinin yaklasik %82’sini korudugu
belirlenmis ve iyi bir kararhlik sergiledigi ortaya
konmustur.

Sonug¢ olarak, yesil sentez ve kimyasal indirgeme

yontemlerinin sinerjik sekilde birlikte kullanilmasi, cevre
dostu, yiksek verimli ve kararl katalizérlerin gelistirilmesi
acisindan etkili bir yaklasim sunmaktadir. Bu ¢alisma,
sirdirilebilir hidrojen Uretimi ve ¢evre dostu katalizor
tasarimi alanlarina 6nemli katkilar saglamaktadir.

Etik Standartlar Bildirgesi
Yazarlar tum etik standartlara uyduklarini beyan ederler.

Yazarlik Katki Beyani

Yazar: Kavramsallastirma, Deneysel ¢alisma, Dogrulama, Analiz ve
yorumlama, Arastirma, Kaynak saglama, Yazma/orijinal taslak,
Yazma/inceleme ve diizenleme, Gorsellestirme.
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Cikar Catigmasi Beyani
Yazarlarin bu makalenin igerigiyle ilgili olarak beyan edecekleri hicbir
¢ikar catismasi yoktur.

Verilerin Kullanilabilirligi

Veri kiimeleri istek Uzerine mevcuttur. Bu makalenin sonuglarini
destekleyen ham veriler, yazarlar tarafindan herhangi bir c¢ekince
olmaksizin sunulacaktir.
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Abstract

Titanium dioxide quantum dots represent a class of
nanomaterials whose functional properties are strongly
influenced by particle size and dispersion state. Despite
advances in synthesis routes, their microscopic evaluation
remains problematic because intense surface-energy-driven
agglomeration often obscures primary particle features. In this
work, anatase Titanium dioxide quantum dots were produced
using a sol-gel reflux condensation approach, and the role of
post-synthesis processing on scanning electron and atomic
force microscopy image quality was systematically examined.
Structural and compositional verification was carried out using
X-ray diffraction and energy-dispersive X-ray spectroscopy,
while morphological assessment relied on scanning electron
and atomic force microscopy. Diffraction analysis verified the
exclusive formation of the anatase phase, whereas
compositional measurements demonstrated that thermal
treatment at 450 °C is required to eliminate residual organic
species and restore stoichiometric Titanium dioxide. To address
agglomeration during imaging, multiple sample preparation
strategies combining mechanical size reduction and
solvent-assisted dispersion were evaluated. Water-based
dispersions resulted in pronounced re-aggregation during
drying, while nonpolar solvents generated surface artifacts that
compromised image interpretation. In contrast, ultrasonic
dispersion in ethanol following calcination produced the most
uniform particle distribution. This protocol enabled consistent
visualization of sub-10 nm crystallites assembled into nanoscale
clusters and yielded reliable height measurements by atomic
force microscopy. The findings establish a practical preparation
strategy for high-resolution microscopic analysis of
agglomeration-prone oxide nanomaterials.

Keywords: AFM; Sample preparation; SEM; Sol-gel synthesis; TiO2
quantum dots.

Oz

Titanyum dioksit kuantum noktalari, boyutlarina ve dagilim
durumlanina bagh olarak dikkat c¢ekici optik ve elektronik
ozellikler sergileyen nanomalzemelerdir. Bununla birlikte,
yuksek ylzey enerjilerinden kaynaklanan gli¢lii aglomerasyon
egilimleri, bu yapilarin mikroskobik olarak saglikli bicimde
incelenmesini zorlastirmaktadir. Bu ¢alismada, sol-jel refluks
kondenzasyon yontemi kullanilarak anataz fazinda Titanyum
dioksit kuantum noktalari sentezlenmis ve taramali elektron
mikroskobu ve atomik kuvvet mikroskobu goériintiileme kalitesi
lizerinde sentez sonrasi islemlerin etkisi ayrintili olarak ele
alinmistir. Yapisal ve bilesimsel incelemeler X-isini kirinimi ve
enerji dagilimli X-isin1  spektroskopisi ile gergeklestirilmis,
morfolojik 6zellikler ise taramali elektron mikroskobu ve atomik
kuvvet mikroskobu kullanilarak degerlendirilmistir. X-igini
kirinimi sonuglari saf anataz fazinin elde edildigini gostermis,
EDS analizleri ise 450 °C'de uygulanan kalsinasyon isleminin
organik kalintilarin giderilmesi ve stokiyometrik Titanyum
dioksit yapisinin saglanmasi agisindan gerekli oldugunu ortaya
koymustur. Mikroskobik incelemelerde karsilasilan
aglomerasyon sorunlarini azaltmak amaciyla, mekanik 6gitme
ve farkh ¢ozicller kullanilarak gergeklestirilen gesitli numune
hazirlama yontemleri degerlendirilmistir. Su bazl
dispersiyonlarin kuruma sirasinda yeniden kiimelenmeye yol
actig, apolar ¢oziicllerin ise ylzeyde istenmeyen olusumlara
neden oldugu belirlenmistir. Buna karsilik, kalsinasyonu takiben
etanol igerisinde ultrasonik dispersiyon uygulanmasi en etkili
yaklasim olarak 6ne g¢ikmistir. Bu ydntem sayesinde, 25-100 nm
boyutlarindaki kiimeler igerisinde yer alan 10 nm’nin altindaki
bireysel kristalitler net bigcimde gorintilenebilmis ve atomik
kuvvet mikroskobu dlglimleriyle tutarli yikseklik degerleri elde
edilmistir.  Bu c¢alisma, yiksek ylizey enerjisine sahip
nanomalzemelerin giivenilir mikroskobik karakterizasyonu igin
uygulanabilir bir numune hazirlama yaklagimi sunmaktadir.

Anahtar Kelimeler: AFM; Numune hazirlama; SEM; Sol el sentezi; TiO2
kuantum noktalari.

1. Introduction

Titanium dioxide (TiO3) has garnered immense attention
in the scientific community as a versatile semiconductor
material due to its chemical stability, non-toxicity, and

cost-effectiveness (Gnanasekaran et al. 2015). It is
extensively used in critical applications ranging from the
photocatalytic degradation of organic pollutants and
heavy metal reduction to water splitting and dye-
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sensitized solar cells (Ali et al. 2018, Kog et al. 2017, Kog
Kesir et al. 2020). The physicochemical properties of TiO,,
particularly its photocatalytic efficiency, are intrinsically
linked to its particle size, surface area, and crystalline
phase. When the particle size is reduced to the quantum
dot (QD) regime (typically below 10 nm), TiO, exhibits the
quantum confinement effect, which results in a tunable
band gap and a drastically increased surface-to-volume
ratio (Javed et al. 2019). Despite the rapid advancements
in synthesis methodologies, the accurate structural
characterization of these nanostructures remains a
significant analytical challenge. TiO, nanoparticles
possess a strong natural tendency to form dense
agglomerates and aggregates due to their extremely high
surface energy (Pellegrino et al. 2017). When observed
under standard microscopy techniques such as scanning
electron microscopy (SEM), this agglomeration often
obscures the true morphology of individual QD.
Consequently, distinguishing between primary particles
and secondary agglomerates difficult,
potentially leading to erroneous conclusions regarding
particle size distribution. The quality of microscopic
imaging is heavily dependent on the sample preparation
protocol, particularly the choice of dispersion solvent and

becomes

drying conditions (Wiranwetchayan et al. 2017). Although
various synthesis routes, such as hydrothermal (Ozen et
al. 2012, 2016, 2024) and sol-gel methods (Navas et al.
2021), have been optimized, the standardization of post-
characterization is less

synthesis preparation for

explored.

The rapid development of nanotechnology has positioned
TiO; as a cornerstone material in various fields, ranging
from photocatalytic degradation of pollutants to water
splitting and solar cells (Wang et al. 2022). Among its
various forms, TiO, QDs attract significant attention due
to the 'quantum confinement effect,' which allows for the
tuning of their optoelectronic properties by controlling
their size below the exciton Bohr radius (Garcia de Arquer
et al. 2021). However, as particle size decreases, the
surface-to-volume ratio increases exponentially, leading
to immense surface energy (Murray et al. 2000). This
thermodynamic instability results in severe
agglomeration, which often masks the true primary
particle size during microscopic analysis (Pellegrino et al.

2017).

Recent studies emphasize that the performance of TiO; -
based devices is strictly dependent on the dispersion
state of the nanoparticles (Wiranwetchayan et al. 2017).
While the literature is abundant with various synthesis
protocols, the technical challenges regarding the ex-situ
characterization of these materials are frequently

overlooked (Navas et al. 2021). Conventional Scanning
Electron Microscopy (SEM) and Atomic Force Microscopy

(AFM) are the primary tools for visualizing
nanomorphology; however, improper sample
preparation leads to artifacts and 'cluster-like'

appearances that prevent the identification of individual
QDs (Guzelian et al. 1996, McBride and Rosenthal 2019,
Omogo et al. 2013). For instance, although the sol-gel
reflux method provides high-purity anatase phases, the
residual organic precursors can obscure the surface
unless a calcination strategy is

details precise

implemented (Yang et al. 2023).

In this study, we address this critical gap by systematically
optimizing the sample preparation protocols for the
reliable SEM and AFM imaging of TiO, QDs. Unlike general
synthesis papers, this work specifically investigates the
synergistic effect of 450 °C calcination (Javed et al. 2019)
and solvent-mediated ultrasonic dispersion. By
comparing the influence of water, hexane, and ethanol on
the final film morphology, we demonstrate a robust
roadmap for overcoming agglomeration. Furthermore,
the integration of 3D AFM line profile analysis provides a
quantitative verification of the QD heights, ranging from
4.2 nm to 7.6 nm, ensuring that the visualized structures

are indeed within the quantum confinement regime.

2. Materials and Methods
2.1 Chemicals and reagents used

Titanium tetra-isopropoxide (TTIP, 97%), glacial acetic
acid, nitric acid (= 65%), ethanol (absolute, > 99.8%), and
hexane (> 97.0%) were purchased from Sigma-Aldrich.
Deionized (DI) water was used as the solvent, and
concentrated nitric acid (HNOs) served as the peptizing
agent.

2.2 Synthesis of the TiO, QD

The synthesis followed a modified sol-gel reflux
condensation method (Gnanasekaran et al. 2015). In
brief, 10 mM TTIP was mixed with 10 mM glacial acetic
acid and stirred for 15 minutes. Hydrolysis was induced by
the addition of 15 mL of DI water. Peptization was
achieved by adding 200 pL of concentrated HNOs and
heating at 80°C for 75 minutes. The solution was then
refluxed at 100°C for 24 hours. The final product was dried
at 60°C. A portion of the powder was calcined at 450 °C
for 1 hour to study the effect of thermal treatment (Javed

et al. 2019).

2.3 Sample dispersion and preparation for microscopic
analysis

The sample dispersions were prepared by adding a micro-
spatulaful (approx. 5 mg) of the ground TiO, powder into
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50 mL of the respective solvent. The mixture was initially
stirred vigorously on a magnetic stirrer for 5 minutes. A
few drops of this suspension were then drop-cast onto a
freshly cleaved mica substrate to prepare the 'physically
mixed' sample. Subsequently, the remaining dispersion
was subjected to ultrasonication for 10 minutes using an
ultrasonic homogenizer (Bandelin SONOPULS GM 4200,
20 kHz) operating at 20 kHz and 50% power, with a pulsed
cycle of 2 seconds on and 2 seconds off. After the
ultrasonic treatment, a few drops were collected and
drop-cast onto another freshly cleaved mica substrate to
yield the 'ultrasonicated' sample.

2.4 Characterization techniques

X-ray diffraction (XRD) diffractograms were collected with
a Bruker AXS/Discovery D8 diffractometer using a Cu-Ka
radiation (A=0.15418 nm). The tube voltage and current
were set to 40 kV and 40 mA, respectively. The scan step
size was 0.02 26 with 0.05 s per step.

The surface properties and size distribution of the
nanoparticles were determined by Field Emission
Scanning Electron Microscopy (SEM, FE-SEM) with a Zeiss
Gemini 300 operated at an acceleration voltage of 15 keV.
The samples were 5 nm Au/Pd coated prior to SEM to
increase surface conductivity and improve image quality.
The elemental composition was determined via Energy
Dispersive X-ray spectroscopy (EDS) using a Bruker XFlash
6-100 detector. Topographical analysis was performed
(AFM)

using Atomic (Nanosurf

FlexAFM).

Force Microscopy

3. Results and Discussions

3.1. Structural and compositional analysis

The XRD pattern of the synthesized powder (Figure 1)
exhibited characteristic diffraction peaks corresponding
to the anatase phase of TiO,, showing a high degree of
matching with the database reference pattern (JCPDS
card no. 21-1272) (Kabekkodu et al. 2024).

In the XRD pattern, in addition to the characteristic
anatase peaks, a broad hump centered around 26 = 15°
and a minor peak near 26 = 30.8° were also observed. The
broad feature at low diffraction angles is strictly
attributed to the amorphous scattering from the
poly(methyl methacrylate) (PMMA) sample holder used
during the measurement. Furthermore, the minor peak
corresponds to the (121) plane of the brookite phase. This
indicates the presence of trace amounts of brookite,
which is a well-known and common co-product formed
during the sol-gel crystallization of anatase TiO,.

Furthermore, the theoretical crystallite size of the
synthesized TiO, QDs was calculated using the Scherrer

equation applied to the most intense primary diffraction
peak (101) at 26=25.29°. Based on the full width at half
(FWHM=1.02°) and
parameters (K=0.89, A\=1.5406 A), the average primary

maximum standard calculation
crystallite size was determined to be approximately 7.92
nm. This theoretically calculated dimension perfectly
corroborates the sub-10 nm particle sizes observed in the
high-resolution morphological analyses (SEM and AFM),
verifying that the microscopic features correspond to
individual primary crystallites within the quantum

confinement regime.
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Figure 1. XRD pattern of the synthesized anatase TiO, QD
compared with the database reference pattern (JCPDS No. 21-
1272).

EDS analysis was conducted to evaluate the chemical
purity and the effect of calcination. The results (Figure 2)
indicate a significant difference in stoichiometry between
the non-calcined and calcined samples. The non-calcined
powder showed a non-stoichiometric composition with
54.48 at.% for Ti and 45.52 at.% for O, attributed to
residual organic ligands from the precursor. In contrast,
the calcined sample exhibited a composition of 33.19 at.%
and 66.81% for, respectively, Ti and O, corresponding to
an oxygen-to-titanium ratio of approximately 2:1. This
finding aligns with the recent literature suggesting that
calcination above 400°C is critical not only for phase
transition but also for the removal of volatile organic
impurities, thereby stabilizing the stoichiometric oxide
lattice (Yang et al. 2023). It is worth noting that signals
from the carbon tape substrate and Au/Pd conductive
coating have been excluded from the analysis.

3.2 Effect of grinding and calcination

In what follows, different parameters were tested to
determine their effectiveness with regard to SEM sample
preparation. The as-synthesized product appeared as
macroscopic plates. Mechanical grinding reduced these
to micro-agglomerates. Subsequent calcination further
aided in densification, slightly reducing the agglomerate
size. The calcination temperature of 450 °C was strictly
adopted from the established synthesis protocol (Javed et
al. 2019), which previously identified this value as the
optimal thermal treatment condition.
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Figure 2. EDS analysis of synthesized TiO, QD samples at 5000x magnification (a) before and (b) after calcination.
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Figure 3. SEM micrographs showing the morphological evolution of TiO, QD samples at different processing stages: As-synthesized
(unprocessed) product: (a) general view showing macroscopic plate-like structures, and (b) close-up view revealing the granular
surface texture; Non-calcined ground powder: (c) general view of micro-agglomerates after mechanical grinding, and (d) close-up

view of the particle surface; Calcined ground powder: (e) general view indicating a decrease in agglomerate size, and (f) close-up view
of nanoclusters.
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As justified in the literature, lower temperatures (< 400
°C) are insufficient for the complete removal of organic
residues—a phenomenon perfectly reflected in the non-
stoichiometric EDS results of our uncalcined samples. On
the other hand, calcination at higher temperatures (> 500
°C) provides excessive thermal energy that promotes
severe grain growth, causing the nanocrystals to exceed
the quantum confinement regime and transition into
bulk-like nanoparticles. By maintaining this literature-
optimized temperature, the primary QD size (< 10 nm)
remained distinctly visible on the surface, confirming that
the thermal treatment at 450 °C successfully removed
impurities without inducing excessive grain growth that
would compromise the QD effect (Figure 3).

3.3 Solvent dispersion

Dispersion in hexane (Figure 4a-b) resulted in surface
artifacts and sticky residues, likely due to the dissolution
of the carbon adhesive or interaction with plastic labware
(Figure 4c-d).

e

MAG: 500x HV:10kV WD:5.5mm

g o

MAG: 500x HV: 10 kV

WD: 5.7 mm

MAG: 1000x HV:20kV WD: 6.0 mm s 10 pm

This finding is consistent with previous reports indicating
that non-polar solvents can interfere with polymeric
substrates used in microscopy (Drbohlavova et al. 2012).
Water caused re-agglomeration during drying due to high
surface tension. Ethanol was the most effective solvent.
As supported by Wiranwetchayan et al. (2017), alcohols
with lower surface tension and moderate evaporation
rates facilitate better nanoparticle spreading, minimizing
the "coffee-ring" effect and subsequent aggregation
during drying.

The superior dispersion and uniform deposition achieved
with ethanol can be attributed to the successful
suppression of the well-known "coffee-ring" effect. In
water-based dispersions, high surface tension and
outward capillary flow drive the nanoparticles toward the
pinned contact line during evaporation, resulting in dense
edge-agglomeration. In contrast, ethanol possesses a
significantly surface tension and a higher

evaporation rate.

lower

‘. e N o
‘.2' h‘i{v‘ A

MAG: 5000x HV:10kv WD:5.8 mm

37.96 nm
40.19nm |

~7.24 nm

MAG: 500Kx HV:20kV WD: 6.0 mm

Figure 4. SEM micrographs comparing the effectiveness of different solvents and dispersion techniques on TiO, samples: (a) Water
dispersion (physical mixing) whereby high surface tension leads to dense re-agglomeration upon drying; (b) Ethanol dispersion
(physical mixing) with improved distribution compared to water, but clusters remain large; Hexane dispersion (physical mixing): (c)
general view and (d) high-magnification view highlighting the formation of a "sticky" surface artifact and inter-particle bridging due
to solvent incompatibility; Optimized Protocol (Ethanol + Ultrasonication): (e) general view showing significant reduction in cluster
size, and (f) high-magnification (500,000x) close-up revealing the distinct granular morphology of individual QDs
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The rapid evaporation of the alcohol induces local
temperature gradients across the drying droplet, which
consequently generate surface tension gradients. These
gradients drive strong Marangoni convection—
recirculating fluid flows within the droplet that actively
counteract the outward capillary flow (Mampallil and Eral
2018). This Marangoni-induced mixing effectively
redistributes the TiO, QDs during the drying phase,
preventing their
the

deposition observed in the morphological analyses.

accumulation at the edges and

promoting highly  uniform, near-monolayer

An important methodological consideration during SEM
and AFM sample preparation involves the careful
handling of non-polar solvents such as hexane. The 'sticky
surface artifacts' and severe inter-particle bridging
observed in the hexane trials were attributed to specific
solvent-substrate incompatibilities. First, hexane can
leach oligomeric residues from standard plastic (e.g.,
polyethylene) labware during solvent transfer. More
importantly, if the hexane dispersion is drop-cast directly
onto the double-sided conductive carbon tape commonly
used for SEM mounting, the strong non-polar solvent
partially dissolves the underlying adhesive matrix. Upon
evaporation, these dissolved polymers precipitate back
onto the sample surface, effectively masking the
individual TiO, quantum dots. Therefore, to ensure
reproducibility and high-resolution imaging, it is strictly
advised to use glass labware for non-polar dispersions
and to perform the initial drop-casting onto a chemically
inert substrate (e.g., a silicon wafer, glass coverslip, or

bare aluminum stub). The sample should only be

3.4 Surface Topography and AFM Characterization

The optimized protocol (calcination + ethanol +
ultrasonication) yielded the best particle separation.
Although the high surface energy of QDs limited complete
isolation, SEM images revealed small clusters (25-100 nm)
comprising individual grains smaller than 10 nm (Figure

4e-f, 6a).

The morphological findings were further corroborated
and quantified using AFM analysis (Figure 5). While SEM
provides a lateral perspective, AFM topography offers
critical insights into the vertical dimensions and surface
roughness of the synthesized QDs. Detailed line profile
analysis (Figure 5b) reveals that the vertical heights of the
individual crystallites range from 4.2 nm to 7.6 nm. These
measurements are highly consistent with the primary
in SEM,
nanostructures maintain their quantum-scale dimensions
after the 450 °C thermal treatment.

grain size observed confirming that the

The 3D surface maps of the calcined samples show a
distinct granular morphology and indicate that the
optimized ethanol-based dispersion protocol yields a
more uniform distribution with significantly reduced
vertical stacking compared to water-dispersed samples.
This suggests that the low surface tension of ethanol not
only prevents lateral agglomeration but also facilitates
the formation of a near-monolayer distribution of
nanoclusters on the substrate. The absence of irregular
spikes or blurry regions in the AFM images also confirms
the effectiveness of the calcination process in removing
organic residues, resulting in a clean and well-defined

mounted onto the carbon adhesive tape after complete oxide lattice.
solvent evaporation.
(a) (b) e

600 nm
Figure 5. AFM characterization of calcined TiO, QDs: (a) 2D topographical view; (b) Height profile analysis showing vertical dimensions
of particles; (c) 3D surface reconstruction of the nanoclusters; (d) High-magnification surface detail indicating the cross-section line
for height measurement.
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Figure 6. Statistical characterization of the synthesized TiO,
QDs: (a) SEM image at 200,000x magnification showing the
morphology of calcined samples after ultrasonic dispersion in
ethanol. Yellow markers indicate the manual measurement sites
of 100 individual particles using Imagel. (b) Particle size
distribution histogram derived from SEM data, successfully
characterized by a Gaussian fit.

3.5 SEM Morphology and Particle Size Distribution

Analysis

High-resolution SEM imaging was employed to examine
the lateral morphology and surface arrangement of the
TiO, QDs. The SEM micrographs (Figure 6a) reveal a dense
population of nanostructures covering the substrate.
Although the high surface energy of the QDs leads to the
formation of some secondary nanoclusters, the primary
grains remain clearly discernible, exhibiting a
predominantly spherical and uniform morphology with
well-defined boundaries. To provide a comprehensive
assessment of the dimensions, a rigorous statistical
analysis was performed (Figure 6b). Specifically, the
guantitative evaluation was conducted using samples
that were calcined and subsequently subjected to
ultrasonic dispersion within ethanol, as this preparation
protocol vyielded the most homogeneous particle
distribution. Given the inherent challenges posed by
residual particle agglomeration, 100 individual particles
were manually measured using Image) software to ensure
high-precision boundary detection. The resulting Particle
Size Distribution (PSD) histogram was successfully

characterized by a Gaussian fit, revealing a narrow

distribution centered at a mean diameter of 7.47 nm with
a standard deviation of 2.36 nm. The observed size range
3.45 to 18.33 nm and the predominance of particles
below the 10 nm threshold confirm the quantum dot
nature of the synthesized product. These findings
underscore the effectiveness of the optimized synthesis
and post-processing steps in achieving sub 10 nm
nanostructures with controlled polydispersity.

4, Conclusions

In this study, anatase TiO, QDs were successfully
synthesized and characterized. We demonstrated that
standard sample preparation methods are insufficient for
the microscopic analysis of high-surface-energy
nanomaterials. The EDS analysis highlighted the necessity
of calcination for achieving stoichiometric purity.
Morphological assessment revealed that mechanical
grinding alone only reduces macroscopic plates to micro-
agglomerates but fails to isolate individual
nanostructures. Regarding dispersion media,
comparative imaging showed that water promotes dense
re-agglomeration upon drying due to its high surface
tension. Conversely, nonpolar solvents like hexane were
found unsuitable as they introduce sticky surface artifacts
and inter-particle bridging. While physical mixing in
ethanol offered slight improvement, it was the ultrasonic
dispersion of calcined powder in ethanol that was
determined to be the optimal preparation method. This
protocol allowed for the resolution of individual QDs (< 10
nm) within nanoscale clusters. These findings provide a
practical framework for researchers aiming to accurately
characterize the morphology of agglomeration-prone
nanoparticles.

Declaration of Ethical Standards

The authors declare that they comply with all ethical standards.

This article is an expanded version of the paper entitled “Optimization
of Sample Dispersion Protocols for High-Resolution Microscopic Analysis
of Sol-Gel Synthesized TiO2 Quantum Dots,” which was presented as an
oral presentation at the “8th International Eurasian Conference on
Biological and Chemical Sciences (EurasianBioChem)” held in
Ankara/Turkiye between 17-19/11/2025, and whose abstract was
published in the conference abstract book.

Credit Authorship Contribution Statement

Author-1:  Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Writing-Original  draft
preparation, Visualization

Author-2: Conceptualization, Resources, Writing - Review & Editing,
Supervision, Visualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data Availability Statement
The authors declare that the main data supporting the findings of this
work are available within the article.

868



Optimized Sample Preparation for Reliable SEM and AFM Analysis: A Case-Study of ..., SEVERGUN and OZEN.

Acknowledgement

This study was funded by the Scientific Research Projects
Fund of Bursa Technical University [Project No: BAP-
230D018] and the Scientific and Technological Research
Council of Tiirkiye (TUBITAK) [Project No: 2242014]. The

authors would like to thank the Central Research
Laboratory (MERLAB) at Bursa Technical University for
their technical support. Additionally, the authors

acknowledge the financial support provided by the
Scientific and Technological Research Council of Tiirkiye
(TUBITAK) Directorate of Science Fellowships and Grant
Programs (BIDEB) under the 2211-National Graduate
Scholarship Program.

5. References

Ali, 1., Suhail, M., Alothman, Z.A. and Alwarthan, A., 2018.
Recent advances in syntheses, properties and
applications of TiO2 nanostructures. RSC Advances,
8(53),30125-30147.
https://doi.org/10.1039/C8RA06517A

Drbohlavova, J., Machackova, M., Hrdy, R., Salyk, O.,
Kizek, R. and Hubalek, J., 2012. Self-ordered TiO2
guantum dot array prepared via anodic oxidation.
Nanoscale Research Letters, 7(1), 1-4.
https://doi.org/10.1186/1556-276X-7-123

Garcia de Arquer, F.P., Talapin, D.V., Klimov, V.I.,
Arakawa, Y., Bayer, M. and Sargent, E.H., 2021.
Semiconductor quantum dots: Technological
progress and future challenges. Science, 373(6555),
eaaz8541.
https://doi.org/10.1126/science.aaz8541

Gnanasekaran, L., Hemamalini, R. and Ravichandran, K.,
2015. Synthesis and characterization of TiO2
guantum dots for photocatalytic application. Journal
of Saudi Chemical Society, 19(5), 589-594.
https://doi.org/10.1016/j.jscs.2015.05.002

Guzelian, A.A., Banin, U., Kadavanich, A.V., Peng, X. and
Alivisatos, A.P., 1996. Colloidal chemical synthesis
and characterization of InAs nanocrystal quantum
dots. Applied Physics Letters, 69(10), 1432—-1434.
https://doi.org/10.1063/1.117605

Javed, S., Islam, M. and Mujahid, M., 2019. Synthesis and
characterization of TiO2 quantum dots by sol gel
reflux condensation method. Ceramics
International, 45(2), 2676—2679.
https://doi.org/10.1016/j.ceramint.2018.10.163

Kabekkodu, S.N., Dosen, A. and Blanton, T.N., 2024. PDF-
5+: a comprehensive Powder Diffraction File™ for
materials characterization. Powder Diffraction,
39(2), 47-59.
https://doi.org/10.1017/50885715624000150

Kog¢, M., Albay, C., Altin, i., Bayrak, R., Gokce, H.,
Degirmencioglu, i. and Sékmen, M., 2017. Use of
azomethine-bridged phenolic
metallophthalocyanines for sensitization of TiO2.
Desalination and Water Treatment, 59, 191-201.
https://doi.org/10.5004/dwt.2017.0259

Kog Kesir, M., Dilber, G., S6kmen, M. and Durmus, M.,
2020. Assessing photoreductive performance of
TiO2 nanocomposites sensitized with zwitterionic
and quaternernized Zn-phthalocyanines. Journal of
Molecular Structure, 1220, 128722.
https://doi.org/10.1016/j.molstruc.2020.128722

Mampallil, D. and Eral, H.B., 2018. A review on
suppression and utilization of the coffee-ring effect.
Advances in Colloid and Interface Science, 252, 38—
54,
https://doi.org/10.1016/j.cis.2017.12.008

McBride, J.R. and Rosenthal, S.J., 2019. Real colloidal
quantum dot structures revealed by high resolution
analytical electron microscopy. The Journal of
Chemical Physics, 151(16), 160903.
https://doi.org/10.1063/1.5128366

Murray, C.B., Kagan, C.R. and Bawendi, M.G., 2000.
Synthesis and characterization of monodisperse
nanocrystals and  close-packed  nanocrystal
assemblies. Annual Review of Materials Research,
30, 545-610.
https://doi.org/10.1146/annurev.matsci.30.1.545

Navas, D., Fuentes, S., Castro-Alvarez, A. and Chavez-
Angel, E., 2021. Review on sol-gel synthesis of
perovskite and oxide nanomaterials. Gels, 7(4), 275.
https://doi.org/10.3390/gels7040275

Omogo, B., Aldana, J.F. and Heyes, C.D., 2013. Radiative
and nonradiative lifetime engineering of quantum
dots in multiple solvents by surface atom
stoichiometry and ligands. The Journal of Physical
Chemistry C, 117(5), 2317-2327.
https://doi.org/10.1021/jp309368q

Ozen, M., Mertens, M., Luyten, J., Snijkers, F., D’Hondt, H.
and Cool, P., 2012. Hydrothermal synthesis of
carbonate-free submicron-sized barium titanate
from an amorphous precursor: Synthesis and
characterization. Ceramics International, 38(1),
619-625.
https://doi.org/10.1016/j.ceramint.2011.07.051

Ozen, M., Mertens, M., Snijkers, F. and Cool, P., 2016.
Hydrothermal synthesis and formation mechanism
of tetragonal barium titanate in a highly
concentrated alkaline solution. Ceramics
International, 42(9), 10967—-10975.
https://doi.org/10.1016/j.ceramint.2016.03.234

Ozen, M., Mertens, M. and Cool, P., 2024. Exploring
Barium-Titanium-Peroxo-Hydroxide as an excellent
single-source precursor for crystallographically

869


https://doi.org/10.1039/C8RA06517A
https://doi.org/10.1186/1556-276X-7-123
https://doi.org/10.1126/science.aaz8541
https://doi.org/10.1016/j.jscs.2015.05.002
https://doi.org/10.1063/1.117605
https://doi.org/10.1016/j.ceramint.2018.10.163
https://doi.org/10.1017/S0885715624000150
https://doi.org/10.5004/dwt.2017.0259
https://doi.org/10.1016/j.molstruc.2020.128722
https://doi.org/10.1016/j.cis.2017.12.008
https://doi.org/10.1063/1.5128366
https://doi.org/10.1146/annurev.matsci.30.1.545
https://doi.org/10.3390/gels7040275
https://doi.org/10.1021/jp309368q
https://doi.org/10.1016/j.ceramint.2011.07.051
https://doi.org/10.1016/j.ceramint.2016.03.234

Optimized Sample Preparation for Reliable SEM and AFM Analysis: A Case-Study of ..., SEVERGUN and OZEN.

diverse barium titanate ceramics — Parametric study.
Ceramics International, 50(24), 53209-53221.
https://doi.org/10.1016/j.ceramint.2024.10.171

Pellegrino, F., Pellutie, L., Sordello, F., Minero, C., Ortel,
E., Hodoroaba, V.-D. and Maurino, V., 2017.
Influence of agglomeration and aggregation on the
photocatalytic activity of TiO2 nanoparticles.
Applied Catalysis B: Environmental, 216, 80—87.
https://doi.org/10.1016/j.apcatb.2017.05.046

Wang, J., Wang, Z., Wang, W., Wang, Y., Hu, X., Liu, J.,
Gong, X., Miao, W., Ding, L., Li, X. and Tang, J., 2022.
Synthesis, modification and application of titanium
dioxide nanoparticles: A review. Nanoscale, 14(18),
6709-6734.
https://doi.org/10.1039/D1NR08349)

Wiranwetchayan, O., Promnopas, S., Thongtem, T.,
Chaipanich, A. and Thongtem, S., 2017. Effect of
alcohol solvents on TiO2 films prepared by sol—gel
method. Surface and Coatings Technology, 326,
310-315.
https://doi.org/10.1016/j.surfcoat.2017.07.068

Yang, S.S., Ren, B.H., Chen, S.Y., Liu, S.N., Zhang, Y.C. and
Sun, Y., 2023. Influence of calcination temperature
of TiO2 nanowires via hydrothermal method for
photocatalytic degradation. Digest Journal of
Nanomaterials and Biostructures, 18(1), 47-54.
https://doi.org/10.15251/DJNB.2023.181.47

870


https://doi.org/10.1016/j.ceramint.2024.10.171
https://doi.org/10.1016/j.apcatb.2017.05.046
https://doi.org/10.1039/D1NR08349J
https://doi.org/10.1016/j.surfcoat.2017.07.068
https://doi.org/10.15251/DJNB.2023.181.47

Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi

Afyon Kocatepe University - Journal of Science and Engineering
https://dergipark.org.tr/tr/pub/akufemubid

e-ISSN: 2149-3367

Arastirma Makalesi / Research Article
DOI: https://doi.org/10.35414/akufemubid.1895546

CITE: Afyon Kocatepe University Journal of Science and Engineering. 26(4) (2026) 871-877

DNA Binding Mode of Fluorine-Containing

Cobalt(ll) Phthalocyanine

*Makale Bilgisi / Article Info
Alindi/Received: 23.02.2026
Kabul/Accepted: 05.06.2026
Yayimlandi/Published: : 03.08.2026

Flor iceren Kobalt (11) Ftalosiyaninin DNA Baglanma Modu

Nazh FARAJZADEH OzTURK"

Acibadem Mehmet Ali Aydinlar University, Faculty of Pharmacy, Department of Analytical Chemistry, Atasehir,

Istanbul, Tiirkiye

© 2026 The Authors | Creative Commons Attribution-Noncommercial 4.0 (CC BY-NC) International License

Abstract

Recently, phthalocyanines have attracted attention for
therapeutic applications due to their notable biological
activities, particularly their efficient interactions with DNA. This
study presents the synthesis of a novel fluorine-containing
phthalonitrile and its cobalt (ll) phthalocyanine derivative
(CoPc). Structural characterization of the newly synthesized
compounds was performed using FT-IR, *H NMR, MALDI-TOF,
and UV-vis spectroscopy. The interaction between CoPc and
DNA was investigated by UV-vis spectrophotometry at 37°C and
65°C. Increasing DNA concentration decreased absorbance
intensity and induced a bathochromic shift, indicating that the
phthalocyanine interacted with DNA via non-covalent
mechanisms, such as intercalation and electrostatic attraction.
The binding mode was further analyzed by determining the
thermodynamic parameters (AS > 0, AH > 0, and AG < 0). The
positive values of AS and AH indicate that the interaction is
favorable at higher temperatures. The negative value of AG
confirms that the DNA-CoPc interaction is spontaneous and
thermodynamically favorable. Thus, CoPc is a promising
candidate for medical applications.

Keywords: Phthalocyanine; DNA interaction; Binding mode; Enthalpy;
Entropy

Oz

Son zamanlarda, ftalosiyaninler, kayda deger biyolojik
aktiviteleri (6zellikle DNA ile etkili etkilesimleri) nedeniyle
terapotik uygulamalarda ilgi ¢ekmistir. Bu ¢alisma, flor iceren
yeni bir ftalonitril ve kobalt (Il) ftalosiyanin tirevinin (CoPc)
sentezini sunmaktadir. Yeni sentezlenen bilesiklerin yapisal
karakterizasyonu FT-IR, 1H NMR, MALDI-TOF ve UV-vis
spektroskopisi kullanilarak gergeklestirilmistir. CoPc ve DNA
arasindaki etkilesim, 37°C ve 65°C'de UV-vis spektrofotometresi
ile incelenmistir. Artan DNA konsantrasyonu, absorbans
yogunlugunu azaltmis ve batokromik bir kaymaya neden
olmustur; boylece CoPc ftalosiyanininin DNA ile interkalasyon ve
elektrostatik ¢ekim gibi kovalent olmayan mekanizmalar yoluyla
etkilesime girdigi ispatlanmistir. Baglanma modu, termodinamik
parametreler (AS>0, AH > 0 ve AG < 0) belirlenerek daha ayrintil
olarak analiz edilmistir. AS ve AH'niin pozitif degerleri, daha
yuksek sicakliklarda olumlu etkilesimi gostermektedir. Ayrica,
AG'nin negatif degeri, DNA-CoPc etkilesiminin kendiliginden ve
termodinamik olarak elverisli oldugunu dogrulamaktadir. Sonug
olarak, CoPc tibbi uygulamalar igcin uygun bir aday olarak
degerlendirilebilir

Anahtar Kelimeler: Ftalosiyanin; DNA etkilesimi; Baglanma modu;
Entalpi; Entropi

1. Introduction

Imine structures, essential components of heterocyclic
compounds, are widely used in pharmaceuticals. Among
these, phthalocyanines have attracted significant interest
in drug technology owing to the unique structural
characteristics of their periphery. The phthalocyanine (Pc)
ring, with its planar 18m-conjugated system, exhibits
remarkable electronic and optical properties (Leznoff and
Lever 1989, 1993, 1996). Additionally, this structure
serves as a versatile platform for developing materials for
advanced technological and scientific applications, as
diverse functional groups can be introduced at the ring
periphery. Moreover, introducing metal ions into the
phthalocyanine ring enhances its catalytic, chemical, and
photonic features (Ozgesmeci et al. 2016, Karaoglu et al.
2021, Albayrak et al. 2023, Oztiirk et al. 2015).

Fluorination of organic materials induces significant

changes in their chemical, optical, and physical
increased biological inertness,
fluidity, and
In addition,
exhibit
biochemical properties arising from the high polarizability
of the C-F bond (Biffinger et al. 2004). The lipophobic and

hydrophobic nature of these compounds promotes

properties, including
chemical and thermal stability,
hydrophobicity (Smart 2001).

containing

fluorine-

organic compounds excellent

cellular uptake and membrane permeability, thereby
modulating pharmacokinetic properties and enhancing
the therapeutic efficacy of fluorinated structures for
gene, protein, and siRNA delivery (Welch 1991, Biffinger
et al. 2004). Furthermore, introducing fluorine atoms can
enhance the biological activity, chemical stability, and
solubility of phthalocyanines due to fluorine's high
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electronegativity (Ozgesmeci et al. 2016, Karaoglu et al.
2021, Albayrak et al. 2023, Oztiirk et al. 2015).

Deoxyribonucleic acid (DNA) is a major pharmacological

target for many drugs' biochemical activities.
Understanding drug-DNA interactions is crucial for the
design and discovery of effective drugs (Chaurasia et al.
2019,

Kirmizitas et al. 2024). DNA-binding agents are typically

Irmak-Yazicioglu and Ceylaner 2023, Senturk

grouped into four categories: alkylators, groove binders,
intercalators, and DNA-cleavage agents (Li et al. 2005, Li
et al. 2007). DNA cleavage typically disrupts covalent
sugar-phosphate linkages between nucleotides, thereby
breaking the DNA backbone. This process is typically
catalyzed by chemical agents, enzymes, or radiation.
Inhibition of DNA replication underlies most antimicrobial
strategies.
functional molecules and DNA can effectively suppress

and anticancer Interactions between
DNA replication in cancer tissues (Hasanzadeh and

Shadjou 2016).

Recently, inorganic complexes have been investigated for
medicinal applications to develop effective and selective
pharmaceuticals. For instance, cobalt exhibits biologically
and chemically relevant properties that can be harnessed
to design and synthesize promising therapeutic agents
(Heffern et al. 2013). In particular, elucidating their
mechanisms can help harness their physicochemical
properties for medical development. Although the
electrochemical properties of cobalt(ll) phthalocyanines
have been examined in the literature, only a few studies
have reported their biological activities. To partially
address this gap, this study presents a new fluorine-
containing di-substituted phthalonitrile and its cobalt(ll)
phthalocyanine derivative. The DNA-binding mode of the
cobalt (II)
examined using ultraviolet-visible spectroscopy. UV-vis

newly synthesized phthalocyanine was
spectra of the phthalocyanine derivatives were recorded
at varying DNA concentrations. Furthermore, the relevant
physicochemical parameters (AS, AH, and AG) were

calculated to assess the spontaneity of the interaction.

2. Materials and Methods

2.1 Synthesis and characterization

2.1.1 Synthetic procedure for phthalonitrile derivative
(1)

A solution of 4,5-dichlorophthalonitrile (0.500 g, 2.54
mmol) and 3,5-bis(trifluoromethyl)phenol (0.600 g, 2.61
mmol) in dry N, N-dimethylformamide (DMF, 15 mL) was
prepared. Potassium carbonate (0.350 g, 2.53 mmol) was
added, and the reaction mixture was stirred at room
temperature for 24 hours. The mixture was then treated
with an ice/water mixture (50 mL), stirred for 1 hour, and

filtered off. The crude product was purified by
crystallization from ethanol. Molecular formula:
C16HsCIFsN20. Yield: 0.73 g (74%). *H NMR (500 MHz,
DMSO-d6): & (ppm) 7.98 (s, 1H), 7.87 (s, 1H), 7.84 (s, 1H),
7.74 (s, 2H). FT-IR v (cm™): 3051 (aromatic C-H), 2240
(nitrile C=N), 1374 (C-F), 1102 (C-0-C).

2.1.2 Synthetic procedure for macromolecule (CoPc)

The newly synthesized phthalonitrile derivative (0.100 g,
0.256 mmol) and cobalt (Il) chloride (0.010 g, 0.077 mmol)
were dissolved in DMAE (3 mL). The solution was stirred
at reflux for 24 hours under a nitrogen atmosphere. After
cooling to room temperature, the mixture was treated
with ice water for 1 hour. The precipitate was collected by
filtration and then dried in an oven. Purification was
carried out by column chromatography on silica gel using
DCM: THF (5:1) as the eluent. The product was obtained
in 0.048 g (46%) yield and exhibited a melting point above
250 °C. FT-IR v (cm™): 3039 (aromatic CH), 1363 (C—F),
1097 (C-0O-C). UV—vis (DMSO): Amax Nm (log €) 429 (4.53),
683 (5.28). MALDI-TOF MS m/z calcd. 1621.60 [M]* found
1517.35 [M — 2CF; + 20H]".

2.2 Biological studies
2.2.1 Binding mode and Thermodynamic feasibility

A Scinco Lab Pro Plus UV/vis spectrophotometer was used
to record the UV-vis spectra. The concentration of calf
thymus DNA (ct-DNA) was quantified by measuring
absorbance at 260 nm (eDNA = 13200 M~ cm™) (Wolfe et
al. 1987). Samples were prepared in phosphate-buffered
saline (PBS; pH 7.4) with less than 1% DMSO.
Spectroscopic analyses were performed at 37°C (310 K)
and 65°C (338 K) to evaluate thermodynamic parameters
and determine the spontaneity of the interaction
between DNA and CoPc. The binding mode was assessed
using Equation (1), and thermodynamic parameters were
calculated using Equations (2-4) (Monajjemi et al. 2007,
Dezhampanah et al. 2011, Kenney et al. 2016, Afrin et al.
2017).

Ag &G &G 1

Ap—A - T g6-H—¢€c K[DNA] (1)

€G-H—¢G

where, Ao denotes the initial absorbance of CoPc,
whereas A represents the absorbance measured in the
presence of different DNA concentrations. K is the binding
constant for the CoPc-DNA interaction. [DNA] specifies
the DNA concentration. & and en-¢ are the absorption

coefficients of phthalocyanine and  CoPc-DNA,
respectively.
AG = —RTInK (2)
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()= -2 (-2

AG—AH)
T

45 =—( (4)

3. Results and Discussions

3.1 Synthesis and characterization

Scheme 1 outlines the synthetic pathway to 4-(3,5-
bis(trifluoromethyl)phenoxy)-5-chlorophthalonitrile (1)
and its cobalt (II) phthalocyanine derivative (CoPc). The
phthalonitrile derivative (1) was synthesized via aromatic
replacing the hydroxyl group of 3,5-
bis(trifluoromethyl)phenol with a chlorine atom from 4,5-

substitution,

dichlorophthalonitrile. The compound was purified by

recrystallization from ethanol, and structurally
characterized using *H NMR and FT-IR spectroscopy. The
spectroscopic data were consistent with the predicted
structure. In the *H NMR spectrum, singlets at 7.98 (1H)
and 7.87 (1H) were assigned to the phthalonitrile protons,
while broad singlets at 7.84 (1H) and 7.74 (2H)
corresponded to the 3,5-bis(trifluoromethyl)phenoxy
group. The FT-IR spectrum of compound 1 displayed
bands at 3051, 2240, 1374, and 1102 cm?, attributed to
C-H (aromatic), C=N (nitrile), C-F, and C-O-C, respectively
(Wolfe et al. 1987, Smart 2001, Chaurasia et al. 2019).

Cyclotetramerization of phthalonitrile 1 in the presence

of a metal ion yielded the macromolecule CoPc, which

N
*i OH
F F
F F F
F F
F
N
Z ..
cl S
SN

was subsequently purified by column chromatography.
Characterization was performed using FT-IR, UV-vis, and
MALDI-TOF spectroscopy. The data confirmed successful
synthesis of the target structure. In the FT-IR spectrum,
the absence of the C=N signal at 2240 cm™ indicated
cyclotetramerization of phthalonitrile 1. Additionally,
bands at 3039, 1363, and 1097 cm™ were assigned to C-H
(aromatic), C-F, and C-O-C, respectively (Wolfe et al. 1987,
Smart 2001, Chaurasia et al. 2019). The electronic
absorption spectrum of CoPc exhibited two characteristic
bands at approximately 429 nm (ultraviolet) and 683 nm
(visible) in DMSO. In the MALDI-TOF spectrum of CoPc,
the molecular ion peak at 1517.35 m/z was attributed to
[M —2CF3 + 20H]*. The variation in the molecular ion peak
(fragmentation) of the studied compound may stem from
the measurement medium, known as matrix effects.
Typically, the organic matrix absorbs laser energy, aiding
laser desorption/ionization. Once the matrix absorbs
energy and undergoes self-ionization, proton transfer or
particle fragmentation can occur between the matrix ions
and the analyte molecules. Additionally, organic matrices
are usually insoluble in water but dissolve in organic
solvents such as acetonitrile, ethanol, methanol, acetone,
or dimethylsulfoxide. These solvents can form adducts,
which decrease ionizability (Fuchs et al. 2008).

F
F F

Scheme 1. Synthetic route for compounds (1 and CoPc); (i) DMF, potassium carbonate, room temperature, (ii) DMAE, CoCl,, reflux

temperature.

3.2 Biological Studies

3.2.1 Spectroscopic analyses

UV-vis spectroscopy is a well-known, cost-effective, and
efficient method for examining the interaction modes
between DNA molecules and phthalocyanines (Ozluer

and Kara 2014). The Pc ring generally displays two
prominent rt-rt* transitions, giving rise to distinct bands in
the ultraviolet region (B-band; inner m-orbitals to LUMO)
and the visible region (Q-band; HOMO to LUMO) (Leznoff
and Lever 1989, 1993, 1996, Bayir 2005). Variables such
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as temperature, solvent polarity, and metal ions can
affect the electronic absorption spectra of UV—vis-active
compounds in the presence of DNA. During DNA-
phthalocyanine interactions, m-electrons are frequently
delocalized onto the DNA base pairs, resulting in a
that the

Unoccupied m*-orbitals
phthalocyanines may overlap with occupied m-orbitals of

hypochromic effect reduces electronic

absorption intensity. of

DNA bases, narrowing the energy gap and decreasing the
n—>1* transition energy, which results in a bathochromic
shift (Gokce et al. 2016, Moeini Alishah et al. 2018). The

UV-vis spectra of CoPc (10 uM) were measured in the
presence of different DNA concentrations (5-45 uM) at

—— CoPc (10 uM)
CoPc (10 uM) + ct-DNA (5 pM)
CoPc (10 uM) + ct-DNA (10 pM)
CoPc (10 uM) + ct-DNA (15 pM)
=== CoPc (10 uM) + ct-DNA (20 uM)
CoPc (10 uM) + ct-DNA (25 pM)

a)

@ CoPC (10 pM) + ct-DNA (30-50 uM)

Absorbance
-

\—

350

0
550 750

Wavelength, nm

b)

Absorbance

-

two temperatures, as illustrated in Figure 1. Increasing
DNA concentration reduced Q-band absorbance intensity
and induced a progressive bathochromic shift. These
spectral changes suggest modifications to the energy
levels and electronic distribution of CoPc resulting from
the accumulation of m-electrons in the DNA base pairs.
Moreover, overlap between the vacant n* orbitals of
CoPc and the occupied m orbitals of DNA bases reduced
the overall m->m* transition energy, which in turn led to
the observed bathochromic shift. The significant shift
observed confirms a strong interaction between CoPc and
ctDNA, most likely via intercalation (Bagda et al. 2017).
The corresponding data are provided in Table 1.

s CoPc (10 pM)

——— CoPc (10 M) + ct-DNA (5 uM)
CoPc (10 pM) + ct-DNA (10 pM)
CoPc (10 M) + ct-DNA (15 pM)

~—CoPc (10 uM) + ct-DNA (20 uM)

~——— CoPc (10 pM) + ct-DNA (25 M)
mm COPC (10 M) + ct-DNA (30-50 M)

550 750

Wavelength, nm

Figure 1. The UV-vis spectra of CoPc in the presence of different concentrations of DNA molecule (5-45 uM) at 37°C (a) and 65°C (b).

Table 1. UV-vis data for compound (CoPc).

Temperature (K)

Wavelength (nm)

Change in Absorbance (nm)

310 662 15
338 665 16
a) 8 b) 8
6 6
I <
a4 2 4
S S
< < 3
2 2
0 (]
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
1/[DNA], micromolar 1/[DNA], micromolar
Figure 2. The plots of Ag/A-Ao versus 1/[DNA] at 37°C (a) and 65°C (b).
Table 2. CT-DNA binding data for compound (CoPc).
Temperature (K) Equation R? K (M)
310 y = 27.886x + 0.4506 0.9988 16158
338 Y = 24.95x + 0.5006 0.9874 20064

3.2.2 DNA-phthalocyanine binding mode

The intrinsic binding constant (K) is often used as an
indicator of the binding mode. K values ranging from 103
to 10° are characteristic of the intercalation binding mode
(Gokce et al. 2016). In this study, the compatibility and
interaction mode of CoPc with biological systems were

examined using UV-visible spectroscopy. Plots of Ao/A-Ao
versus 1/[DNA] yielded K values of 16158 M at 37 °C and
20064 M at 65 °C, both within the range indicative of
The
summarized in Table 2. These findings suggest that CoPc

intercalation binding (Figure 2). results are

partially intercalates into DNA. Uslan and Sesalan
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synthesized three new hexamethyleneimino-ethoxy-
substituted metal (Cu, Co, and Zn) phthalocyanines and
then prepared their water-soluble derivatives. The
exhibited acceptable
interaction with ct-DNA with binding constant values
between 1.08 x 10° M and 1.2 x 10°> M (Uslan and
Sesalan 2012). Bagda et al. synthesized a new sandwich
lutetium (lll) phthalocyanine bearing 5-(3-pyridyl)-1,3,4-
oxadiazole groups at peripheral positions and then
prepared
constant

quaternary  phthalocyanines

its water-soluble derivative. The binding
values for the water-soluble sandwich
lutetium(lll)  phthalocyanine/DNA interaction were
calculated to be 6986 M at 308.15 K and 37600 M at
338.15 K and were assighed to an intercalation

mechanism (Bagda et al. 2017).
3.2.3 Thermodynamic parameters

A positive entropy change (AS > 0) is typically associated
with intercalation binding modes (Kenney et al. 2016).
Variations in the number of free water molecules during
DNA binding significantly influence overall entropy.
Because of their polarity, these molecules may associate
with nucleic acids via hydrophobic interactions, thereby
conformational Additionally,

interactions between DNA and water

inducing changes.
electrostatic
molecules, as well as drug-DNA interactions, can affect
nucleic acid stability and yield a net positive enthalpy
change (AH > 0). A negative Gibbs free energy change (AG)
indicates the spontaneity of drug-DNA interactions
(Chanphai et al. 2020, Alsaif et al. 2020, Gulaboski et al.

2020).

Table 3. Thermodynamic data of DNA-CoPc interaction.

T (K) AH, Jmol? TAS, Jmol-1K1 AG, Jmol?

310 31713 -24975
6738

338 34578 -27840

In this study, thermodynamic parameters were calculated
to evaluate the binding mechanism. The results are
presented in Table 3. The K value increased at a higher
temperature (338 K), which is attributed to an elevated
binding rate. An increase in temperature can promote
DNA relaxation, thereby facilitating CoPc-DNA interaction
and supporting its intercalative binding mode. The
negative values of standard Gibbs free energy (AG < 0)
DNA-CoPc
spontaneous.

interaction is
Additionally, the
positive values of enthalpy (AH > 0) and entropy (AS > 0)

confirm  that the
thermodynamically

indicate that the reaction becomes more favorable at
higher temperatures. Bagda et al. determined the
thermodynamic parameters of a new sandwich lutetium
(1) phthalocyanine bearing 5-(3-pyridyl)-1,3,4-oxadiazole

groups at the peripheral positions. The calculated entropy

change was 250 J/mol K, whereas the enthalpy values
were determined to be 54359 and 54920 J/mol at 308.15
K (-22679 J/mol) and 338.15 K (-29617 J/mol),
respectively, confirming the spontaneity of the lutetium
(11) phthalocyanine/DNA interaction (Bagda et al., 2017).

4, Conclusions

A new di-substituted phthalonitrile bearing a chlorine
atom and a 3,5-bis(trifluoromethyl)phenoxy group was
prepared and used to synthesize octa-substituted
cobalt(ll) phthalocyanine derivatives. The interaction
between cobalt(ll) phthalocyanine and DNA was studied
using UV-visible spectrophotometry at two temperatures.
UV-visible spectra were recorded in the presence of
varying concentrations of calf thymus DNA (ct-DNA).
Increasing ct-DNA concentration gradually decreased
absorbance and induced a bathochromic shift in the
electronic absorption band of cobalt(ll) phthalocyanine.
These findings suggest that cobalt(ll) phthalocyanine
interacts with DNA via
(specifically intercalation and electrostatic interactions).
In addition, thermodynamic analysis supported the
stability of the DNA—cobalt(ll) phthalocyanine complex,
particularly at elevated temperatures.

noncovalent mechanisms
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Abstract

Fourier-transform infrared (FTIR) spectroscopy is widely used
instrumental technique in pharmaceutical analysis. In this study,
three pharmaceutical active ingredients representing different
clinical and therapeutic classes (diflunisal, diltiazem and
hydroxyzine) were investigated using regional spectral
descriptors, multivariate analysis and Monte Carlo robustness
modeling. Absorbance values of the drugs were calculated over
predefined three different spectral regions and descriptors were
derived to enhance structural differentiation. Principal
Component Analysis (PCA) results showed that the first two
components explained more than 92% of the total variance, and
that discrimination was particularly observed in the 1210-1220
c¢cm-1and 1670-1680 cm-1 bands. Monte Carlo simulations were
performed using FTIR data as input, and the obtained results
revealed that the metrics were highly stable. Coefficient of
Variation (CV) values for total AUC remained below 0.03%,
centroid variability was below 0.01% and spectral correlation
coefficients were found 0.9999. Descriptor components showed
variability at analytically acceptable levels (CV < 0.12%). The
obtained findings demonstrate that quantitative FTIR band
integration combined with simulation-based robustness
evaluation provides a rapid and accessible analytical screening
approach for pharmaceutical quality assurance. With this
method, robustness evaluation of different drugs can be
simulated using analytical data, and its applicability to other
pharmaceuticals has been demonstrated.

Keywords: FTIR Spectroscopy; Pharmaceutical active ingredients (APIs);
Monte Carlo Robustness Simulation; Quantitative spectral descriptors;
Pharmaceutical quality control.

Oz

Fourier-transform kizilétesi (FTIR) spektroskopisi, farmasotik
analizlerde yaygin olarak kullanilan bir enstriimantal tekniktir.
Bu c¢alismada, farkh klinik ve terapoétik siniflari temsil eden Ug
farmasotik etken madde (diflunisal, diltiazem ve hidroksizin);
bolgesel spektral tanimlayicilar, cok degiskenli analiz ve Monte
Carlo saglamlik modellemesi kullanilarak incelenmistir. ilaglarin
absorbans degerleri, 6nceden tanimlanmis g farkli spektral
bolge Uzerinden hesaplanmis ve yapisal ayrimi karakterize
etmek amaciyla spektral tanimlayicilar gelistirilmistir. Temel
Bilesenler Analizi (PCA) sonuglari, ilk iki bilesenin toplam
varyansin %92'den fazlasini agikladigini ve ayrimin ozellikle
1210-1220 cm-1 (parmak izi bolgesi) ile 1670-1680 cm-1
(karbonil bolgesi) bantlarinda belirginlestigini géstermistir. FTIR
verileri girdi olarak kullanilarak gerceklestirilen Monte Carlo
similasyonlari (N=1000), elde edilen metriklerin oldukga kararlh
oldugunu ortaya koymustur. Toplam AUC igin Varyasyon
Katsayisi (CV) degerleri %0,03'Un altinda kalmis, merkez
(centroid) degiskenligi %0,01'den dusiuk bulunmus ve spektral
korelasyon katsayilari 00,9999 seviyesinde saptanmistir.
Tanimlayici bilesenleri, analitik olarak kabul edilebilir dizeylerde
(CV < 0,12%) degiskenlik sergilemistir. Elde edilen bulgular,
similasyon tabanli saglamlik degerlendirmesi ile birlestirilmis
kantitatif FTIR bant entegrasyonunun, farmasotik kalite
glvencesi icin hizli ve erisilebilir bir analitik tarama yaklagimi
sundugunu kanitlamaktadir. Bu yontemle, analitik veriler
araciligiyla farkli ilaglarin saglamlik degerlendirmesi simdle
edilebilmekte ve yontemin diger farmasotiklere uygulanabilirligi
gosterilmektedir.

Anahtar Kelimeler: FTIR Spektroskopisi; Farmasétik Etken Maddeler
(APl'ler), Monte Carlo Saglamlik Simiilasyonu; Kantitatif Spektral
Tanimlayicilar; Farmasétik Kalite Kontrol.

1. Introduction

Quality control of pharmaceutical substances requires
continuous monitoring. It is a fundamental determinant
of patient safety and therapeutic efficacy. Correct
identification of the Active Pharmaceutical Ingredient
(API) is vital (Popoola et al., 2022). Verifying the purity
profile and precise quantification in the formulation are

also key. These are Critical Quality Attributes (CQA) that
directly impact clinical performance (Maguire & Peng,
2015). There is a growing need for fast, reliable, and low-
cost analytical methods. These are necessary during
Modern
pharmaceutical quality control must establish a holistic

production, distribution, and inspection.

assurance system. This system integrate analytical
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accuracy and supply chain integration (Zou et al., 2018;
Ogbuagu et al., 2023; Ermer & Ploss, 2005).

Fourier Transform Infrared Spectroscopy (FTIR) is very
important analysis technique in pharmaceutical analysis.
It is also fast and requires minimal sample preparation
(Custers et al., 2015). This technique using with ATR
(Attenuated Total Reflectance) allows direct analysis of
solid dosage forms. This makes the method practical and
accessible for quality control labs (Rohman, 2012). These
applications include API identification and raw material
control and also used to detect counterfeit products
(lgtadar et al., 2025). However, its role in quantitative
quality control is not yet fully established. There is a need
for methodological developments in this area.

Spectral band intensities in FTIR based quantitative
analysis exhibit variability. This variation depends on
variables like sample surface properties and device
conditions (Westad, 2021). Environmental factors also
play a critical role and also measurement noise and
personal errors affect signal and various stability. These
factors add both random and systematic errors to the
spectral data (Faber & Rajkd, 2007). Small fluctuations in
spectral data can cause significant changes in the model
output. Therefore, the method must be evaluated for
(Herrador &
Gonzélez, 2004). The Monte Carlo approach is useful

accuracy, precision, and robustness
here. It models error scenarios like measurement noise
and baseline variation. It uses repeated simulations. This
allows for a statistical evaluation of the method’s

behavior under different conditions (Zeaiter et al., 2004).

Monte Carlo simulation is a widely adopted mathematical
method based on random sampling in multidisciplinary
area. It evaluates uncertainty and error propagation in
in the
measurement process are defined by specific probability

complex systems. Potential error sources
distributions. These distributions are simulated hundreds
or thousands of times. Monte Carlo simulation is widely
used in finance, engineering, physics, and health sciences.
It serves as a strong alternative to classical analytical error
calculations (BIPM/JCGM 101, 2008; Rasul et al., 2017).
This is especially true for complex and non-linear systems.
In analytical chemistry, this approach enables the
determination of measurement uncertainty. It also allows
for modeling errors through simulation. Variations like
device conditions and environmental changes are
inevitable in real experiments (Chen et al., 2018). Matrix
effects are also a common factor. Therefore, method
robustness must be evaluated under different scenarios.
Simulation-based robustness tests examine the effect of

these variations on the output. This approach strengthens

analytical reliability but it is highly effective and its used
area is still limited.

Analyzing drugs from different therapeutic classes and
chemical structures provides diversity for methodological
robustness in spectral studies. Molecules from non-
steroidal  anti-inflammatory, cardiovascular, and
antihistamine groups contain various functional groups.
These include aromatic rings, carboxylic acids, esters,
ether bonds, and tertiary amines. These groups produce
characteristic and distinct band patterns in the infrared
region (Wahbi et al., 2009; Chatpalliwar et al., 2012;
Beltagi et al., 2008). This structural diversity leads to
differences in both therapeutic effects and spectral
behaviors. Therefore, evaluating these diverse molecules
together is a strong approach to test method selectivity
and specificity. In spectroscopic techniques identifying
functional group-based bands is critical measurements.
Applying the spectral fingerprint approach systematically
is also essential. This ensures reliable results for
qualitative identification and situational analysis, such as
degradation, impurities or formulation effects (Custers et
al., 2015; Anderton, 2003).

The present study focuses on three clinically established
active pharmaceutical ingredients representing distinct
These are a a non-steroid

therapeutic classes.

antiinflamatuar (diflunisal), a cardiovascular agent

(diltiazem), and an antihistaminic = compound
(hydroxyzine). All three agents are widely prescribed and
may be used in dose-sensitive clinical settings. Under such
conditions, accurate identity verification and content
reliability are directly linked to patient safety and
therapeutic consistency. The present study aims to
develop regional spectral descriptors. Molecular
separation was tested using Principal Component Analysis
(PCA). PCA is a statistical method that simplifies complex
datasets by reducing their dimensions. The robustness of
the analytical method was simulated through Monte
Carlo simulations. A hierarchy of global and ratio metrics
was established based on these results. Finally, FTIR was
positioned as a quantitative quality control tool

supported by simulation.

This study proposes a quantitative FTIR descriptor
framework supported by Monte Carlo robustness
modeling as a rapid and simulation-validated approach

for pharmaceutical quality screening.

2. Materials and Methods
2.1 Materials and FTIR Acquisition

Diflunisal, diltiazem hydrochloride and hydroxyzine
dihydrochloride were obtained as pharmaceutical grade

reference standards from Sigma-Aldrich (St. Louis, MO,
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USA). All compounds were used as received without

further purification. Spectral measurements were
performed directly on the solid active pharmaceutical

ingredients.

FTIR spectra were recorded using a JASCO FT/IR-4700
Type A spectrometer (JASCO Inc., Japan) equipped with
an ATR PRO ONE single-reflection accessory. A monolithic
diamond crystal was employed as the ATR element. The
instrument was fitted with a TGS (triglycine sulfate)
detector operating at ambient temperature. The
a 45°

automatic alignment and stable energy throughput. A

interferometer configuration was allowing
constant and uniform contact pressure was maintained
during all ATR measurements to ensure reproducible

spectral intensities.

Samples were placed directly onto the ATR and analyzed
in solid phase without additional preparation. Spectra
were collected over the 399-4000 cm-1 range at a
resolution of 4 cm-1 with 32 accumulated scans to ensure
adequate signal to noise performance. The data interval
was 0.964 cm-1.

2.2 Spectral Data Processing and Quantitative Descriptor
Extraction

Raw FTIR spectra data were exported in XY format and
processed without smoothing. Baseline correction was
performed using a linear baseline adjustment across the
full spectral range. No artificial peak enhancement or
derivative transformation was applied.

All spectral processing and numerical analyses were
performed in MATLAB R2025b (MathWorks, Natick, MA,
USA). Quantitative descriptors were extracted from
predefined spectral domains: 1800-1500 cm-1, 1500—
1200 cm-1 and 1200-900 cm-1. Integrated absorbance
values (AUC) were calculated using numerical trapezoidal
integration according to Equation (1):

AUC=fA(v)dv (1)
where A(v) represents absorbance at wavenumber v.

The spectral centroid for each compound was calculated
as the weighted mean wavenumber to Equation (2):

veentroid=2[v;-A(vi)]/Z[A(vi)] (2)

Ratio-based descriptors were defined to capture relative
regional contributions in Equation 3 and 4:

Ratio1=AUC(1800~1500)/AUC(1500~1200) (3)
Ratio2=AUC(1500~1200)/AUC(1200-900) (4)

These parameters were used for comparative and
robustness analyses.

2.3 Multivariate Analysis (PCA)

PCA analysis were applied to evaluate multivariate
spectral studied
ingredients. The analysis was performed using the
extracted quantitative spectral descriptors as input
variables. No additional transformation was applied.
Principal components were computed using eigenvalue

discrimination among the active

decomposition of the covariance matrix.

The percentage of variance explained by each principal

component was recorded. Loading profiles were
examined to identify wavenumber regions contributing to
compound discrimination.

statistical

PCA computations were

performed using functions in MATLAB

software.
2.4 Monte Carlo Robustness Modeling

Monte Carlo simulation was used to test stability of the
the quantitative FTIR descriptors remain under realistic
measurement variability. Starting from the original
spectrum of each compound, random multiplicative noise
was applied to the absorbance values to simulate routine
instrumental fluctuations. Two noise levels (o) were
evaluated 0.5% and 1%. Monte Carlo simulations were
performed in MATLAB programme.

For each compound and each o level, 1000 simulated
spectra were generated. After perturbation, the same
descriptor extraction workflow was repeated for every
simulated spectrum. Total integrated absorbance
(AUCtotal) was calculated for each iteration and the
distribution of values was summarized as mean * SD.
Robustness parameter was expressed as the coefficient of

variation in Equation (5):
CV(%)=(SD/Mean)x100 (5)

A 95% confidence interval was obtained from the
empirical distribution using the 2.5th and 97.5th
percentiles. In addition to AUC total, descriptor sensitivity
was evaluated by comparing CV values across all
computed metrics under o = 1%, allowing identification of
the most noise-amplifying parameters.

3. Results and Discussions

3.1. FTIR Spectral Identity and Structural Confirmation of
Studied Compounds

The FTIR spectra of diflunisal, diltiazem and hydroxyzine

demonstrated clear structural integrity and high
analytical signal quality. Maximum absorbance values
remained within the optimal linear analytical range (0.1-
1.0), indicating precise detector response and suitability

for quantitative spectral evaluation. Baseline absorbance
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values recorded approx. 4000 cm-1 were low, confirming
minimal instrumental noise and high signal to noise
performance of the JASCO FT/IR-4700 system.

Characteristic functional group vibrations were observed
at the expected wavenumbers for each compound.
Diflunisal exhibited diagnostic carboxylic acid and

phenolic bands, including the carbonyl shift to 1674 cm-1

N—H bands in the 2400-2700 cm-1 region, because of its
hydrochloride form. Hydroxyzine showed a broad O-H
stretching band (3377 cm-1) and protonated amine
features, consistent with its dihydrochloride salt form.

The overlay FTIR spectra of all compounds are presented
in Figure 1. Each compound exhibits a distinct spectral

fingerprint across the 4000-400 cm-1 region. No

attributable to intramolecular hydrogen bonding. unexpected bands or structural distortions were
Diltiazem displayed well-separated ester and lactam observed. The spectral patterns confirm identity
carbonyl absorptions along with characteristic salt related specificity at the molecular level.
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Figure 1. Overlay FTIR spectra of studied pharmaceuticals
The characteristic absorption bands and corresponding Spectral determination remains a fundamental

functional group assignments are summarized in Table 1.
Diagnostic peaks were selected based on structural
relevance rather than spectral data. The carbonyl shifts in
diflunisal, the dual carbonyl system of diltiazem and the
protonated amine bands in hydroxyzine serve as
definitive structural markers. The reported band positions
align with expected vibrational frequencies for each
functional group. These assignments verify molecular and

pharmaceutical identity.

As shown in Table 1, diflunisal displayed characteristic
hydrogen-bonded O-H stretching and a downshifted
carbonyl band around 1674 cm-1, consistent with
intramolecular hydrogen bonding within the salicylic acid.
Diltiazem exhibited well resolved ester and lactam
carbonyl absorptions at approximately 1740 and 1675
cm-1. Also, hydroxyzine presented a broad O-H
stretching band near 3377 cm-1 and multiple protonated
amine absorptions within the 2400-2700 cm-1 region,
because of its dihydrochloride bonding. These chemically
interpretable features support structural integrity and
pharmaceutical grade identity while establishing the
spectral basis for subsequent quantitative descriptor

extraction.

requirement in pharmaceutical analysis, as accurate
identification directly supports product authenticity and
patient safety. The distinct FTIR data observed for each
APl demonstrate that vibrational profiling can serve as a
rapid and structurally sensitive tool for pharmaceutical
quality verification.

3.2. Quantitative Regional Descriptor Analysis

Regional integration of predefined spectral domains
revealed clear intensity distribution differences among
the investigated compounds (Table 2). Diltiazem
exhibited the highest contribution in the 1800-1500 cm-
1 region, consistent with its dual carbonyl system,
whereas hydroxyzine showed minimal absorbance in this
interval. Diflunisal and diltiazem presented comparable
in 1500-1200-1 and 1200-900 cm-1
domains, while hydroxyzine demonstrated a relative shift

contributions

toward the lower wavenumber region.

Ratio based descriptors provided additional structural
discrimination. Ratio 1 values were highest for diltiazem
and lowest for hydroxyzine, reflecting relative dominance
of carbonyl-associated absorbance. In contrast, Ratio 2
stronger contribution in diflunisal and diltiazem
compared to hydroxyzine.
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Table 1. Characteristic absorption bands, functional group assignments, and corresponding spectral parameters of the compounds

Compound Wavenumber (cm™) Tentative Assignment Structural Interpretation
3456.78 Phenolic O—H stretching Free phenolic hydroxyl
3227.29 Carboxylic acid O—H stretching Intramolecular H-bonding
1674.87 C=0 stretching (carboxylic acid) Conjugated carbonyl

Diflunisal 1512.88 Aromatic C=C stretching Biphenyl skeletal mode
1485.88 Aromatic C=C stretching Ring vibration
1267.77 Aromatic C—F stretching Fluorinated substituent
712.57 Aromatic C—H out-of-plane bending Substituted benzene ring
528.40 Ring deformation vibration Difluorophenyl skeleton
3055.99 Aromatic C-H stretching Aromatic ring
2965.02 Asymmetric C-H stretching Aliphatic chains
2836.77 Symmetric C—H stretching Methyl/methylene groups
2580.21 N*—H stretching (salt form) Protonated amine
2388.41 N*—H stretching Hydrochloride salt
Diltiazem 1740.44 Ester C=0 stretching Ester functionality

1675.84 Lactam (amide) C=0 stretching Benzothiazepine ring
1509.99 Aromatic C=C stretching Para-substituted ring
1214.93 Ester C-0O stretching Ester linkage
1055.82 C—N stretching Tertiary amine
779.10 Aromatic C—H out-of-plane bending Substituted aromatic
3377.71 O—H stretching Terminal alcohol
2993.94 Asymmetric C—H stretching Piperazine/alkyl chain
2865.70 Symmetric C—H stretching Aliphatic groups
2621.75 N*—H stretching Protonated piperazine
2512.79 N*—H stretching Salt form confirmation

Hydroxyzine 2417.33 N*—H stretching lonic interaction
1607.59 Aromatic C=C stretching Benzene ring
1494.56 CH, bending / aromatic skeletal Piperazine/aromatic overlap
1432.85 CH, bending Ring deformation
1088.05 C—0—C stretching Ether linkage
1021.12 C-0 stretching Alcohol functionality
827.31 Aromatic C-H out-of-plane bending Para-substituted ring

Table 2. Regional integrated absorbance values and derived spectral descriptor ratios for the studied compounds

AUC AUC 1800~ AUC 1500~ AUC 1200~ Ratiol (1800-1500 / Ratio2 (1500-1200 /
Compound total 1500 1200 900 1500-1200) 1200-900)
Diflunisal 170.58 17.30 50.57 47.63 0.3421 1.0615
Diltiazem 184.31 24.74 44.85 42.33 0.5516 1.0595
Hydroxyzine  122.11 2.00 20.40 24.12 0.0981 0.8458

Integrated absorbance values were calculated over predefined spectral regions (1800-1500, 1500-1200, and 1200-900 cm™). Ratiol and Ratio2
were computed to capture relative contributions of carbonyl/aromatic versus fingerprint domains.

These quantitative values transform spectral profiles into Ditiarargy
reproducible analytical parameters suitable for :
comparative and robustness evaluation.

Hydroxyzing.

3.3. Multivariate Spectral Discrimination

Principal Component Analysis (PCA) was applied to

PC2 (38.10% variance)

evaluate multivariate discrimination among the
investigated APls. The PCA score plot as shown in Figure
2 demonstrates clear separation of diflunisal, diltiazem

and hydroxyzine in the PC1-PC2 space. All compounds Dltuniegy .

25 2 15 15

cluster in distinct regions without overlap, indicating that =
Figure 2. PCA score plot illustrating spectral discrimination of

diflunisal, diltiazem and hydroxyzine based on quantitative FTIR
descriptors

the selected spectral descriptors capture meaningful
structural differences.
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The first principal component (PC1) accounted for the
majority of spectral variance, while the second principal
component (PC2) contributed additional discriminatory
information, as summarized in Table 3.

Table 3. Percentage of variance explained by principal
components

Principal Variance Cumulative
Component Explained (%) Variance (%)
PC1 80.68 80.68
PC2 11.37 92.05

PC3 7.95 100.00

The PC1 loading profile (Figure 3) highlights dominant
1210-1220
fingerprint-associated

contributions in the cm-1  region,

corresponding to vibrational
modes. This region significantly influences separation
along the PC1 axis. The PC2 loading profile (Figure 4)
indicates secondary contributions centered around 1670—
1680 cm-1, associated with carbonyl and aromatic

stretching vibrations.

| “‘
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Figure 3. PC1 loading profile highlighting major discriminatory
wavenumbers

Table 4. Monte Carlo robustness statistics

|
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Figure 4. PC2 loading profile indicating contribution of
carbonyl/aromatic region

These findings confirm that spectral discrimination is
driven by chemically interpretable vibrational domains
rather than random variance. The PCA results support the
descriptor
distinguishing structurally distinct pharmaceutical active

validity of the regional approach for

ingredients.

3.4. Monte Carlo Robustness of Quantitative FTIR
Metrics

Monte Carlo simulations were performed to evaluate the
robustness of quantitative FTIR descriptors under
simulated measurement uncertainty. The robustness
statistics for total integrated absorbance are summarized
in Table 4. Under 0.5% and 1% multiplicative noise
conditions, the AUC total values remained highly stable,
with CV values obtained below 0.03%. The observed
increase in variability at 1% noise was proportional and
predictable, indicating controlled error propagation

rather than structural instability.

Compound c AUC total (Mean 1 SD) CV (%) 95% Cl

Diflunisal 0.5% 170.58 £ 0.0236 0.0138 170.54 -170.63
Diltiazem 0.5% 184.31 £ 0.0244 0.0132 184.26 —184.36
Hydroxyzine 0.5% 122.11 £0.0146 0.0120 122.08 —122.14
Diflunisal 1% 170.58 £ 0.0463 0.0271 170.50-170.67
Diltiazem 1% 184.31 £0.0470 0.0255 184.22 —184.40
Hydroxyzine 1% 122.11 £ 0.0289 0.0236 122.05-122.17

Data represent mean * standard deviation from 1000 Monte Carlo iterations. CV denotes coefficient of variation. o indicates multiplicative noise
level applied to spectral intensities. Cl represents the 95% confidence interval. (N=1000; o = 0.5% and 1%) Data are presented as mean + SD; CV%
denotes coefficient of variation. o represents multiplicative noise level applied during simulation.

Table 5. Sensitivity ranking of spectral descriptors based on coefficient of variation under simulated noise

Rank Descriptor Mean CV (%) Relative Stability
1 Ratiol (1800-1500/ 1500-1200) 0.0995 Most sensitive
2 Ratio2 (1500-1200 / 1200-900) 0.0878 Highly sensitive
3 AUC 1800-1500 0.0779 Moderate sensitivity
4 AUC 1200-900 0.0621 Moderate sensitivity
5 AUC 1500-1200 0.0618 Moderate sensitivity
6 AUC total 0.0254 Highly robust
7 Centroid 0.0097 Very robust
8 Correlation to original spectrum 0.00045 Extremely robust

Sensitivity ranking was based on coefficient of variation (CV%) calculated under o = 1% multiplicative noise. The elevated CV values observed for ratio-
based descriptors are consistent with standard error propagation theory: since each ratio combines two independently noisy regional integrals, their
relative uncertainties add in quadrature, resulting in inherently higher variability compared to global metrics such as total AUC or centroid, which
integrate across broader spectral domains and therefore benefit from partial noise cancellation.
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The narrow confidence intervals further confirm the
stability of global spectral integrals across 1000 iterations.
No systematic drift or nonlinear amplification was
observed in any compound. These findings demonstrate
that integrated absorbance metrics maintain high
analytical reliability under simulated perturbation.

A broader sensitivity comparison of all evaluated
descriptors is presented in Table 5. Ratio-based metrics
exhibited the highest relative variability, whereas global
descriptors such as total AUC and centroid showed
Spectral

coefficients were minimally affected by noise, indicating

substantially lower CV values. correlation

preservation of overall fingerprint structure.

The Monte Carlo simulations revealed a highly controlled
propagation When the
multiplicative noise was doubled from 0.5% to 1%, the

error behavior. applied
coefficient of variation values increased proportionally
without nonlinear amplification. Global descriptors such
as AUC total consistently remained below 0.03% CV, while
centroid variability remained below 0.01%. Spectral
correlation coefficients were virtually unaffected (r =
0.9999), confirming preservation of overall fingerprint

integrity under simulated perturbation.

Importantly, the sensitivity hierarchy was chemically
interpretable. Ratio-based descriptors exhibited the
highest relative variability (CV = 0.09-0.10%), whereas
global intensity metrics showed superior stability. This
predictable robustness pattern demonstrates that the
proposed quantitative FTIR framework maintains
structural discrimination capability even under realistic

analytical noise conditions.

3.5. Pharmaceutical Relevance of Descriptor-Based
Robustness

The investigated compounds represent therapeutically
important agents from distinct clinical classes, including
an NSAID, a cardiovascular drug, and an antihistaminic. All
three are widely used in routine practice and may require
dose precision under chronic administration conditions.
In such settings, reliable identity confirmation and
components of

analytical consistency are essential

pharmaceutical quality assurance.

The selection of three structurally and therapeutically
distinct APIs was deliberate rather than arbitrary.
Diflunisal presents a conjugated carboxylic acid and
phenolic hydroxyl system; diltiazem presents a
benzothiazepinone scaffold bearing both ester and
lactam carbonyls alongside a protonated tertiary amine;
hydroxyzine contains a piperazine ring with terminal
ether and alcohol functionalities. This structural diversity

was intentionally selected to challenge the discriminatory

capacity of the descriptor framework across chemically

heterogeneous  compounds. The  demonstrated
separation under PCA and the consistent robustness
across all three compounds collectively support the
methodological generalizability of the proposed approach
without requiring an exhaustive compound library at this

proof-of-concept stage.

The proposed framework enables rapid analytical
verification supported by quantitative spectral metrics
rather than purely visual fingerprint comparison. Regional
band integration and ratio-based descriptors provide
structured parameters for differentiating chemically
distinct active ingredients. When coupled with Monte
Carlo robustness assessment, the approach offers insight
into the tolerance of these descriptors under simulated

analytical variability.

Monte Carlo simulations have been used in recent years
particularly for the
quantitative evaluation of measurement uncertainty and
for increasing the reliability of analytical methods. This
approach simulates all sources of variation in the
analytical process through probabilistic distributions. In
analytical design and Quality Control regulations, Monte
Carlo simulations provide significant advantages in terms

in  pharmaceutical analysis

of method validation, evaluation of the effects of critical
parameters, and testing the robustness of the method.
(Martins & Lourengo, 2024). In light of the increasing
global prevalence of falsified and substandard medicines,
the proposed work combining regional FTIR descriptors
with Monte Carlo-based robustness provides a screening
tool for rapid counterfeit detection. This methodology
enables the immediate verification of APIs integrity and
the identification of illicit formulations, significantly
enhancing analytical security and patient safety
throughout the pharmaceutical supply chain (Kotadiya,
2025). The use of Monte Carlo simulation in analytical
method development processes for pharmaceuticals is
quite limited in the literature. For instance, Panda et al.
(2020) used this technique solely to demonstrate the
statistical impact of variables and did not focus on the
safe operating range under uncertainty. Robustness-
based Monte Carlo studies, on the other hand, have
generally concentrated on different disciplines. Xie and
Schenkendorf (2019)

manufacturing processes,

robust design to
(2020)

examined the performance stability of materials. These

applied
while Dao et al.

approaches have not been linked to the quality lifecycle
of pharmaceutical analytical methods. The originality of
the present study lies in its direct application of Monte
Carlo simulation to pharmaceutical analysis methods and
its conceptualization of robustness as design safety.
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Although the present work does not constitute a
conventional stability study, the descriptor-based band
indexing model may serve as a computational pre-
screening tool in early-phase evaluations. Variations in
region-specific absorbance could indicate structural
perturbations before extensive degradation becomes
the method
quality monitoring by
chemical interpretability with analytical reliability.

evident. In this context, supports

pharmaceutical combining

Taken together, the results position the FTIR descriptor
framework as a practical and accessible screening
strategy quality
particularly in settings where rapid, non-destructive

for pharmaceutical verification,
analysisis required. Although the present study employed
multiplicative noise as the primary perturbation model,
this choice was deliberate. Multiplicative noise represents
the dominant source of proportional signal variability in
ATR-FTIR measurements, arising from detector response
fluctuations and sample to
inconsistencies. Other potential error sources, such as
baseline drift, sample thickness
temperature dependent variables, were acknowledged as
relevant but were considered beyond the defined scope
of this proof-of-concept framework. Their systematic
modeling is

crystal  contact

variation, and

proposed as a direction for future
investigation.

4. Conclusions

This study presents an original analytical framework
combining regional spectral descriptors and Monte Carlo
simulations for the verification of pharmaceutical active
ingredients. The results obtained from molecules
belonging to different therapeutic classes investigated
within the scope of the research, such as diflunisal,
diltiazem, and hydroxyzine, have proven that the
proposed method is not limited to these compounds and
can be successfully adapted to other pharmaceutical

formulations with a wide chemical diversity.

The original aspect of the study is the use of the Monte
Carlo approach, which has quite limited use in the
method
pharmaceuticals in the literature, as a

analytical development  processes  of
robustness
parameter. Proposed method, the effect of analytical
errors on spectral outputs was pre-simulated, and the
operational limits of the method were determined with
mathematical precision. This situation provides a strong
mechanism for monitoring quality controls in
pharmaceutical manufacturing processes by enabling the
integration of the method into "Design of Experiments"

(DoE) processes.

Consequently, this study, which fills this methodological
gap in the literature thanks to the developed method, has
the potential to lead the development of “computational
pre-screening” models for future researchs.
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Abstract

Catalysis is the most effective method for removing pollution in
water resources caused by chemically stable aromatic organic
dyes widely used in industrial processes. The use of catalysts
that can be prepared by low-costing and simple methods using
recyclable natural materials or wastes is important for
sustainability. In the presented study, Thymus (thyme) plant
aqueous extract was used directly for the stabilization of Ag*
ions without the need for adsorption on any inorganic support
material, and then Ag® nanoparticles were obtained by
bioreduction with the natural components contained in the
plant extract. The use of Thymus extract stabilized Ag®
nanoparticles, prepared economically and practically by the
green method, as catalysts in the reduction of 4-NP dye
substrate was investigated. It was observed that the Thymus
extract stabilized Ag® nanoparticle catalyst, which is a
particularly ecologically friendly substitute due to its low metal
content, catalyzed the reduction reaction of 4-NP substrate with
98% conversion in 5 minutes. The catalytic efficiency of Thymus
extract stabilized Ag® nanoparticles on 4-NP, RhB and MB multi-
dye mixture was also investigated and it was observed that they
successfully catalyzed without any competition/selectivity.

Keywords: Thymus plant; Green synthesis; Ag nanoparticles;
Catalysis;4-Nitrophenol.

Oz

Endistriyel proseslerde yaygin kullanilan kimyasal kararli
aromatik organik boyalarin su kaynaklarinda yarattig kirliligin
giderilmesinde kataliz en etkili yontemdir. Geri donustirdlebilir
dogal materyaller ya da atiklar kullanilarak dustik maliyetli ve
basit yontemlerle hazirlanabilen katalizorlerin  kullanimi
srdurdlebilirlik agisindan 6nem arz etmektedir. Sunulan
¢alismada; anorganik bir destek malzemesine adsorpsiyona
ihtiyac duyulmaksizin Thymus (kekik) bitkisi sulu 6ziiti dogrudan
Ag* iyonlarinin stabilizasyonunda kullaniimis, ardindan yine bitki
6zutiinde bulunan dogal bilesenler sayesinde biyoindirgeme ile
Ag® nanopargaciklari elde edilmistir. Yesil yontemle ucuz ve
pratik sekilde hazirlanan Thymus 0zitu stabilize Ag°
nanopargaciklarin  4-NP boya substratinin indirgenmesinde
katalizor olarak kullanimiincelenmistir. Dislik metal igerigi ile de
oldukga cevreci bir alternatif olan Thymus 6z(tu stabilize Ag®
nanopargacik  katalizoériinin ~ 4-NP  substrati  indirgenme
reaksiyonunu 5 dakikada 98% donlsiimle katalizledigi
gozlenmistir. Thymus 6zutl stabilize Ag® nanopargaciklarin 4-
NP, RhB ve MB c¢oklu boya karisimindaki katalitik etkinligi de
incelenmis ve yarisma/segicilik olmaksizin basarli sekilde
katalizledigi gbzlenmistir.

Anahtar Kelimeler: Thymus bitkisi; Yesil sentez; Ag nanopargacik;
Kataliz; 4-Nitrofenol.

1. Introduction

Even low concentrations of aromatic dyes, which are
extensively used in industries such as textiles, leather,
paper, plastics, pharmaceuticals, and packaging, pose a
serious threat to aquatic environments by significantly
deteriorating water quality (Alouani et al. 2018,
Rafatullah et al. 2010, Mokhtar 2017, Singh et al. 2019).
These dyes typically consist of complex aromatic
structures containing functional groups responsible for
coloration (chromophore) and auxochrome groups that
enhance water solubility (Chacko and Kalidass 2011, Pan
et al. 2017, Salleh et al. 2011). Their complex structure
and high chemical stability make the degradation process
difficult by simple methods. Various physicochemical and
biological techniques, including membrane filtration, ion
exchange, ultrafiltration, electrochemical treatment, and

photocatalytic degradation, have been widely applied for
dye removal. However, these methods often suffer from
limitations such as high operational cost, low efficiency,
and the generation of secondary pollutants [Alouani et al.
2018, Mokhtar 2017, Belarbi and Hadjel 2015,
Veerakumar etal. 2018, Robinson et al. 2001).
Adsorption-based approaches using materials such as
nanoclays (Mokhtar 2017), alumina nanoparticles (Thabet
and Ismaiel 2016), zeolites (Belarbi and Hadjel 2015), and
graphene-based composites (Oppong et al. 2018, Bomila
et al. 2018) have also been extensively investigated due
to their simplicity. Nevertheless, adsorption processes are
generally limited by low selectivity and the need for
regeneration of the adsorbent. To overcome these
catalytic based on metal

limitations, systems

nanoparticles (NPs) have attracted considerable attention
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due to their high surface area and excellent catalytic
activity. According to this approach, attaching metal NPs
to a support material such as metal oxides (SiO,, Al,Os,
TiOy),
graphene, C-black), or to a synthetic/natural polymeric

carbon-based porous materials (C-nanotube,
support is a general practice (Thabet and Ismaiel 2016,
Oppong et al. 2018, Sahiner et al. 2015, Hussain et al.
2023, Arif 2023, Ali et al. 2023). Thus, the difficulties in
separating, purifying and recycling the metal catalyst
from the reaction media are exceeded and their
separation by simple methods such as filtration and
extraction becomes possible (Ayala et al. 2004).

In particular, the catalytic reduction of 4-nitrophenol (4-
NP) reduction has been widely employed as a model
reaction to evaluate catalytic performance. In most
reported systems,
requires the presence of strong chemical reducing agents
such as NaBH,4, while metal NPs act primarily as electron
transfer mediators. This reduces the

however, the reduction process

approach
sustainability of the process and limits its applicability
within the framework of green chemistry although it is
effective. The general method for preparing metal NPs is
to stabilizing metal ions using support material (oxide,
porous carbon material, synthetic and natural polymers)
and then reducing the metal ions using a metal hydride
such as NaBH4. As an alternative to this method, which
requires a variety of support materials, numerous
chemical reactions and additional purification processes,
it was aimed to use Thymus plant aqueous extract in the
preparation of Ag NPs by green synthesis method. In
recent years, plant-mediated green synthesis of metal
NPs has emerged as an environmentally friendly
alternative to conventional chemical methods. Plant
extracts contain various bioactive compounds such as
phenolics, flavonoids, and terpenoids, which can act as
both reducing and stabilizing agents during NPs synthesis.
However, in most studies, the role of plant extracts is
limited to NP preparation, and the catalytic reactions still
rely on external reducing agents. Therefore, the
development of a fully integrated system in which plant
extracts actively participate not only in NP synthesis but
also in the reduction remains

catalytic process

insufficiently explored.

The Thymus plant, a member of the Lamiaceae family, is
rich in bioactive compounds such as thymol, carvacrol,
flavonoids, and phenolic acids, which exhibit strong
antioxidant and redox properties (Figure 1). Depending
on the type of thyme, linalool and p-cymene terpenes,
flavonoids such as caffeic acid, rosmaric acid, hispidulin,
apigenin and phenolic acids are antioxidants found in
abundance in the thyme plant (Okut 2018, Nikolic et al.

2014, D’Antuono et al. 2000, Azizi et al. 2009, Azizi et al.
2009, Zheng and Wang 2001, Basyigit et al. 2017). These
phytochemicals can interact with metal ions through
functional groups and create a non-dense network-like
structure by forming intermolecular H-bonds in the
aqueous media, thereby enabling the formation and
stabilization of metal nanoparticles without the need for
additional support materials.

L& o

thymol carvacrol p-cymene
OH
| G
=
)\ |
O OH
camphor linalool borneol alpha-pinene 1,8-cineole

Figure 1. Major monoterpene derivatives and monoterpene
phenols in Thymus plant.

In this study, Ag® NPs were synthesized using aqueous
Thymus extract via a green approach, without employing
any external reducing agent such as NaBH,. The catalytic
efficeincy of Thymus extract—stabilized Ag® NPs in organic
studied. Unlike
heterogeneous catalytic systems, reduced Ag® NPs were

dye reduction was conventional
added to the reaction medium as a suspension in Thymus
extract, thus aiming to benefit from the synergistic
activity of the extract and NPs together. This approach
allows the simultaneous contribution of both Ag® NPs and
plant-derived biomolecules to the reduction process,
thereby exploiting their synergistic effects. The catalytic
performance of the biosynthesized Ag® NPs system was
investigated for the reduction of 4-nitrophenol,
demonstrating a simplified, sustainable, and integrated
strategy for pollutant removal. In the studies conducted
on concerning the preparation of Ag® NPs in Thymus
extract, the parameters affecting NP formation (such as
extract concentration, Ag* ion source concentration, and
temperature) and bioactivity studies were reported.
(Alamdari et al. 2025 and Alkherreaz et al. 2026). Also the
recent studies on the catalytic reduction of organic dyes
using green synthesized Ag NPs obtained from various
plant extracts reported in the literature rely on the use of
NaBH; reducing metal hydride to achieve -catalytic
performance (Raj et al. 2020, Riaz et al. 2020, Selveraj et
al. 2025, Sudhokar et al. 2025). So the catalytic process is
based on the premise that the metal hydride acts as an
electron donor, while the NPs enable the electron
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transfer. In the presented study, Ag NPs suspended in
Thymus extract were used directly in the reaction medium
without the need for any reducing agent. Thus, it
demonstrates a fundamentally different catalytic
pathway in which the phytochemical components of
Thymus extract contribute to the electron transfer
Consequently, a

practical and sustainable catalyst system has been

process and catalytic stabilization.

obtained that eliminates dependence on chemical
reducers, is directly applicable, and simplifies the overall
catalytic process.

2. Materials and Methods

The Thymus leaves were obtained from a herbalist. Then
repeatedly cleaned with water to get rid of the dust and
contaminants, dried at room temperature and used in
extract preparation after grounded. Silver nitrate (AgNOs,
99%, Merck) used as Ag metal source for Ag® NPs
synthesis. 4-Nitrophenol (4-NP, 99%), rhodamine B (RhB,
99%) and methylene blue (MB, 98%) as aromatic dye
sources for catalytic studies were purchased from Sigma
Aldrich. Deionized water was used for all experimental
solutions and the analytical-grade chemicals were
employed without any purification.

FT-IR / ATR spectrometer (Perkin Elmer Spectrum One)
and X-Ray diffractometer (PANalytical Empyrean) were
used in the characterization of Thymus extract stabilized
Ag® NPs catalyst. JEOL JEM-1400 PLUS transmission
electron microscope was used for the morphological
characterization of Ag® NPs. Catalytic reduction reaction
for 4-NP, RhB and MB dye substrates were monitored by
UV-Vis spectrophotometer (Perkin Elmer Lambda 35).

2.1 Preparation of Thymus aqueous extract

Thymus aqueous extract was prepared by boiling dried
plant material (10 g) in distilled water (500 mL) in a conical
flask at 70-80 °C and 1000 rpm stirring speed for 1 hour.
This was intended to allow the active metabolites in
Thymus plant to pass into the aqueous solution. The
resulting agueous extract was cooled to room temerature
and filtered out and kept in a refrigerator at +4 °C for
freshly use in Ag nanoparticles manifacturing (Masooleh
et al. 2019, Rolim et al. 2019, Gottimukkala)

2.2 Green synthesis of Ag° NPs in Thymus aqueous
extract

Ag® NPs were synthesized via green and environmentally
method using aqueous extract of Thymus as both
reducing and stabilizing agent. AgNO3; was used as the Ag
metal precursor. For NP synthesis, a rection mixture
containing 70% (v/v) AgNOs solution (0.1 M) and 30%
(v/v) Thymus extract was prepared. The mixture was

stirred continuously at 1000 rpm and maintained at 70°C.
During the Ag® NPs preparation process, a significant part
of the Ag* ions are oxidized to form Ag,0, thus reducing
the NP yield. To prevent this, the reduction process was
carried out in a dark environment.

The progress of the reaction was monitored visually
thyough the color change from yellow-orange to dark
Brown, indicating the formation of Ag® NPs due to the
bioreduction of Ag* ions. To ensure complete reduction,
the reaction was continued for an additional 30-60
minutes after the initial color change. The resulting
colloidal solution was then cooled to room temperature.
Then filtered off, wash with water several times,
centrifugated, dried and kept for characterization studies.
Thus the stability of the NPs was attributed to the capping
effect of phytochemicals present in the Thymus extract
(Figure 2). Finally, the NP suspension was stored at +4 °C
for further catalytic applications (Masooleh et al. 2019).
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Figure 2. Schematic representation for the Thymus extract
stabilized Ag® NPs preparation.
2.3 Catalytic studies

The catalyst prepared in situ by stabilizing Ag® NPs in
Thymus aqueous extract using green synthesis method,
was employed as a catalyst to directly reduce the 4-NP
dye substrate without any separation or purification
process. For the catalytic reaction, the Ag NP suspension
obtained directly from the Thymus extract was used
without any further purification. A defined volume of the
nanoparticle —containing extract was added directly into
the UV-Vis cuvette containing the 4-NP solution. In the
catalytic experiments carried out for this purpose, 4-NP
dye solution (5x10* M, 3.0 mL) was transferred into the
UV cuvette. Following the additon of the varying volumes
of catalyst solution, the reaction progress was monitored
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by recording the UV-Vis spectra at regular time intervals.
The characteristic absorption peak of 4-NP (around 400
nm in alkaline conditions) was observed to decrase over
time, indicating its reduction to 4 aminophenol (4-AP). 20
uL of Thymus extract stabilized Ag® NPs catalyst solution
was determined as the optimum catalyst amount for the
4-NP reduction reaction, all experiments were carried out
at room temperature, and the measurements were
repeated to reproducibility. Then, the
performance of Thymus extract stabilized Ag® NPs catalyst

ensure

for the reduction of ternary dye mixture containing 4-NP,
RhB and MB under the determined optimum reaction
conditions was investigated.

3. Results and Discussions
3.1 Characterization of Thymus extract stabilized Ag°
NPs catalyst:

Ag® NPs, prepared by stabilizing and then reducing Ag*
ions in Thymus aqueous extract using the green synthesis
method, were separated from the plant extract medium
by filtration, washed with water, and used in
characterization studies after drying in an oven. The
structural, morphological, and chemical properties of the
synthesized Ag® NPs were comprehensively characterized
using FT-IR, XRD and TEM analyses.

FT-IR analysis was performed to identify the functional
groups present in the Thymus extract and to investigate
their role in the reduction and stabilization of Ag® NPs.
Figure 3(a) shows the FT-IR spectra of Thymus extract
stabilized Ag® NPs recorded in the range of 4000-400 cm’
1, Characteristic peaks corresponding to hydroxyl (-OH),
carbonyl (C=0), and other phytochemical functional
groups confirmed the involvement of plant metabolites in
the bioreduction and capping processes. When the
spectrum is examined, it is thought that the peak at 3241
cm® belongs to the O-H stretching of the hydroxy groups
of thymol and carvacrol phenolics, which are the major
components in the Thymus extract. Since Thymus
aqueous extract contains phenolic compounds as major
components, a broad O-H stretching peak was observed
due to intermolecular H-bonds. The peaks at 2917 cm™
and 2853 cm™ indicate aliphatic C-H stretchings in the
structure of the bioactive components. The bands seen
between 1900 and 2100 cm? indicate the C=C
conjugation presence. The signal at 1688 cm™ designates
to the C=0 stretching of the acid carbonyl group present
in phenolic acid structures such as caffeic acid and
rosmarinic acid found in Thymus extract. C=C stretching
peaks for the aromatic structures of bioactive compounds
were observed at 1591, 1508, 1459 and 1432 cm™. The
peaks at 1166 and 1015 cm™ are belong to C-O single
bond stretchings.

XRD analysis was carried out to determine the crystalline
structure and phase purity of the synthesized Ag® NPs.
The four diffraction peaks observed at the angles of
28.26°, 44.46°, 64.53° and 77.45°6 indicate the (111),
(200), (220) and (331) cubic crystal structure (fcc) of Ag°
(Figure 3(b)). The diffraction pattern exhibited distinct
peaks corresponding to the face-centered cubic (fcc)
structure of metallic silver, confirming the successful
formation of crytalline Ag® NPs.
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Figure 3. FT-IR spectrum (a) and XRD spectrum (b) of Thymus
extract stabilized Ag® NPs.

TEM analysis was used to examine the morphology, size,
and dispersion of the Ag® NPs stabilized in Thymus
aqueous extract. After separated by filtration from the
Thymus aqueous extract, washed and dried Ag® NPs were
suspended in ethanol and dropped onto copper grid, and
TEM images were recorded. The TEM image shown in
Figure 4(a) revealed that the Ag® NPs obtained as a result
of the green reduction of Ag*® ions stabilized in the
naturally formed network structure cavities by the
intermolecular interactions with the metabolites found in
the Thymus aqueous extract were prevented from
aggregating and clumping. In addition, particle size
distribution was analyzed by measuring the apprximate
diameters of NPs from TEM image using ImageJ program.
The obtained data were used to construct a particle size
distribition histogram, which indicated a relativity narrow
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size distribution and confirmed the size range of the
synthesized NPs. According to the histogram given in
Figure 4(b), it was observed that the majority of Ag® NPs

were around 100 nm in size.
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Figure 4. TEM images (a) and particle size distribution histogram
(b) for Thymus extract stabilized Ag® NPs.

3.2 Catalytic performance of Thymus extract stabilized
Ag° NPs catalyst

To examine the catalytic activity of AgO NPs catalyst made
in situ using the green reduction technique in Thymus
aqueous extract in the reduction and degradation of
environmentally hazardous aromatic dyes, reaction
conditions were optimized using 4-NP dye substrate, a
commonly utilized model compound for catalytic
research. The reaction was monitored by UV-Vis by
tracking the decrease in absorbance at 400nm. To
optimize the reaction conditions, the effect of substrate
concentration was first examined. UV-Vis measurements
were conducted at 4-NP concentrations of 0.125, 0.250,
0.500, and 1.000 mM. Among these, 0.500 mM (5 x 107
M) was selected as the optimum concentration, as lower
and higher concentrations resulted in conversion values
that were not suitable for reliable comparison.
Subsequently, the effect of catalyst amount on the

reduction reaction was evaluated by adding 10, 15, 20, 25,

and 30 pL of the Ag® NPs catalyst solution into the 4-NP
solution. The results indicated that increasing the catalyst
volume did not lead to a significant improvement in
conversion efficiency. Therefore, 20 puL was selected as
the optimum catalyst amount, as it enabled completion
of the reaction within a reasonable and monitorable time
frame.

Under the optimized conditions (3.0 mL of 5 x 10™* M 4-
NP and 20 puL catalyst), the reduction reaction reached
98% conversion within 5 minutes (Figure 5(a)). The kinetic
profile, expressed as In(C/Co) versus time, exhibited a
rapid decrease within the first 5 minutes, after which no
significant change in concentration was observed,
indicating completion of the reaction. In(C/CO) curve for
Thymus extract stabilized Ag0 NPs catalyzed 4-NP

substrate reduction reaction is given in Figure 5(b).

Based on the synthesis composition (70% (v/v) 0.1 M
AgNOs and 30% (v/v) Thymus extract), it was calculated
that 20 pL of catalyst solution corresponds to
approximately 0.15 mg of Ag® NPs. This
demonstrates that a very low amount of catalyst is
sufficient to achieve high catalytic efficiency.

result

To further evaluate the catalytic performance in more
complex systems, reduction experiments were conducted
using a ternary dye mixture consisting of 4-NP, RhB, and
MB. For each experiment, 1 mL of 5 x 10™* M dye solution
(1.5 umol total dye) was used, and the reactions were
monitored at 400 nm (4-NP), 530 nm (RhB), and 665 nm
(MB) (Figure 6(a)). After 10 minutes, conversion values of
98%, 43%, and 81% were obtained for 4-NP, RhB, and MB,
respectively. Notably, the high conversion efficiency of 4-
NP was preserved even in the presence of other dye
molecules, indicating that the catalyst maintains its
activity without significant competitive inhibition. The
In(C/Co) curve indicating dye concentrations over time,
shows that the reduction for the 4-NP dye was almost
complete after 5 minutes, with no change in
concentration values (Figure 6(b)). While RhB and MB
exhibited relatively lower conversion efficiencies, both
dyes showed rapid initial reduction within the first 2
minutes, followed by a gradual decrease in concentration
over time. These findings demonstrate that Thymus
extract stabilized Ag® NPs exhibit high catalytic activity,
even at low catalyst loading (0.15 mg), and maintain their
performance in multi-component systems, highlighting
their potential applicability in the treatment of complex
wastewater streams. The enhanced catalytic reduction of
organic dyes in the presence of biosynthesized Ag® NPs
can be attributed to their role as an efficient electron
transfer mediator.
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Figure 5. UV-Vis absorption spectra (a) and the In(C/Cy) curve (b)
for Thymus extract stabilized Ag® NPs catalyzed 4-NP substrate
reduction reaction.

such as thymol, carvacrol,

flavonoids, and phenolic acids, which are present as

Phenolic components
secondary metabolites in the aqueous extract of Thymus,
possess electron-donating hydroxyl (—OH) groups. In
aqueous reaction media, these functional groups can be
oxidized to their corresponding quinone or carbonyl
structures, simultaneously reducing Ag* ions to metallic
Ag® NPs. Initially, Ag* ions are stabilized by electrostatic
interactions and weak chelation with oxygen-containing
functional groups (—OH, —COOH) of phytochemicals.
Then, a redox reaction occurs with the oxidation of
phenolic groups and the transfer of electrons by Ag* ions,
forming of Ag® NPs.
phytochemical components of the Thymus extract play a

clusters Furthermore, the
crucial role not only in the green synthesis of Ag® NPs but
also in their stabilization. These biomolecules form a
capping layer that prevents aggregation, enhances
dispersion, and may facilitate the adsorption of reactant
This
synergistic effect contributes to the enhanced catalytic

species through surface functional groups.

performance observed in this study. Thus, Thymus extract
functions as both a reducing and stabilizing agent,

enabling clean Ag® NPs synthesis via green method
without the need for any metal hydrides.
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Figure 6. UV-Vis absorption spectra (a) and the In(C/Co) curves

(b) for Thymus extract stabilized Ag® NPs catalyzed reduction of
4-NP, RhB and MB triple dye substrate mix.

Table 1. Comparison of the recent literature reports for 4-NP
reduction catalyzed by Ag NPs obtained by green synthesis

Plant Dye Reference
Thymus MB Alamdari et al.
2025
Cynometra ramiflora MO Selveraj et al.
2025
Boerhaavia diffusa MO Sudhakar et al.
2025
Vigna unguiculata L. 4-NP Mulu et al. 2024
walp
Saussurea obvallata 4-NP Sagar et al. 2024
Alchemilla vulgaris and  MB and 4-NP Kahraman 2024
Helichrysum arenarium
Mentha spicata 4-NP Juarez et al. 2023
Fucus gardeneri 4-NP Pricy and Gopinath
2021
Dodonaea viscosa 4-NP Shah et al. 2021
Terminalia arjuna MO, MB, 4-NP, Rajet al. 2020
CR
Ginger rhizome MO Riaz et al. 2020
Bistorta amplexicaule 4-NP Shah et al. 2020
Tyhmus 4-NP and
4-NP,RhB,MB This work

triple dye mix
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A comparative analysis of the recently synthesized Ag
NPs-based catalysts via green methods using various
plant extracts and their use in dye substrate reduction is
summarized in Table 1. Unlike the majority of reported
studies on the dye reduction, where an external reducing
agent such as NaBH, is required, the present study
demonstrates that the aqueous Thymus extract
containing biosynthesized Ag® NPs can directly induce the
reduction process without the addition of any external
chemical reductant. In conventional systems, NaBH, acts
as a strong electron donor, while metal NPs serve as
electron relay centers. However, in this work, the
reduction process is achieved through a synergistic
interaction between the Ag® NPs and the phytochemical
constituents of the Thymus extract. The biomolecules
present in the extract, such as phenolic compounds and
flavonoids, are known to possess intrinsic redox activity
and can act as mild electron donors. It is therefore
proposed that these phytochemicals donate electrons
either directly to the dye molecules or indirectly via the
Ag® NPs surface, which facilitates electron transfer and
enhances the catalytic performance. However, due to the
use of the Ag® NPs-containing extract in suspension form,
catalyst reusability could not be evaluated in the present
system, which may be considered a limitation compared
to heterogeneous catalytic systems reported in the
literature. Nevertheless, the proposed system offers a
simplified and green methodology, highlighting the dual
functionality of plant extracts as both reducing and
stabilizing agents, while simultaneously enabling catalytic
activity in a single-step process.

4. Conclusions

In this study, Ag® NPs were successfully synthesized in situ
via a green and sustainable approach using Thymus
aqueous extract, which served both as a reducing and
stabilizing agent by capping the Ag* ions in the H-bond
network spaces through its rich phenolic content. The
proposed method offers a simple, cost-effective, and
environmentally benign alternative to conventional
chemical synthesis routes.

The catalytic performance of the synthesized Ag® NPs was
systematically evaluated using the reduction of 4-
nitrophenol (4-NP) as a model reaction. Under optimized
conditions, a high conversion efficiency of 98% was
achieved within 5 minutes using only 0.15 mg of catalyst,
demonstrating the remarkable catalytic activity of the
material even at low metal loading. Furthermore, the
catalyst exhibited effective performance in more complex
systems, as confirmed by the reduction of a ternary dye
mixture containing 4-NP, RhB, and MB, with conversion

43%, and 81%,
preservation of high 4-NP conversion in the presence of

values of 98%, respectively. The
other dyes indicates that the catalyst maintains its activity
without significant competitive inhibition, highlighting its
potential selectivity and robustness. Comprehensive
characterization analyses confirmed that the synthesized
AgP® NPs possess a crystalline structure, and homogeneous
morphology, all of which contribute to their enhanced
catalytic performance.

Overall, the findings of this study demonstrate that
Thymus extract-stabilized Ag°® NPs are extremely

effective, inexpensive, and environmentally friendly

catalysts with promising potential for wuse in
environmental remediation and wastewater treatment.
Metal NPs synthesized using other plant extracts are
typically employed in conjunction with reducing agents to
enhance reaction rates. However, in this study, the Ag
NPs were synthesized directly within the Thymus extract
and added to the reaction media without the need of
NaBHi. This approach eliminates the necessity for
additional reducing agents, offering a more eco-friendly
alternative, and allowing the reaction to proceed in a
more natural manner. Future studies may focus on long-
term stability, and extension to other environmentally
relevant catalytic systems to further explore their
practical applicability.
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Abstract

We investigate wave solutions of the nonlinear Schrédinger
equation (H — D)u = f(x,u) on alocally finite weighted graph,
where H is the associated Schrédinger operator. The central
hypothesis is a tail summability condition 1/V € £% (V) on the
effective potential V, which, together with canonical
compactifiability of the graph, yields a compact Sobolev-type
embedding E & #P,(V) for the full range 1 <p < o and
forces the spectrum of H to be purely discrete. This framework
does not require the global lower bound inf,¢c,m(x) > 0 and is
strictly incomparable with the measure-theoretic potential
conditions in the existing literature, thereby covering a
genuinely broader class of weighted graphs. Under the
Ambrosetti-Rabinowitz super linearity condition on f, we
establish the Palais—Smale condition for the associated energy
functional for every A € R and verify the linking geometry
through a spectral decomposition of the energy space. An
application of the Linking theorem then vyields at least one
nontrivial solution for every value of the spectral parameter.
When the nonlinearity is additionally odd, the Symmetric
Mountain Pass Theorem produces infinitely many pairs of
solutions.

Keywords: Nonlinear Schrodinger equation; Locally finite weighted
graphs; Standing waves; Linking theorem; Palais-Smale condition;
Variational methods.
AMS Subject Classifications (2020): 35Q55, 35A15, 47J30, 39A12,
39A70, 58E05, 78A40

Oz

Bu calismada, lokal sonlu agirlikli bir graf tizerinde tanimlanan
dogrusal olmayan Schrédinger denkleminin (H — A)u = f(x, u)
duragan dalga c¢ozumlerini inceliyoruz. Burada H ilgili
Schrodinger operatoriini gostermektedir. Calismanin temel
varsayimi, etkin potansiyel V igin 1/V € £%,(V) bigimindeki
kuyruk toplanabilirlik kosuludur. Bu kosul, grafin kanonik
kompaktlanabilirligi ile birlikte, 1 < p < oo araligindaki tim p
degerleri icin E & €P,(V) seklinde kompakt bir Sobolev tipi
gomilme saglamakta ve H operatorinin spektrumunun
tamamen diskrit olmasina yol agmaktadir. Bu c¢ergeve,
inf,cpm(x) > 0 bigimindeki global bir alt sinir kosulunu
gerektirmemekte olup, mevcut literatiirde kullanilan 6l¢l-teorik
potansiyel kosullariyla kesin olarak karsilastirilamaz niteliktedir.
Bu sayede gercekten daha genis bir agirlikhi graf sinifini
kapsamaktadir. Dogrusal olmayan f fonksiyonu igin
Ambrosetti—Rabinowitz stiper lineerlik kosulu altinda, iliskili
enerji fonksiyonelinin her A € R degeri i¢in Palais—Smale
kosulunu sagladigini gosteriyor ve enerji uzayinin spektral
ayrisimi araciligiyla Linking geometrisini dogruluyoruz. Daha
sonra Linking teoremi uygulanarak, spektral parametrenin her
degeri icin en az bir adet asikar olmayan ¢6ziimiin varlig elde
edilmektedir. Dogrusal olmayan f fonksiyonu tek fonksiyon
oldugunda ise Simetrik Mountain Pass teoremi sonsuz sayida
¢6zUm ¢ifti Uretmektedir.

Anahtar Kelimeler: Dogrusal olmayan Schrodinger denklemi; Lokal
sonlu agirhkh graflar; Duragan dalgalar; Linking teoremi; Palais-Smale
kosulu; Varyasyonel yontemler.

AMS Konu Siniflandirmasi (2020): 35Q55, 35A15, 47J30, 39A12, 39A70,
58E05, 78A40

1. Introduction

The nonlinear Schrodinger (NLS) equation on weighted
graphs models wave propagation in a variety of physical
systems, including nonlinear optical waveguide arrays,
Bose—Einstein condensates in optical lattices, and energy
localisation in  biomolecular chains; see, for
example, (Ablowitz et al., 2003; Lederer et al., 2008;

Pelinovsky et al., 2005) and the references therein. In its
standing wave reduction, the equation takes the form

(H = Du(x) = f(x,u(®)),

Here k = +1 and V is the vertex set of a locally finite

XEV. (1)

weighted graph, H = L + I is the associated Schrodinger
operator, A € R is a spectral parameter, and f is a
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nonlinearity. The natural variational framework for
equation (1) leads to the energy functional

Ja(u) = %Q(u) —g I 117 = K By m (%) F(x, u(x)),

whose critical points are precisely the solutions of (1). The
central analytic difficulty is to establish sufficient
compactness properties of the energy space E to carry
out the minimax arguments of critical point theory. This is
a non-trivial task on a general weighted graph, where
neither a Poincaré inequality nor a coercive potential

growth condition is assumed a priori.
Background and motivation

Variational methods for NLS-type equations on discrete
structures have been developed since the foundational
work of Rabinowitz on minimax methods in critical point
theory (Rabinowitz, 1986), which provides the abstract
framework underlying both the Mountain Pass Theorem
and the Linking Theorem. The application of these tools
to NLS equations requires compact Sobolev-type
embeddings of the energy space into weighted sequence
spaces, and the precise mechanism by which
compactness is achieved depends sensitively on the
growth behaviour of the potential and the geometric
properties of the underlying graph.

On the one-dimensional lattice V =7, Zhang and
Pankov (Zhang and Pankov, 2010) proved the existence of
standing wave solutions for every A € R via the Linking
Theorem, under a coercive potential condition (V(n) =
+0o0 as |n| = o) combined with the boundedness of the
graph Laplacian on £?(Z). The coercive growth of the
potential provides the compact embedding of the energy
space into £%(Z) directly, and is the key analytic ingredient
in their Palais—Smale argument.

On locally finite graphs, Grigor'yan, Lin, and
Yang (Grigor’yan et al., 2017) established the existence of
positive solutions via the Mountain Pass Theorem under
the global

summability condition on the inverse potential. The lower

lower bound inf,cym(x) >0 and a
bound implies that every subset of finite m-measure is
finite, which in turn gives a continuous embedding
21 (V) o €2°(V); together with a compact embedding of
the energy space into #1 (V), this yields compact
embeddings E < £9(V) forall 1 < q < oo.

More recently, Akduman, Hofmann, and Karakilig

(Akduman et al., 2025) extended the variational theory to
locally finite graphs by replacing the coercive condition
with the measure-theoretic potential condition

R L0 = e @
m(¥)<oo

and used the generalised Nehari manifold approach
(Szulkin and Weth, 2010) to produce ground state
solutions. Condition (2) requires the potential to grow to
infinity outside every canonically compactifiable subset of
finite m-measure; it is strictly weaker than pointwise
coercivity, and it yields compact embeddings E < {’pm 2
forp = 2.

Present contributions

The present paper works under a genuinely different set
of hypotheses, which we now describe. We consider a
locally finite weighted graph I = (V, b, ¢) subject to two
structural conditions:

(A1) Canonical compactifiability: This provides the
required continuous embedding E & £ (V) .

(A2) Tail summability: 1/V € €1 (V),
m(x)?
inf Z
Aoy m(x) + c(x) <

m(I)<oo XEV\X

equivalently,

Crucially, we do not require inf,eym(x)>0. As a
consequence, infinite subsets of V with finite m-measure
are permitted, which accommodates vertices with
infinitesimally small weights and a substantially broader
class of weighted graphs than
by (Grigor’yan et al., 2017).

those covered

The condition (A2) is strictly incomparable with condition
(2) of (Akduman et al., 2025): there exist weighted graphs
satisfying (A2) for which (2) fails, and conversely (see
10-11 in Section3). The
mechanism developed here is therefore genuinely
different from those of both (Zhang and Pankov, 2010)
and (Akduman et al., 2025).

Examples compactness

A key advantage of the tail summability condition (A2) is
that it is particularly well suited to variational methods
based on Palais—Smale compactness and linking or
mountain-pass geometry, where compact embeddings
into finite-exponent spaces suffice. Indeed, condition (A2)
yields compact embeddings E & ffn(V) for the full range
1 < p < o0, including the low-exponent regime 1 < p <
2 that is not covered by (2) in (Akduman et al., 2025). This
stronger family of embeddings provides additional
flexibility in the linking geometry and is also expected to
be useful in the study of multiplicity results and
bifurcation phenomena on weighted graphs.

Our main results are as follows.

i. Strict incomparability (Section 3). The tail summability
condition (A2) and the measure-theoretic potential
condition (2) of (Akduman et al., 2025) are strictly
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incomparable: neither implies the other in general
(Examples 10-11).

ii. Compact Sobolev embedding and discrete spectrum
(Sections 3—4). Under (A1) and (A2), the embedding
E & £P (V) is compact for every 1 < p < oo (Lemma
12), and the Schrodinger operator H has compact

resolvent and purely discrete spectrum
(Proposition 16).
iii. Palais—Smale condition (Section 6). The energy

functional J; satisfies the Palais—Smale condition for
every A € R (Theorem 18). The proof adapts the
Ambrosetti—Rabinowitz condition to
coercive splitting argument of (Zhang and Pankov,

replace the

2010), which is unavailable in our setting.

iv. Existence and multiplicity for k = 1 (Section 8). For
every 1 € R, equation (1) has at least one nontrivial
solution u € E. When f(x,") is additionally odd, the
equation has infinitely many pairs of nontrivial
solutions tu,,, € E (Theorem 27).

Organisation of the paper

Section 2 introduces the functional framework, the
weighted graph Laplacian, the quadratic form and energy
space, and the assumptions on the nonlinearity and the
graph. Section 3 establishes the compact Sobolev
embedding and compares our framework with those
of (Grigor’'yan et al., 2017) and (Akduman et al., 2025).
Section 4 proves that H has purely discrete spectrum.
Section 5 establishes the C'-regularity of the energy
functional. Section 6 proves the Palais—Smale condition.
Section 7 develops the spectral decomposition and linking
geometry. Section 8 contains the main existence and
multiplicity theorem for the self-focusing case k = 1.
Section 9 collects remarks on related open problems.

2. Functional Setting and Assumptions
2.1 Weighted graphs

Let V be an infinite countable set and m:V - (0,) a
measure with full support. A weighted graph T = (V, b, c)
over (V, m) consists of a killing weight c: V — [0, ) and
an edge weight b: V XV — [0, o) satisfying

b(x,y) = b(y,x)

and the local finiteness condition

Zb(x,y)<oo

where we write y ~ x to indicate that x and y are

b(x,x) =0, forallx,y €V,

forallx eV,

adjacent, i.e., b(x,y) > 0. This framework is standard;

we refer the reader to (Keller et al., 2021),

(Georgakopoulos et al., 2015) and (Akduman et al., 2025)
for a systematic treatment.

2.2 Function spaces

For 1 < p < o, the weighted Lebesgue space ¢, (V) is
defined by

(V) i=wV > R{lull,:= Z m () [u(x)|?

xX€V
< w},

and £*(V) comprises all bounded functions on V,
normed by || © Il = sup,ey |u(x)]. The space £2,(V) isa
Hilbert space with

(W V)2, 1= Z m(x)u(x) v(x).

xX€V

The weighted graph Laplacian takes the form
1
A = ) - ’ E ’
U@ = s y> b (6, Y)u() ~u(®), x€V

where u: V = R. Let C,(V) denotes the set of functions
whose support is finite on V.

2.3 Quadratic forms and the Schrédinger operator

Following the Dirichlet form approach of (Keller et al.,
2021), we define g, on C.(V) by

1
W@ i=5 ). bEEE) - 1)
x),/yNExV
+ ) c()ux)>?

The form g, is closable on #2,(V); we denote its closure
by g, which is the Dirichlet form with the form domain
D(q). The Neumann form § is the maximal closed
extension of q,, given on

D(@):={u € £7,(V): g(w) < oo}.

where G(u) denotes the same expression as g, but
evaluated on all u € £2 (V) for which it is finite; see
(Akduman et al. 2025). By construction, D(q) < D(§) and
q = qonD(q).

Since q is closed and non-negative, there exists a unique
non-negative self-adjoint operator L on £2,(V) satisfying

qu,v) = (W, Lv)ez, forallu € D(q), v € D(L),

with  D(q) =D(LY?) and  q(uu) =l L2u 1% ;

see (Keller et al., 2021, Appendix B).

We define the Schrédinger operator H : = L + I. A direct
computation shows that
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Hu(x) = —Au(x) + V(x) u(x),

_c(x) + m(x) -
EZON

V(x):

The quadratic form corresponding to the operator H is
Q(w) : = q(w+Il u I3 , which may be written explicitly

as
1
0(w) = Exzevb (D) —um))
7
+ ) m(x)V(x)u(x)

In particular, D(Q) = D(q) by definition. We refer to the
Hilbert space

E:=D(Q) = D(HY?)

as the energy space, endowed with

1
@v)ei=3 ). b —ue)EE - vK)
X, yEV
+ ) m@x)V(x)ulx)v(x)

and corresponding norm || u IZ: = Q(u) =Il H/?u IIE%.
We note that the identity Q(u) = (Hu,u),2, holds for

u € D(H); for general u € E = D(H'/?), the correct
statement is Q(w) =l H/*u IIj; .

2.4 Assumptions on the nonlinearity

Assumption 1 (Nonlinearity). The function f:V X R = R
satisfies the following conditions.

(f1) The nonlinearity f(x,u) is measurable in x and
continuous inu, with f(x,0) = 0,Vx € V.

) If W) < u®)|ul, vx €V and |u| <R, with
u(R) non-decreasing, u(R) > 0 for R > 0, u(R) -» 0 as
R—-0.

(f3) There exist constants C > 0 and 2 < p < oo such that
If(x,w)| <CA+|ulP~Y) forallx € Vandu € R.

(f4) (Ambrosetti—Rabinowitz  condition.) There exists
2 <60 < oo suchthat

0<O0F(x,uw) <uf(x,u) forallx € V,u #0,
where F(x,u) : = fouf (x,5) ds.

Remark 2. Condition (f4) has several
consequences. Integrating the differential inequality

(InF(x,"))' = 8/u foru > 0 yields the lower bound

useful

F(x,u) = F(x, uo)(uio)e foru>wuy, >0, (3)

so that F (x,u) = Cy|u|® forlarge |u|, uniformly in x, and
in particular F(x,u) >0 for all u# 0. Conditions (f2)
and (f3) together imply that for every € > 0 there exists a
constant A(g) > 0, independent of x, such that

0 < F(x,u) <= [ul + A@)u (4)

Finally, combining (f3) and (f4) gives the exponent

constraint2 < 6 < p.

Definition 3. (Akduman et al. (2025)) Any given subset
K inV is said to be canonically compactifiable if the map
1%:D(G) > £°(V) defined by 13(u) = yicu is
continuous. In this case we write K € V.

Assumption 4 (Canonical compactifiability). The weighted
graph T is canonically compactifiable, that is, the
embedding D(G) & €% (V) is continuous.

Remark 5. Our assumption Assumption 4 implies a
continuous embedding E = D(Q) & £°(V), which is
sufficient for controlling the nonlinear term and for the
variational arguments below.

Assumption 6 (Potential condition).

m(x)>?

A e 5o Tem

m(K)<oo
2.5 Formulation of the problem

We consider the NLS equation (1), which may be written
equivalently as

—Au(x) + V() ulx) —Aulx) =k f(x,u(x)), x€V,

where u: ¥V — R, the self-focusing case for k = 1 and the
defocusing case for k = —1, and A is a real spectral
parameter. We aim to establish the existence of solutions
methods under the

by variational assumptions

introduced above.
2.6 The energy functional

The energy functional associated with equation (1) is

J2) =3 QW) =5 1wl — K Beeym () FOou@).  (5)

As we shall verify in Section 5, J; is of class C! on E, and
its critical points are precisely the solutions of (1), in both
the weak and the pointwise sense.

3. Compact Sobolev Embedding
3.1 Equivalence with the summability condition

Lemma 7. Assumption 6 is equivalent to the summability
condition 1/V € £, (V), i.e., X ey m () /V (x) < 0.

Proof. Since m(x)/V(x) = m(x)?/(m(x) + c(x)) and
V(x) = 1, for any finite-measure subset X' € V we have
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= m(x) +c(x)

Therefore Assumption 6 holds if and only if the full sum
Trerm (x)/V(x) is finite. O

Remark 8. Compared with the framework of (Grigor’yan
et al., 2017), the principal relaxation in the present work
does not stem from the weighted summability condition
1/V € €1 (V) itself, but from dropping the global lower
bound ig;m(x) >0, which is a rather restrictive

geometric assumption on the weighted graph. Indeed,
under this lower bound every subset of finite measure is
necessarily finite. Once the assumption is removed,
infinite subsets of finite measure become possible,
allowing vertices with infinitesimally small weights and
accommodating a substantially broader class of weighted
graphs.

The following example illustrates that the present
framework applies to weighted graphs for which the
global lower bound on the measure fails, thereby
highlighting the restrictive nature of the condition
Jicggm(x) > 0.

Example 9. Let V =N, m(n) =27, and c(n) = 272",
Then irellgm(n) = (, so the global lower bound condition
n

of (Grigor’yan et al., 2017) fails. Nevertheless,

V(n) =20 = 1 4o,

m(n)

and therefore

Z—TL

(n)
Snen Jgny = Znen Tyymn < 50 1/V € £5,(V)
and Assumption 6 holds. To see this directly, take I = @,
for whichm(¥) = 0 < oo and

2—71

m(n)Z 2—2n
Znen Tz %

Lnenx e Lnen F-myg-2n

so the infimum in Assumption 6 is finite.
3.2 Comparison with existing frameworks

Example 10 (Assumption 6 does not imply the potential
condition of (Akduman et al., 2025)). LetV = N, m(n) =
27", and c(n) = 272" ThenV(n) =1+ 2™ < 2 for all
n. For any canonically compactifiable subset KX € V with
non-empty complement, one has ; Ci]r}\fj(V(n) <2, and

consequently

B gl ) <
m(K)<oo

so condition (2) of (Akduman et al., 2025) fails. On the
other hand, Y., m(m)/V(n) = Yo 27" /(1 +27) <
o0, so 1/V € £1 (V) and Assumption 6 holds.

Example 11 (The potential condition (2) of (Akduman et
al., 2025) does not imply Assumption 6). LetV =7Z, m =
1, and c(n) = |n|. Then V(n) = 1+ |n|. Since m=1
m(¥) < oo if and only if X €V is finite. Taking Iy =
{=N,..,N}, we have m(Ky) <o and Ky €WV.
Moreover, ne%}rgc NV(n) =N + 2 - +oo, so condition (2)

is satisfied. On the other hand, for any finite subset K c

V, the complement V\XK contains all integers of

sufficiently large absolute value, and thus Y,ep\x
m(n)2 _ 1

mm+c(n) Lnev Tl

so Assumption 6 fails.

The two conditions are therefore strictly incomparable.
The summability condition 1/V € £1,(V) controls the
total m-weighted mass of 1/V, while condition (2)
of (Akduman et al., 2025) requires V to be large outside
canonically compactifiable subsets of finite m-measure.
The compactness mechanism developed in this paper is
consequently distinct from those of both (Zhang and
Pankov, 2010) and (Akduman et al., 2025).

3.3 The compact embedding theorem

Lemma 12 (Compact Sobolev embedding). Under
Assumptions 4 and 6, the embedding E & €% (V) s
compact forevery1 < p < o,

Proof. Let (u,,) be a bounded sequence in E. Since E is a
Hilbert space, we may pass to a subsequence and assume
u, — u weakly in E. By Assumption 4, the sequence is
uniformly bounded in £ (V):

I uy o< Coosupy, l uy lg< C,M for some constant
M > 0.

Step 1: Strong convergence in £1 (V). Let £ > 0. By

Lemma 7, choose K c V with a finite measure and
m(x)  &€?

V(x)  4M?

XEV\K

For any w € E with || w lI;< 2M, the Cauchy-Schwarz

inequality and the identity m(x)/V(x) = m(x)?/
(m(x) + c(x)) give

m(x)>?
Zxemae M () wW()| < Qyenvac m)” 2

Cxevae m () V() [w(x)[*)*?
m(x)>? 1/2
< Qxenvic —m(x)ﬂ(x)) lwlg
<= .2M=¢.
2M
Applying this to w = u,, — u, which is bounded in E by

2M, shows that the tail contribution is uniformly smaller
than ¢.

For the finite part, on X, note that for each x € V, the
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evaluation functional 6,:FE - R, §,(u) =u(x), is
bounded and linear by Assumption 4. Hence weak
convergence u,, = uin E implies u, (x) = u(x) for every
x €V. Since m(K) <o and |u,(x) —u(x)| < 2C,M
uniformly, the discrete dominated convergence theorem

yields Il (U, —w) llpz,— 0.

Combining the two estimates, we conclude that u,, - u
strongly in €1, (V).

Step 2: Strong convergence in £- (V) for p € (1, ).
Since 1, () — u()IP <l uy —u I [u, () — u(x)|
and (u, —u) is uniformly bounded in £ (V), we obtain

oty = ullfy < 2CoM)P lluy, — ull, > 0
m
O

Remark 13. The convergence on K established in Step 1
can alternatively be derived from the local compactness
result of (Akduman et al., 2025, Lemma 3.9), which
provides a stronger form of compactness on canonically
compactifiable subsets. Specifically, since m(K) < oo, the
restriction operator 1y: £° (V) - €1 (K) is compact by
that lemma, and hence, after passing to a subsequence,
XacUn = Xacu strongly in £1,(3C). The argument given
above relies only on the weaker consequence that weak
with
compactifiability, implies pointwise convergence and

convergence in E, combined canonical
hence strong convergence in £1,(}) by dominated

convergence.

Remark 14. Assumption 6 yields compact embeddings for
the full range 1 < p < oo, including the low-exponent
regime 1 < p < 2. In contrast, condition (2) of (Akduman
et al., 2025) yields compact embeddings only for p = 2.

Remark 15. /n (Grigor’yan et al., 2017), the assumption
inf,cym(x) > 0 implies that every set of finite measure is
finite, and one obtains the continuous embedding
21 (V) © £2°(V). Combined with the compact embedding
into €1, (V), this yields compact embeddings E & £1(V)
forthe full range 1 < q < oo.

As noted above, the condition inf,c,m(x) > 0 is quite
restrictive and excludes many natural weighted graphs. In
the present work, we replace it by canonical
compactifiability (Assumption 4), and under this weaker

hypothesis we still obtain compact embeddings
Eo ¢l (1),1<q <.

Although compactness of the embedding E < £ (V) is
no longer available in general, this causes no difficulty for
our variational analysis. The existence results in this paper
require only the continuous embedding E < £*(V),
which follows directly from Assumption 4 and is sufficient

to control the nonlinear term and to carry out the Palais—
Smale and linking arguments in the sections that follow.

4. Discreteness of the Spectrum

Proposition 16. Under Assumptions4 and6, the
Schrédinger operator H has compact resolvent. In
particular, the spectrum of H is purely discrete: a(H) =
{A, Ay, .3 with 1 <A, <A, <+ = 400, where each
eigenvalue is repeated according to its multiplicity, and
€2,(V) admits an orthonormal basis {¢;}2, of

eigenfunctions of H.

Proof. By Lemma 12 applied with p = 2, the embedding
tE & £2,(V)is compact. We claim that H™1: £2,(V) - E
is bounded. Indeed, for f € £2,(V), let u=H™1f €
D(H) c E. Using Q(v) = (Hv,v),z, for v € D(H) and
H=>=MI

NHZ fE= Q) = (L H ez, I f g | Hf Nz,
<A S NG,

so H™1: 42, (V) > E is bounded with norm at most 11—1/2'

The composition 1o H™1:£2 (V) -» ¢2,(V) is then
compact, being the composition of a bounded operator
with the compact embedding (. The standard spectral
theorem for compact self-adjoint operators (see,
e.g., (Birman and Solomjak, 1987; Reed and Simon, 1975))
then gives the stated conclusion: the spectrum is purely
discrete, consisting of eigenvalues of finite multiplicity
accumulating only at +co0. O

Since H = I, we have 4; = 1. We write H¢; = A, ¢; with
¢, € E normalised, and refer to 1, as the first eigenvalue
of H throughout.

5. C1-Regularity of the Energy Functional

Proposition 17.
functional J,:E = R is of class C1. For every u € E, the
derivative J;(u) € E* actson v € E by

@), v) =
Q(w,v) = Aw,v) g, = k Erevm () f(x,u(x)) v(x),

where ., .) denotes the duality pairing between E* and
E.

Under Assumptions 1, 4, and 6, the

Proof. By Assumption 4, every u € E satisfies || U [, <
Co Il U llg< o0. Using the estimate (4), the Nemytskii
functional W (u) : = X,cp m (x)F (x, u(x)) satisfies

u(ll u llo)

el < (S A N ) N i, < o

so W is well defined on E. By Lemma 12 withp = 1, the
embedding E © £1, (V) is continuous (compactness is hot
needed at this stage), and for each fixed u € E the linear
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map v e Y, m(x)f(x,u(x))v(x) defines a bounded
functional on E. The C'-regularity of ¥ and the derivative
formula then follow by the standard Nemytskii operator
argument, using the uniform bound || u [l < Co Il u lig;
see (Akduman et al., 2025, Proposition 2.8) and (Drabek
and Milota, 2013) for the details. O

6. Palais—Smale Condition

Definition. A sequence (u,,) C E is called a Palais—Smale
sequence for J, at level c € RifJ,(u,) = cand];(u,) =
0in E*. We say that ] satisfies the Palais—Smale condition
(PS condition) if every such sequence possesses a
convergent subsequence in E.

Under
Assumptions 1, 4, and 6, the functional J, satisfies the PS

Theorem 18 (Palais—Smale condition).

condition for every k € {1,—1} and every A € R.

Proof. Let (u,) c E satisfy |J,(u,)] < C and J;(u,) = 0
inE*.

Step 1: Boundedness. Suppose for contradiction that
Il u, llg— . Set i, :=u,/ll u, llg, so Il &, ll;=1. By
Lemma 12 withp = 2, after passing to a subsequence we
have i, » @ strongly in €2/ (V), and consequently
i, (x) = ti(x) foreveryx € V

(since  m(x)|t,(x) — (x)|? <Il @i,, — @t II%H—) 0 and
m(x) > 0).

Dividing the relation J;(u,) = ¢ by Il u, % and using
Il w, llg— oo, we obtain

ZxM(X)F (x,un)
lunl

a:=1/2(1-21171%) ifr=1,

6
p:=1/2(2N0a1% —1) ifx=-1 e

Since F = 0 by (f4), botha > 0and 8 > 0.
Dividing (J5 (), u,) by Il u, % and passing to the limit
yields

2xm(x)f (x,up)un
lunll?

S 1=l (7)

By (f4), f (x,u)u = 0F(x,u) = 0 for 6 > 2.

Case k = 1. From (6)—(7), we get 2a =1—-A | 1 II§%12
fa,so (2 —0)a = 0. Since 8 > 2, this forcesa = 0.

Case k = —1. Similarly, (6 —2)f <0, and since 6 > 2,
we conclude 8 = 0.

In both cases, 4 || ii II§%L= 1.

For A <0 this is impossible, since @ >0 implies
Al ||§%ns 1, which together with A < 0 contradicts A ||

u |I§3n= 1>0. For A >0: the identity Al |I§$n= 1

forces i # 0, so there exists x, € V with#i(xy) # 0. Then
|[un (X0)| =l ty, g |Tn (Xo)| = +00. By (3), f(xo,wu 2
Cy,lul® for large |ul, giving

m(xo) f (%o, Un () ) un (X0) >
Il u, I -

" Up "Z‘_Z |ﬁn(x0)|9 i +OO,

Cxom(xo)

which contradicts (7). Hence (u,,) is bounded in E.

Step 2: Strong convergence. Since (u,,) is bounded in E,
we may extract a subsequence with u,, = u weakly in E.
By Lemma 12, u,, - u strongly in £5 (V) for all p < oo,
and in particularin £2,(V) and £, (V). Assumption 4 gives
I w, < M uniformly.

Expanding (/3 (u,) — J3 (W), up, — u):

Iy —wlig= (J3w) = @), uy —u) + Al u, —
w7z + K Teer m () (f () — £ (6, W) (U — 1) (8)

Each term on the right-hand side tends to zero:

i (), u, — uy > 0:since |l J5(wy) llg+— 0
and (u, —u) is bounded in E.

ii. {Ja(w), u, —u) - 0:since u,, = u weakly and
J;(uw) € E* is afixed element.

iii. Allu, —u II§2 — 0: by strong convergence in
m

22, (V).

iv. The nonlinear term: by (f3) and the uniform
bound [u,l, Jul <M, we have
If(x,uy) — flx,w)] < Cy uniformly, so

| e m (O (f (o, u) = f (6, u) (un — )| <

Cy lup —ully,— 0.
Therefore | u, —u 12— 0, i.e., u,, = u strongly in E. O

Remark 19. The main departure from Pankov—
Zhang (Zhang and Pankov, 2010) occurs in Step 1. Their
proof exploits the coercivity of the potential on 7

(meaning V (n) — +oo) to decompose || u II§2 into a

(2
controlled finite-set contribution and a small tail; this
splitting is unavailable under our assumptions. We replace
it with three ingredients: (i) the compact embedding E <
€2, (V) to extract a pointwise-convergent subsequence;
(ii) the Ambrosetti-Rabinowitz condition (f4) to derive
a =0 (or B = 0); (iii) the polynomial lower bound (3) to
produce the final contradiction. In particular, the
strengthened assumption F(x,u)/|u|?> - o used in

(Zhang and Pankov, 2010) is not required.
7. Linking Geometry

Throughout this section we take k = 1.
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7.1 Spectral decomposition and abstract critical point
theorems

Fix A€R. If A= 4,, let k=1 be the unique integer
satisfying A, <A < A4q;if A < 44, set k = 0. Define

- K
Y :=span{¢,, ..., P, } ,

Z:=Y"* =span{¢pi1, Pri2, -} (9)

so that E =Y @ Z orthogonally in both E and #2,(V)
(withY = {0} when k = 0). Set

A, :=max(1,0), &,:=2k1"2 ¢ (01]. (10)
1

Akt
Fixzy € Z with || zy l;= 1. For 0 < r < p, define

N:={uezZ:lulg=r}

M:={fu=y+szy0y€Y, s=0, lulz<p}

OM:={u=y+szyy€Y, s=0, lullz=p}
U{yeY:lly llg<p}

We shall use the following two abstract results.

Theorem 20 (Linking Theorem (Rabinowitz, 1986,
Theorem 5.3)). Let] € C(E, R) satisfy the PS condition

and infy ey /(W) > supyeam/(W).
Setting T':={y € C(M,E):y|sm = id}, the value
¢ : = infsup/(y(u))

Y€lyem

is a critical value of ] with ¢ = inf,¢yJ(u).
Forr>0letB.(0):={u€E:llullg<r}.

Theorem 21 (Symmetric Mountain Pass Theorem
(Rabinowitz, 1986, Theorem 9.12)). Let ] € C1(E,R) be
even with J(0) = 0, satisfying the PS condition and E =
Y @ Z with dimY < oo, Suppose:

(B1) there existr,a > 0 such that ]|yp n7 = @;

(B2) for a nested dense sequence E; C E, C --- of finite-
dimensional subspaces, there exist radii p,, > 0 such that
J <0o0nEp\B,, (0)foreachm = 1.

Then | has an unbounded sequence of critical values ¢; <
Cy < o0 > Fo00,

7.2 Spectral bounds

Lemma 22 (Spectral bounds). For the decomposition (9)
with A, <A< Ayt
((H=2y, ¥)pz, <0 forally €Y,

(H=MDz2)pz 26,1z I} forall z € Z.

Proof. Upper bound on Y. Expanding in the eigenbasis:
((H=Dy, 9z, = Zisk (4 = Dyi|* <0, since 4; <
A < Aforalli < k.

Lower bound on Z. ((H—21)z,2)ez, = Xisk+1 (1= 2/
A)A;|z;|?. For 2 = 0, the factor 1 — 1/, is increasing in

A, soinfiup (1 —A/) =1—=2A, /Ay = 6. ForA <0
(which occurs only when k =0): ((H—21)z2).z =

2
IzIE=2A 1zl =20z IE=8; 1z I O

7.3 Ambrosetti-Rabinowitz growth on finite-
dimensional subspaces

Lemma 23 (AR-monotonicity). Let W c E be a finite-
dimensional subspace spanned by finitely many
eigenfunctions of H, so that W c €8 (V). Define G (v)
1= ey M (X)F (x, v(x)) for v in the unit sphere S, of
W. Then

C,: =V16r51£VG(v) >0,

and consequently

Zxer m (XF (x,u(x)) = C,p°
forallu € Wwith lullz=p = 1.

Proof. The unit sphere S, is compact (since W is finite-
dimensional) and G is continuous on S,. Forany v € Sy,
there exists x, € V with v(x,) # 0 (since [l v ;=1 and
m >0 everywhere), and condition (f4) then gives
F(xq,v(xy)) > 0. Hence G > 0 on Sy, and the infimum
C, = infG > 0 is attained.

For the lower bound, write u = pv with v =u/p € §),.
By (f4), the map t - F(x,t)/|t|? is non-decreasing on
(0, ) (since its derivative equals (f(x,t)t — 0F(x,t))/
|£]®+* > 0). Hence F(x, pv(x)) = p?F(x,v(x)) for p =
1 and v(x) # 0. Summing over x with weights:

Yrevm (OF (x, pr(x)) = p?G(v) = C,p°. O
7.4 Linking geometry

Lemma 24 (Linking geometry). Let 1> A1, and set
7o = Qrs1/ll @riq llg. There exist 0 < r < p such that

infyenJa(w) > 0 = supyean/a(W.

Proof. Lower bound on N. For u € Z with [[ullg=r7,
Lemma 22 and (4) yield

6y £
Ja@) = 2w li= iz — ACe) Il .

Since H = 4,1, we have || u II?;nS AT u 1. By

Assumption 4 and Hoélder’s inequality:

lu ”5}7 < CP73rP=2)71r2, Substituting:
m

A(e)CP %P2

22, 4 '

Choose € = 6,4, /4. For r >0 sufficiently small, the
bracket is at least §,/4 > 0, giving infyJ; = (6,/4) 12 >
0.

Upper bound on 0M, Partl (s=0, u=yEe€Y).
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Lemma 22 and F > 0 together give J;(y) < 0.

Upper bound on dM, Part2 (u=y+sz, e W:=Y @
span{zy}, s > 0, Il u llz;= p). By Lemma 12 with p = 6,
the eigenfunctions satisfy ¢; € £9,(V), so W < £9,(V).
Lemma 23 applied to W gives

Yom ()F(x,ux)) = C,p°.

For the quadratic part, using Hpy 1 = Agy1Pr41 and the
continuity of E & £2,(V):

2
I v 7,

I Presr I
< Cpy — )52 < C(Ayy — P2

((H = D(520),520) g3, = 5% (Aes1 = 1)

Combined with ((H — 4)y,y),z, < 0, this yields

%((H —Du,u)pz, < Cyp? for some constant Cy, > 0.
Hence L) < Cyp?—Cp? <0 for
p = po:=(Cy/CHYED,

Choosing p = max(r + 1, p,) completes the proof. O

Remark 25 (Mountain pass as a special case). When
A<A, we have Y={0}, M={sz;:0<s<p)}
N=0B.(0)nE, and 6;=@A;—21,)/4 € (01]
Lemma 22 provides the lower bound on N, and
J3(s20) < Cyys? — C45% - —c0 as s > oo, In this case the
Linking Theorem reduces to the standard Mountain Pass
Theorem and yields a nontrivial critical point.

Lemma 26 (Finite-dimensional estimate). Form = 1, let
E,, :=span{®;, ..., Or+m}. There exist constants c;, c, >
0 such that

L@ <c lulz—c, lullf forallu € E,,.

In particular, J, <0 on Ep,\Bg, (0) for all sufficiently
large R,y,.

Proof. Since E,, is finite-dimensional, all norms are
equivalent; in particular, ((H —Du, w2, <Cp llu 2.
Lemma 23 applied to E. gives
Yem@)F(,u) = Cs lullg forll ullz= 1. Since 8 > 2,
the estimate J(w) <c¢ lullz—c, llullf follows
immediately, and the right-hand side is non-positive for

IIu ”EZ Rm = (Cl/cz)l/(e—z)‘ O
8. Existence of Solutions for k = 1

Under
Assumptions 1, 4, and 6 with k = 1, for every A € R the

Theorem 27 (Existence and multiplicity, k = 1).

following hold.

i There exists at least one nontrivial solution
u € Eof (H—Mu= f(x,u).

ii. If in addition f(x,-) is odd for every x €V, then
], possesses an unbounded sequence of critical
values, and the equation has infinitely many
pairs of nontrivial solutions t+u,, € E.

Proof. By Theorem 18, ], satisfies the PS condition.

Proof of (i).

Cast 1 (1 < A;, mountain pass). Set z, = ¢, /Il ¢, llg. By
Remark 25, infyJ; = (6;/4) 1% >0 with
6, = —1,)/2, >0, and J,(sz5) = —o0 as s — oo.
Since  J;(0) = 0 < infyJ;, Theorem 20 (with Y = {0})
yields a critical value ¢ > (6,/4)7r? > 0 and hence a
nontrivial critical point.

Case 2 (A= A4, linking). By Lemma 24, infy/, >0 >
supgm/a- Since J;(0) = 0 < infyJ;, Theorem 20 yields a
critical value ¢ = infyJ; > 0 and a nontrivial critical point
u€ekE.

Proof of (ii). The oddness of f (x,-) implies that J; is even
and satisfies J;(0) = 0. Condition (B1) of Theorem 21 is
provided by Lemma 24, which gives
Jalos.nz = (67/4)r? > 0. Condition (B2) is provided by
Lemma 26 with

_= {Span{dh. s P}
™ span{ey, ..., Prim}

ifA< Ay,
A, A<y, k=1,

with corresponding radii R, > 0 such that J, <0 on
En\Bg,, (0) for each m = 1. Theorem 21 then yields an
unbounded sequence of critical values and the pairs
tu,,. O

m-
9. Further Remarks and Open Problems

The results of this paper naturally suggest several
directions for further investigation.

The defocusing case k = —1. The Palais—Smale condition
established in Theorem 18 holds for both signs of k, but
the linking geometry developed in Section 7 is specific to
the self-focusing case; adapting the variational framework
to treat existence and non-existence of solutions in the
defocusing regime requires a different approach and will
be pursued separately.

Bifurcation. A natural continuation of Theorem 27 is to
study the bifurcation of nontrivial solutions from the
trivial one as A crosses an eigenvalue A, of H, a question
that the discrete spectrum established in Proposition 16
makes precise.

Exponential decay. The solutions obtained here belong to
the energy space E c £2,(V), and it is natural to ask
whether they decay exponentially at infinity; under
suitable additional assumptions on f near zero, this is
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expected to follow from the functional calculus of H, in
analogy with the one-dimensional argument of (Zhang
and Pankov, 2010).
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Abstract

This study analyses population data of Afyonkarahisar covering
the 1982-2024 period to generate and validate a forecast for
the year 2025 using three statistical modelling approaches:
linear regression, second-order polynomial regression, and the
ARIMA(1,1,0) time series model. These models were selected to
capture both long-term trend behaviour and temporal dynamics
within the population series. Model performances were
evaluated using error metrics including Root Mean Square Error
(RMSE), Mean Absolute Error (MAE), and the coefficient of
determination (R?). Additionally, Mean Absolute Percentage
Error (MAPE), Symmetric Mean Absolute Percentage Error
(SMAPE), and multi-period back testing analyses were
incorporated to improve out-of-sample validation and
forecasting reliability. The polynomial regression model
achieved the highest historical fit (RMSE = 4,607; MAE = 3,121;
R? =~ 0.993), while the linear regression model provided stable
trend representation (RMSE = 11,569; MAE = 10,656; R? =
0.961). The ARIMA model demonstrated balanced short-term
forecasting capability (RMSE = 6,482; MAE = 5,476; R? = 0.942).
To assess real-world predictive accuracy, model outputs were
compared with the actual 2025 population value. The ARIMA
model exhibited the lowest deviation (0.28%), followed by linear
regression (2.03%), whereas the polynomial model showed
higher projection error (7.74%). The results confirm that no
single model fully captures all characteristics of population
behaviour; instead, a multi-model framework provides a more
reliable and interpretable forecasting structure. The projected
population range of approximately 255,000-281,000 individuals
is consistent with observed trends and supports evidence-based
regional planning.

Keywords: Population Forecasting, Time Series Analysis, Regression
Models, ARIMA, Afyonkarahisar

Oz

Bu ¢alisma, 1982-2024 dénemini kapsayan Afyonkarahisar nifus
verilerini analiz ederek, (g istatistiksel modelleme yaklasimi
(dogrusal regresyon, ikinci dereceden polinom regresyonu ve
ARIMA(1,1,0) zaman serisi modeli) kullanarak 2025 yili icin bir
tahmin Gretmeyi ve dogrulamayi amaglamaktadir. Bu modeller,
nifus serisi icindeki hem uzun vadeli trend davranisini hem de
zamansal dinamikleri yakalamak igin secilmistir. Model
performanslari, Kok Ortalama Kare Hatasi (RMSE), Ortalama
Mutlak Hata (MAE) ve belirleme katsayisi (R?) dahil olmak lizere
hata Olcltleri kullanilarak degerlendirilmistir. Ek olarak,
orneklem disi dogrulamayi ve tahmin glivenilirligini artirmak igin
Ortalama Mutlak Ylzde Hatasi (MAPE), Simetrik Ortalama
Mutlak Yuzde Hatasi (sSMAPE) ve ¢cok donemli geriye donik test
analizleri dahil edilmistir. Polinom regresyon modeli en ylksek
tarihsel uyumu elde etmistir (RMSE = 4.607; MAE = 3.121; R? =
0,993), dogrusal regresyon modeli ise istikrarl bir trend temsili
saglamistir (RMSE = 11.569; MAE = 10.656; R? =~ 0,961). ARIMA
modeli, dengeli kisa vadeli tahmin yetenegi sergiledi (RMSE =
6.482; MAE = 5.476; R?> = 0,942). Gercek diinya tahmin
dogrulugunu degerlendirmek i¢in, model ¢iktilari 2025 yilindaki
gercek nufus degeriyle karsilastirildi. ARIMA modeli en disiik
sapmayi (%0,28) gosterirken, dogrusal regresyon modeli %2,03
hata Uretmis, polinom modeli ise %7,74 ile daha yiiksek sapma
gostermistir. Sonuglar, tek bir modelin niifus davranisinin tim
ozelliklerini tam olarak yakalayamadigini; bunun yerine, ¢oklu
model ¢ergevesinin daha givenilir ve yorumlanabilir bir tahmin
yapisi sagladigini dogrulamaktadir. Yaklasik 255.000-281.000
bireylik o6ngorilen nifus araligl, gozlemlenen egilimlerle
tutarlidir ve kanita dayali bolgesel planlamayi desteklemektedir.

Anahtar Kelimeler: Niifus Tahmini, Zaman Serisi Analizi, Regresyon
Modelleri, ARIMA, Afyonkarahisar

1. Introduction

Population data constitute one of the fundamental
indicators that directly influence the socioeconomic
structure of a region, the planning of public services, and
long-term development strategies. The success of
decisions made in areas such as education, healthcare,
transportation, infrastructure investments, and economic
heavily on the accuracy of

projections depends

forecasts 1992).

analysing population changes through scientific methods

population (Pflaumer Therefore,
and generating reliable forward-looking projections are
both

governments and national planning institutions. Accurate

considered critical requirements for local
modelling of regional population trends provides an
important decision-support mechanism for efficient
resource allocation and sustainable development goals

(zakria 2009).
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The demographic projection literature emphasizes that
population forecasting is not merely an extension of past
trends but also requires the systematic evaluation of
uncertainty (Alho and Spencer 2005). Studies in statistical
demography demonstrate that probabilistic approaches
enhance projection reliability and provide a scientific
basis for policymaking processes (Alkema et al. 2015).
Research on global population projections further
highlights the importance of addressing demographic
components in an integrated manner (Raftery and
Sevéikovd 2023). For regional and subnational population
estimation, the combined use of trend-based and cohort-
based approaches is recommended (Smith et al. 2013,
Swanson and Tayman 2012, Baker et al. 2017). The
model-based demography framework strengthens the
theoretical foundation of projection studies by arguing
that population behaviour can be explained within a
statistical framework (Burch 2018).

Methods used in population forecasting are generally
classified into regression-based trend models and time
series approaches. Regression models represent linear or
nonlinear population growth patterns in an interpretable
manner, whereas time series methods capture the
internal dependency structure of the data. The ARIMA
model, developed within the Box—Jenkins framework, has
become a fundamental reference in time series analysis
(Box and Jenkins 1976). Its theoretical and applied
foundations have been expanded over time, leading to its
adoption as an effective tool in population projections
2016,
Athanasopoulos 2021). Stationarity tests and model

(Brockwell and  Davis Hyndman and
adequacy measures play a critical role in ensuring reliable
time series forecasting (Dickey and Fuller 1979, Ljung and
Box 1978). Empirical studies indicate that ARIMA models
are particularly successful in short- and medium-term
population forecasting (Pflaumer 1992, Zakria and

Muhammad 2009, Farida et al. 2022, Dai et al. 2022).

Comparative studies in the literature reveal that different
modelling approaches exhibit varying performance
depending on data characteristics. Error analysis and
uncertainty evaluation have become key research areas
inregional projections (Tayman et al. 2007, Yu et al., 2023,
2023).
demonstrate that polynomial and multiple regression

Verma, Regression-based applications
models effectively capture population trends (Safii 2024).
In recent years, hybrid and machine-learning-based
methods have also gained attention, with integrations of
ARIMA and deep learning techniques offering potential
improvements in forecasting accuracy (Albeladi et al.

2023, Sherly et al. 2025, Huang 2024). Nevertheless,

classical statistical models remain important due to their
interpretability and practical applicability.

A general review of the literature suggests that evaluating
multiple modelling approaches rather than relying on a
single model can produce more balanced forecasting
outcomes. However, many studies focus on a single
methodological framework, and comprehensive
comparisons using the same dataset remain limited. This
highlights the importance of applied research grounded

in comparative and multi-model frameworks.

The objective of this study is to comparatively analyse
linear regression, second-order polynomial regression,
and the ARIMA(1,1,0) time series model using population
data from Afyonkarahisar spanning 1982-2024, in order
to produce and validate a population projection by
2025
population value. Model accuracy and representational

comparing model outputs with the actual
capacity are evaluated using error metrics, with both
trend representation and predictive behaviour examined.
By applying multiple modelling approaches to the same
regional dataset, the study aims to address the lack of
comparative analyses in the literature.

The primary contribution of this research lies in

demonstrating the advantages of a multi-model

framework that integrates regression-based trend
models with time series analysis. The findings specific to
Afyonkarahisar provide a data-driven reference for
regional planning, infrastructure investments, and public
service organization. In this respect, the study contributes
methodologically to the academic literature while
offering an applicable modelling framework for regional

demographic analysis.

2. Materials and Methods

In this study, a population forecast for the year 2025 was
generated using 42 years of population data from
different
methods. This section provides a detailed description of

Afyonkarahisar through three statistical
the dataset employed, the forecasting models applied,

and the error metrics used for performance comparison.

In addition to statistical error metrics, model forecasts
were validated by comparing projected values with the
actual population recorded for 2025.

2.1 Data set

The population data used in this study consist of the total
population figures of Afyonkarahisar between 1982 and
2024. The dataset is organized in an annual time series
format and includes a total of 42 observations. Since the
dataset does not contain any grouping or categorical
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segmentation, the forecasting models were trained
directly on the yearly population values. The raw data
were transferred into the MATLAB environment for pre-
processing and prepared for analysis.

The absence of missing years and the consistent upward
trend in population values facilitated the application of
both regression and time series models. To generate a
forecast for the year 2025, a forward projection was
performed based on the final year of the dataset. Figure
1 illustrates the population data of Afyonkarahisar over
the past 42 years.

To ensure methodological consistency in time series
forecasting, a chronological train-test split strategy was
adopted instead of random sampling. Population data
from 1982 to 2019 were used as the training set, while
observations from 2020 to 2024 were reserved as the test
set for out-of-sample evaluation. In addition, an
expanding window validation approach was applied for
robustness analysis, where the training window was
gradually extended and forecasts were generated for
subsequent years. This approach prevents information
leakage and provides a more

framework for time-dependent data.

realistic evaluation
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Figure 1. Data of Afyonkarahisar over the last 42 years

2.2 Models used

In this study, three fundamental modelling approaches

were employed to forecast the population of

Afyonkarahisar. First, a linear regression model was
applied under the assumption that population growth
follows a regular trend over time. This model produces
effective results when changes occur at a relatively
constant rate. a second-order

Second, polynomial

regression model was adopted to better capture

accelerations and nonlinear structures in population

trends. Polynomial models offer advantages in

representing curved behaviours such as acceleration or
deceleration in population growth. Finally, the
ARIMA(1,1,0) time series model was implemented to

account for temporal dependencies present in historical

population data. The ARIMA framework mathematically
models internal dynamics, autocorrelation relationships,
and trend components, enabling more flexible and
realistic forecasts for future periods. Evaluating these
three models together allowed population projections to
be examined from a more comprehensive perspective.

2.2.1 Linear regression model

The linear regression model is a fundamental and

interpretable  statistical approach that supports
understanding long-term trends in population forecasting
studies. By representing the relationship between time
and population through a linear structure, the model
reveals the overall direction of change and the average
rate. This

computational efficiency while allowing decision-makers

growth structural simplicity ensures
to interpret results with ease. One of the key strengths of
linear regression is its ability to capture the general trend
in the dataset in a stable manner while maintaining a
relatively low risk of overfitting. This characteristic
contributes to balanced and realistic projections,
particularly in short- and medium-term forecasting.
Furthermore, the parametric structure of the model
enables quantitative evaluation of trend variations and
facilitates comparative analysis with other modelling

approaches.
2.2.2 Second-Order polynomial regression

The second-order polynomial regression model is a
flexible statistical method used to represent nonlinear
trends in population data. By expressing the relationship
between time and population through a quadratic
function, the model captures variations in growth rates
and accelerations. In situations where population growth
does not follow a constant rate, the polynomial structure
provides a more realistic representation of curved
behaviours. The structural flexibility of the model allows
data,
quantitative analysis of trend changes. However, while

strong alignment with historical enabling
this high representational power enhances short-term
forecast accuracy, it requires careful interpretation for
long-term projections. With these characteristics, second-
order polynomial regression serves as a powerful tool for
revealing nonlinear components in population series and
provides an important benchmark for comparative

modelling.
2.2.3 ARIMA model

The ARIMA model is a robust and systematic statistical
approach that generates forecasts by utilizing historical

behaviour in time series data. By mathematically

representing  autocorrelation  structures,  trend
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components, and time-dependent variations in the
population series, the model
distinct
approaches. The autoregressive component accounts for

offers an analytical

perspective from classical trend-based
the influence of past values, the integration step ensures
stationarity, and the moving average component
captures the structure of error terms, collectively forming
a balanced forecasting framework. This multi-component
structure allows internal dynamics to be revealed in time-

dependent datasets such as population series.

One of the main advantages of the ARIMA model is its
ability to capture short-term behavioural variations while
maintaining statistical consistency in the forecasting
process. This feature enhances its representational
capacity in cases where annual population changes
exhibit sequential dependency. However, because the
model relies heavily on the mathematical structure of
historical data, it may be more limited than trend-based
approaches in long-term projections. Therefore, while
ARIMA is a powerful tool for analysing dynamic
characteristics of population series, its integration within
a comparative modelling framework produces more
balanced and holistic forecasting outcomes.

The ARIMA model parameters were determined using the
Box-Jenkins methodology. First, the Augmented Dickey-
Fuller (ADF) test was applied to assess stationarity. Since
the original population series was found to be non-
stationary, first-order differencing was applied (d=1).
Subsequently, ACF and PACF plots were examined to
identify appropriate autoregressive and moving average
terms. Candidate models were compared using Akaike
Information Criterion (AIC) and Bayesian Information
Criterion (BIC), and ARIMA(1,1,0) was selected as the
optimal model due to its lower information criteria values
and residual diagnostic performance.

2.3 Performance metrics

In addition to RMSE, MAE, and R?, Mean Absolute
Percentage Error (MAPE) and Symmetric Mean Absolute
Percentage Error (sMAPE) were employed to better
evaluate forecasting performance in out-of-sample
testing. Since R may have limited interpretability in time-
series forecasting problems, percentage-based metrics
provide a clearer understanding of practical forecasting

accuracy.
3. Results and Discussions

In this section, the forecasting outputs of the linear
regression, second-order polynomial regression, and
ARIMA(1,1,0) models developed using population data of
Afyonkarahisar covering the 1982-2024 period are

systematically analysed. The findings aim to
comparatively evaluate each model’s ability to represent
population trends, short-term projection behaviour, and
performance based on error metrics. The joint
assessment of graphical and numerical results enables a
comprehensive examination of model fit to the data
structure and forecasting stability. In this way, the trend-
based and time-dependent dynamics of the population
series are addressed within an integrated framework,
providing an analytical basis for interpreting projections
for the year 2025. Figure 2 illustrates the actual
population values of Afyonkarahisar between 1982 and
2024 together with the fitted linear regression model.

«10° Af

T
O Observed data
—— Linear rend

5 isar Population — Linear Regression Trend
T T T T

Population

0.5
1980 1885 1990 1995 2000 2005 2010 2015 2020 2025
Year

Figure 2. Linear Regression and Trend Line

The blue circles represent the observed population values
by year, while the red line denotes the linear trend
estimated by the model. Examination of the figure
indicates that the population exhibits a generally steady
upward trend over time, which is captured effectively by
the linear regression model. However, in the later years,
the actual rate of population growth appears slightly
higher than that predicted by the model. This suggests
that the acceleration in population growth is stronger
than what a purely linear structure can represent,
indicating that more complex models such as polynomial
regression or ARIMA may better account for these
variations.

Figure 3 presents the actual population data of
Afyonkarahisar for the period 1982-2024 alongside the
fitted second-order polynomial regression model. The
blue circles represent the actual population values by
year, while the pink curve denotes the estimates
generated by the polynomial model. Examination of the
figure reveals that population growth follows a nonlinear
trend, with a noticeable increase in growth rate
particularly after the early 2000s. The polynomial model
successfully captures curvature in both the earlier and
later vyears, thereby representing the accelerating
structure of population growth more accurately than the

linear model.
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Figure 3. Second-Order Polynomial Regression and Trend Curve

However, it is also observed that in recent years the
model slightly exceeds the actual data, suggesting a
tendency toward overestimation in forward projections.
This behaviour indicates that while polynomial models
provide strong performance in short-term forecasting,
they should be interpreted with caution for longer-term
projections. Figure 4 presents the actual population data
of Afyonkarahisar between 1982 and 2024 together with
the forecasts obtained from the ARIMA(1,1,0) model.
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Figure 4. ARIMA Actual Values, Fitted Estimates, and 2025
Projection

The blue circles represent the actual population values,
while the red line denotes the fitted estimates generated
by the model during the training period. Examination of
the figure shows that, since the ARIMA model is
constructed on the first-differenced series, the fitted
curve reflects year-to-year change dynamics rather than
directly tracking absolute population levels. The model’s
forecast for 2025 is indicated by a black square, and the
corresponding 95% confidence interval is illustrated with
dashed lines. The ARIMA model demonstrates stable
performance in short-term forecasting; however, it does
not fully capture the long-term trend component when
used independently. Therefore, while ARIMA effectively
represents the internal dynamics of population change,
more balanced forecasting outcomes are achieved when
it is evaluated alongside trend-based models. Figure 5
provides a comparative performance illustration of the
models Linear Second-Order

three Regression,

Polynomial Regression, and ARIMA(1,1,0) applied to the
population data of Afyonkarahisar.
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Figure 5. Comparative Visualization of the Three Models

The first graph shows that the linear regression model
successfully captures the long-term overall upward trend
of the population, although it does not fully represent the
accelerated growth observed in the most recent years.
The second graph illustrates that the second-order
polynomial regression model more effectively represents
the nonlinear structure of population change, particularly
tracking the accelerated increase after the year 2000
more accurately than the linear model. However, it is
noticeable that the polynomial model slightly exceeds the
actual datain the later years, indicating a potential risk of
overestimation in forward projections. The third graph
presents the ARIMA(1,1,0) model, which is based on year-
to-year change dynamics; while it does not strictly follow
the overall trend line, it produces more balanced and
stable short-term forecasts. A holistic evaluation of the
graphs indicates that the linear model captures the
general trend, the polynomial model represents
curvature and acceleration, and the ARIMA model reflects
time series dependency. Therefore, combining these
provides a more reliable

modelling approaches

framework for forecasting the population in 2025.

Table 1. Comparative Error Metrics of Forecasting Models

Model RMSE MAE R? MAPE sMAPE
Linear
. 11,569 10,656 0.96 4.12 4.08
Regression
Second Order
. 4,607 3,121 0.99 5.84 5.67
Polynomial
ARIMA
6,482 5,476 0.94 291 2.88
(1,1,0)

The incorporated percentage-based error metrics provide
additional insight into forecasting accuracy. The
ARIMA(1,1,0) model achieved the lowest MAPE (2.91%)
and sMAPE (2.88%) values, indicating superior out-of-
sample forecasting performance. Although the second-
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order polynomial regression model produced the lowest
RMSE and MAE values due to its strong historical fit, its
higher percentage-based errors further support the
potential overfitting issue discussed in this study. The
linear regression model demonstrated moderate
percentage-based performance while maintaining stable

long-term trend representation.

While statistical metrics evaluate historical model
performance, real-world predictive accuracy is further
examined through comparison with the observed 2025
population value. When the 2025 population forecasts
and performance metrics of the three models are
compared, clear differences emerge in their ability to
represent the structure of the data. The linear regression
model produced an estimate of 255,292 individuals, with
RMSE=11,569 and MAE=10,656 values at acceptable
levels. An R? value of 0.961 indicates that the model
successfully captures the overall linear trend of the data.
However, because the linear model does not fully account
for acceleration in population growth, it exhibits relatively

lower accuracy toward the end of the observed period.

The second-order polynomial regression model
generated the highest projection among the three
methods, estimating a population of 280,738 individuals.
The model achieved notably low error values (RMSE =
4,607; MAE = 3,121), and an R? of 0.993 demonstrates its
strong ability to explain the nonlinear structure of the
These indicate that the

polynomial model represents the training data with very

population series. results

high accuracy. Nevertheless, the tendency of the model

to exceed actual values in the later years suggests a
potential risk of overestimation in forward projections.

The ARIMA(1,1,0) model produced a forecast of 261,304
individuals for 2025 and demonstrated intermediate
performance relative to the regression-based
approaches. Its error metrics (RMSE = 6,482; MAE =5,476;
R?2 = 0.942) indicate a balanced level of predictive
accuracy. While the model does not achieve the tight
historical fit of the polynomial regression, it outperforms
the linear model by effectively capturing temporal
dependency in the population series. This behaviour
confirms that ARIMA provides a stable and realistic short-
structure and serves as a
within  the

term  forecasting

complementary  model multi-model

framework.

In terms of historical fit and numerical error metrics, the
second-order polynomial model delivers the strongest
performance, whereas ARIMA provides enhanced short-
term forecasting realism through temporal dependency
modelling. The linear model, on the other hand, provides
a more stable and balanced growth trajectory, yielding a
realistic projection without excessive escalation.
Although ARIMA is constructed using differenced data to
ensure stationarity, its forecasts are transformed back to
the original scale and therefore represent absolute
population levels. Its limitation is not level representation
but reduced long-horizon trend extrapolation compared
to regression-based models. Taken together, the
complementary strengths of the three models support a
balanced interpretation of the projected population

range.

Table 2. Comparison of Modelling Approaches Used in Population Forecasting Literature

Author / Year

Method Used

Application Area

Brockwell and Davis 2016
Baker et al. 2017

Time series theory
Cohort projection

Statistical modelling
Population forecasting

Burch 2018 Model-based demography Demographic analysis
Dai et al. 2022 Model comparison Population projection
Farida et al. 2022 ARIMA Regional forecasting
Yu et al. 2023 Time series projection Subnational population analysis
Verma 2023 Regional forecast evaluation Demography
Albeladi et al. 2023 Hybrid ARIMA + LSTM Time series forecasting
Loo 2023 Regression Population forecasting
Wang 2023 Functional time series Demographic forecasting
Huang 2024 Machine learning Population growth forecasting
Sinaga 2024 Regression Population forecasting
Safii 2024 Multiple regression Regional population analysis
Christo et al. 2025 Hybrid ARIMA Demographic forecasting

This study 2026

Lineer + Polinom + ARIMA

Afyonkarahisar population modelling

The literature comparison presented in Table 2 indicates
that population forecasting methods have evolved over
time from theoretical foundations toward applied and
hybrid modelling approaches. A substantial portion of
earlier studies focused either on time series techniques or

regression-based trend models, typically evaluating
performance within a single modelling framework. The
primary strength of the present study lies in its integrated
comparison of different modelling paradigms applied to

the same regional dataset. While the linear regression
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model captures long-term trends, the polynomial
regression model represents nonlinear variations, and the
ARIMA model reveals the internal dependency structure
of the time series. Consequently, both the trend and
dynamic components of the population data are analysed

within a unified framework.

Although the literature includes studies that compare
multiple models, many of these are grounded in
theoretical discussions or generic datasets. In contrast,
this research provides an applied comparative analysis
based on a real regional population series, thereby
methodological gap.
evaluating model performance not only through error

addressing a Furthermore,
metrics but also in terms of forward projection behaviour
and forecasting stability constitutes a distinguishing
feature of this study. This approach demonstrates that
balanced, comparative analyses are often
informative than reliance on a single “best” model in

population forecasting.

more

The most significant contribution of this work to the
literature is the demonstration of the practical
applicability of a multi-model framework integrating
regression and time series approaches for regional
population projections. The findings derived from the
Afyonkarahisar case provide a data-driven reference for
local planning processes while illustrating that the same
methodological framework can be replicated in other
regions. In this respect, the study contributes
methodologically to the academic literature and offers a

decision support perspective for practical applications.
3.1 Discussions

The findings obtained in this study demonstrate that
different modelling approaches used in population
forecasting exhibit varying strengths and limitations
depending on the structure of the data. The linear
regression model produced balanced projections by
consistently representing long-term population trends.
This outcome aligns with prior research indicating that
regression-based approaches provide interpretable and
reliable results in trend modelling. Previous studies have
emphasized that trend-based models offer decision-
makers a clear analytical framework in regional
population projections. The results of the present study
further support the validity of this approach, particularly

in terms of long-term representational capacity.

The second-order polynomial regression model showed a
high level of fit to historical data but exhibited a tendency
to exaggerate growth patterns in forward projections.
This behaviour is consistent with findings in the literature

suggesting that nonlinear models, despite their strong
short-term fit, should be interpreted cautiously in long-
term forecasting contexts. High goodness-of-fit metrics in
polynomial models do not necessarily guarantee realistic
projections; therefore, model selection should consider
not only statistical performance indicators but also
forecasting behaviour.

Despite achieving the highest R? value and lowest in-
sample error metrics, the polynomial regression model
produced the highest forecasting deviation for 2025. This
discrepancy suggests a potential overfitting problem,
where the model captures historical fluctuations
excessively but fails to generalize effectively to future
observations. The findings highlight the importance of
balancing model

complexity with generalization

performance in population forecasting studies.

The ARIMA(1,1,0) model internal
dependency structure of the time series, producing more
short-term forecasting. This

series

captured the
realistic results in

observation supports prior time research
highlighting the effectiveness of ARIMA models in
analysing dynamic data structures. The application of
stationarity and model enhanced

forecasting

adequacy tests

reliability and ensured theoretical
consistency. However, it was also observed that ARIMA
models may not offer the same level of representational
strength as trend-based approaches in long-term

projections.

One of the most notable findings of this study is that no
single model can satisfy all forecasting requirements. The
multi-model framework recommended in the literature is
empirically validated here. Regression-based models
demonstrate advantages in trend representation,
whereas time series approaches excel in capturing
internal dynamics. This comparison underscores the value
of model evaluation in enabling more balanced decision-

making in population projections.

From a regional perspective, the population series of
exhibits both
characteristics. Therefore, evaluating multiple modelling

Afyonkarahisar trend and dynamic
approaches is consistent with the holistic analytical
perspective advocated in the literature. The study’s
results indicate that classical statistical models remain
powerful tools, but their forecasting behaviour must be

interpreted carefully in decision-making contexts.

Overall, the findings suggest that model selection in
population forecasting should not be reduced solely to
error minimization. Factors such as representational
capacity, stability, and projection behaviour must also be
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considered. This evaluation supports the multi-model
framework emphasized in the literature and highlights
the importance of comparative analyses in regional
population projections.

More broadly, the results confirm that modelling
approaches offer different advantages depending on data
characteristics. When the ability of regression-based
models to capture long-term trends is considered
alongside the strength of time series methods in dynamic
structure analysis, it becomes clear that population
forecasting should not be constrained to a single
methodological framework. This multidimensional
evaluation reinforces that model selection should be
grounded not only in statistical error metrics but also in
forecasting behaviour and representational stability. To
validate the forecasting capability of the models against
the actual

2025 population value, a direct error

comparison is presented in Table 3.

Table 3. Population projections and error comparison for 2025
obtained from three different models.

were not implemented in this study due to dataset
limitations. The available dataset consists of only 42
annual observations (1982—-2024), which is insufficient for
training deep neural networks without significant
overfitting risks. Deep learning models generally require
datasets with higher granularity.

Therefore, interpretable statistical approaches were

larger temporal

considered more appropriate for this study.
3.2 Back testing analysis

To improve forecasting reliability, additional back testing
was conducted using multiple historical periods.
Forecasts were generated for 2020, 2021, 2022, 2023,
and 2024 using prior observations only. The predicted
values were then compared with actual observations to
evaluate multi-period forecasting consistency.

Table 4. Multi-Period Back Testing Results for Population
Forecasting Models (2020-2024)

Years Actual Linear Polynomial ARIMA
2020 245,405 243,912 248,774 245,188
2021 251,799 249,856 255,921 251,604
2022 256,902 254,973 261,884 256,447
2023 254,384 252,618 260,115 254,721
2024 257,436 255,741 264,209 257,118

Actual Estimated Error
Model Population Population Rate
of 2025 of 2025 (%)
Linear Regression 260,577 255,292 2.03
2nd Degree 260,577 280,738  7.74
Polynomial
ARIMA (1,1,0) 260,577 261,304 0.28

Table 3 presents a direct comparison between the actual
population value recorded for 2025 and the forecasts
produced by the three modelling approaches, enabling an
evaluation of their real-world predictive performance.
The results indicate that the ARIMA(1,1,0) model
achieved the lowest error rate, demonstrating a strong
capability to capture short-term temporal dynamics with
minimal deviation from the observed population value.
The linear regression model also produced a relatively low
error, reflecting its effectiveness in representing the
general population trend, although it is less sensitive to
short-term fluctuations. In contrast, the second-order
exhibited the highest
deviation, suggesting that its nonlinear structure may

polynomial regression model
amplify growth patterns during forward projection. These
findings emphasize that while polynomial models may
their
behaviour should be interpreted cautiously. Overall, the

provide excellent historical fit, extrapolation
comparison highlights the complementary strengths of
trend-based and time-series approaches and reinforces
the importance of validating forecasting models against
real-world observations to achieve balanced and reliable
population projections. Although recent studies have
employed deep learning models such as LSTM, BiLSTM,
GRU, and RNN for population forecasting, these methods

Table 4 further confirms the consistency of the
forecasting models across multiple historical periods. The
ARIMA model produced forecasts closest to the actual
values in most years, while the polynomial model
consistently generated higher estimates, supporting the
overfitting concern discussed earlier. The linear
regression model maintained relatively stable forecasts
but slightly underestimated population growth in several

periods.

4. Conclusions

In this study, population data of Afyonkarahisar covering
the period 1982-2024 were used to conduct a
comparative analysis of linear regression, second-order
polynomial regression, and the ARIMA(1,1,0) time series
model. The objective was to evaluate the forecasting
performance of different modelling approaches and to
produce reliable forward-looking projections. The
findings presented in the discussion section indicate that
the population series contains both long-term trend
components and time-dependent dynamic
characteristics. The validation against the actual 2025
population confirms that model evaluation should extend
fit toward

beyond statistical real-world predictive

reliability.

The linear regression model provided balanced long-term
projections by consistently representing the population
trend. Although the second-order polynomial regression
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model achieved a high level of fit to historical data, it
tended to exaggerate growth patterns in forward
projections. The ARIMA model captured the internal
dependency structure of the time series and generated
more realistic short-term forecasts. These differing
behaviours demonstrate that model performance should
be assessed not only through error metrics but also in
terms of forecasting stability and representational

capacity.

One of the key conclusions of the study is that no single
model can fully satisfy all forecasting requirements, and
that a comparative framework produces more balanced
projections. While
advantages in representing long-term trends, time series

regression-based models offer
approaches excel in analysing dynamic structures. This
finding empirically supports the multi-model evaluation
framework emphasized in the literature.

The projections obtained for Afyonkarahisar provide a

data-driven  reference  for  regional planning,
infrastructure investments, and the organization of public
services. The methodological framework employed in this
study is applicable to other regions with similar data
structures. In this respect, the research bridges classical
statistical modelling and regional demographic analysis,

contributing to decision-support processes.

Future studies may develop more comprehensive
projections by incorporating age group distributions,
migration patterns, and socioeconomic indicators into the
modelling framework. Additionally, integrating hybrid
and machine learning-based methods with classical
approaches may enhance forecasting accuracy. This study
demonstrates that population forecasting extends
beyond numerical prediction, serving as a scientific

foundation for sustainable planning processes.
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Abstract

This study presents the design and laboratory-scale validation of
a microcontroller-based accumulate-and-release discharge
mechanism developed to condition irregular and low-flow
building drainage streams for impulse turbine feeding. The
system is formulated as a hybrid hydraulic-control architecture
integrating continuous accumulation dynamics with event-
triggered state transitions. A threshold-based control law is
implemented to regulate the transition between accumulation
and discharge states, ensuring that water is released only when
sufficient hydraulic head and volume are available to generate
impulse-compatible outflow conditions. The framework is
experimentally validated using a laboratory-scale prototype
configured to operate under repeatable and isolated conditions
with clean water, allowing the intrinsic performance of the
control architecture to be assessed independently of fluid
variability. Experimental results from 20 consecutive discharge
cycles demonstrated a mean discharge duration of 5.00 s with a
standard deviation of 0.03 s, a repeatability index of Rl = 0.994,
and a hydraulic pulse stability index below 0.3%, confirming that
state-driven control can effectively decouple inflow irregularity
from turbine excitation requirements. The results demonstrate
the feasibility of converting intermittent drainage flows into
repeatable discharge pulses under controlled Ilaboratory
conditions. The findings indicate that intelligent, state-based
flow conditioning offers a preliminary framework for building-
integrated micro-hydropower systems, while remaining specific
to the hardware configuration evaluated in this study.

Keywords: Micro-hydropower; Automation; Ultrasonic level sensing;
Pelton turbine; Building-integrated energy recovery; Microcontroller
systems.

0z

Bu galisma, diizensiz ve diisiik akish bina drenaj akiglarini darbe
turbini  beslemesi igin sartlandirmak (izere gelistirilen
mikrodenetleyici tabanli  bir  biriktirme ve bosaltma

mekanizmasinin tasarimini ve laboratuvar 6lgekli dogrulamasini
sunmaktadir. Sistem, sirekli biriktirme dinamiklerini olay
tetiklemeli durum gegisleriyle entegre eden hibrit bir hidrolik
kontrol mimarisi olarak formile edilmistir. Biriktirme ve
bosaltma durumlari arasindaki gecisi dizenlemek igin esik
tabanli bir kontrol yasasi uygulanmistir. Bu sayede su, yalnizca
darbe uyumlu c¢ikis kosullari olusturmak igin yeterli hidrolik
basing ve hacim mevcut oldugunda bosaltilir. Sistem, temizsuiile
tekrarlanabilir ve izole kosullar altinda c¢alisacak sekilde
vapilandinlmis bir laboratuvar olgekli prototip kullanilarak
deneysel olarak dogrulanmistir. Bu da kontrol mimarisinin igsel
performansinin  akiskan degiskenliginden bagimsiz olarak
degerlendiriimesine olanak tanir. 20 ardisik bosaltma ¢evrimi
lizerinden elde edilen deneysel sonuglar, ortalama bosaltma
slresinin 5.00 s ve standart sapmasinin 0.03 s oldugunu,
tekrarlanabilirlik indeksinin Rl = 0.994 seviyesine ulastigini ve
hidrolik darbe kararlilik indeksinin %0.3’tin altinda kaldigini
gostermistir. Bu bulgular, durum tabanli kontrol yaklasiminin
giris akisindaki diizensizlikleri tiirbin uyarim gereksinimlerinden
etkin bir sekilde ayristirabildigini dogrulamaktadir. Sonuglar,
aralikh drenaj akiglarini kontrolli laboratuvar kosullari altinda
tekrarlanabilir bogaltma darbelerine doniistirmenin fizibilitesini
gostermektedir.  Bulgular, akilli, duruma dayal akis
kosullandirmasinin, bu g¢alismada degerlendirilen donanim
konfiglirasyonuna 6zgl kalmakla birlikte, binaya entegre mikro-
hidroelektrik sistemleri igin ©6ncl bir cergceve sundugunu
gostermektedir.

Anahtar Kelimeler: Mikro hidroelektrik; Otomasyon; Ultrasonik seviye
algilama; Pelton tiirbini; Binaya entegre enerji geri kazanimi;
Mikrodenetleyici sistemleri.

1. Introduction

Recovering renewable energy from existing building
infrastructures has attracted increasing attention in
recent years, particularly in high-rise buildings where
vertical water transport inherently contains exploitable

gravitational potential energy. Water supply and drainage
systems in tall buildings continuously move large water
volumes across significant height differences, creating
opportunities for decentralized micro-hydropower

generation without additional land use or major
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structural modifications. However, practical

implementation remains challenging due to highly
variable flow rates, intermittent discharge behavior, and
unstable hydraulic conditions that are incompatible with

conventional micro-hydroelectric turbine operation.

Previous research has explored various aspects of energy
efficiency, turbine performance, and energy recovery
potential in building-related water systems. Studies on
building water infrastructure have demonstrated that
system-level design improvements, such as optimized
tank placement and pressure regulation, can significantly
reduce energy consumption (Cheung et al. 2013; Zhao et
al. 2018). In parallel, the small hydropower literature has
reported substantial advances in turbine design, system
optimization, and grid integration (Ardizzon et al. 2014;
Ali et al. 2018). More recent studies have investigated the
feasibility of recovering energy directly from wastewater
and greywater streams in high-rise buildings (Hadad et al.
2022; Alnaab et al. 2025), as well as from building-
integrated water flows such as greywater discharge and
rainwater downpipes (Sarkar et al. 2014; Walker and
Duquette 2022; Carter et al. 2023). Although these
studies confirm the theoretical and techno-economic
potential of gravity-driven wastewater energy recovery,
they generally assume steady or quasi-steady flow
conditions and focus on energy vyield estimation or
turbine feasibility rather than on the active conditioning
of irregular flows prior to turbine interaction.

Extensive research on high-rise building drainage systems
further indicates that vertical wastewater transport is
inherently unsteady and prone to strong pressure
transients. Numerical and experimental investigations
have shown that conventional drainage design
approaches fail to maintain stable pressure conditions in
tall buildings, leading to air-water interaction effects, trap
seal depletion, and increased system vulnerability
(Gormley et al. 2021; Stewart et al. 2021). Comprehensive
reviews have also highlighted that building drainage and
sewer systems are dynamically coupled and that current
design standards do not adequately address transient
behavior or control-oriented mitigation strategies (Sharif
and Gormley 2021). These findings underscore that
wastewater flow in high-rise buildings is fundamentally
irregular and unsuitable for direct, uncontrolled energy

extraction.

For impulse turbines, such as Pelton turbines, efficient
operation critically depends on short-duration, high-
momentum water jets rather than continuous low-flow
streams. In contrast, building drainage systems generate
intermittent flows,

irregular, low-momentum, and

creating a fundamental mismatch between available
hydraulic conditions and turbine requirements. Despite
extensive research on energy potential, turbine
technology, and drainage hydraulics, the question of how
to actively transform stochastic building water flows into
repeatable, turbine-compatible hydraulic pulses has

received little attention.

From a control perspective, a wide range of more
advanced liquid-level control strategies already exist for
tank-based systems. Methods such as PID control, gain
scheduling, and logic-based
approaches have demonstrated effective performance in

nonlinear or fuzzy
continuous level regulation applications (Urrea and Paez
2021; Yesil and Sahin 2025). However, these approaches
are primarily designed to maintain steady-state or
tracking performance and are not intended to generate
discrete, event-based discharge patterns required for
impulse-type energy conversion systems.

At the same time, microcontroller-based automation

architectures have been widely applied in
electromechanical and energy systems to achieve reliable
sensing-decision-actuation  integration. Embedded

control frameworks have been successfully implemented
in applications such as motor drives, battery management
systems, automation, and SCADA-based
processes (Ozer et al. 2021; Kivrak et al. 2020; Keskin and
Eminoglu 2023; Aktiirk and Fidan 2009; Kili¢ and Ozdemir
2010). These studies highlight the robustness and
scalability of microcontroller-based control systems,
their
conditioning problems.

industrial

supporting applicability in hydraulic flow

Despite the growing interest in recovering energy from
building-associated water streams, a clear gap remains

between resource-oriented studies, which mainly

quantify theoretical recovery potential or evaluate

turbine  performance under assumed hydraulic

conditions, and the practical control challenge of
preparing irregular real-world building flows for stable
turbine interaction. In particular, the literature provides
only limited attention to experimentally validated
mechanisms that can transform intermittent and weak
building water inputs into

repeatable, impulse-

compatible discharge events suitable for micro-

hydroelectric generation.

Accordingly, the objective of the present study is to

design, implement, and experimentally evaluate a

microcontroller-based accumulate-and-release
mechanism that uses level sensing and threshold-
triggered actuation to condition irregular low-flow water

inputs into controlled discharge pulses under laboratory
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conditions. The contribution of the study lies in the
practical implementation and validation of a sensing-
decision-actuation architecture that addresses the flow-
conditioning stage, which is often overlooked in building-
scale micro-hydropower research. Rather than proposing
an advanced adaptive control framework or a full-scale
study
demonstrating the feasibility, operational logic, and

wastewater validation, the focuses on
repeatability of a simple active flow-conditioning concept

as a baseline proof-of-concept platform.

The remainder of the paper is organized as follows.
Section 2 describes the materials, experimental setup,
and control logic of the proposed system. Section 3
and discusses

repeatability
characteristics. Finally, Section 4 summarizes the main

presents the experimental results

operational performance and

findings, outlines the limitations of the present work, and
highlights directions for future research.

2. Materials and Methods
2.1 System overview

The laboratory-scale prototype is constructed around a
multi-compartment tank designed to
incoming water and stabilize inflow dynamics, serving as

accumulate

the central reservoir for the system. To monitor the
accumulation process, an ultrasonic level sensor is
strategically mounted above the final compartment,
providing real-time feedback for the automation logic.
The release mechanism is governed by a servo-driven
metal discharge gate, which directs the flow toward a
Pelton turbine coupled with a DC generator positioned
directly beneath the outflow channel. In this
configuration, the tank functions primarily as a hydraulic
buffering unit, regulating the intermittent supply by
ensuring that water is released only once the
predetermined level is reached. During the experiments,
water was manually supplied from a reservoir, and the
inlet flow rate during the accumulation stage was
maintained under controlled and approximately steady
conditions with a nominal value of approximately 0.63
L/s. The discharge side flow rate used in the energy output
estimation was measured separately during the clean
water discharge tests and is reported in Table 1. This
approach allowed the level-triggered control mechanism

to be evaluated independently of inflow variability.
2.2 Hardware components

The hardware components are custom-made three-
tank
compartment: 200 mm x 300 mm x 300 mm), automation

compartment metal (dimensions of each

subsystem, Pelton turbine, and a 12 V DC generator. The

Pelton turbine used in the experimental setup has a
runner diameter of 150 mm and is directly coupled to a
DC generator with a nominal power rating of 300 W. The
automation subsystem incorporates a microcontroller, an
ultrasonic sensor for liquid level measurement (Manorshi,
JSN-SR04T-3.0) mounted 50 cm above the tank bottom, a
high-torque servo motor for gate control (EMAX,
ES3005DE), custom-fabricated steel discharge gate (2.5
mm thickness, 35 cm length). The ultrasonic sensor
resolution and repeatability were sufficient for the
defined threshold-based operation, as the control
strategy relies on relative level detection rather than
continuous high-precision measurement.

Figure 1 depicts the assembled laboratory prototype of

the micro-hydroelectric energy recovery system,

including the multi-compartment tank, ultrasonic sensor,

motor-driven gate, and turbine assembly. The
experimental setup is vertically oriented on a structural
steel frame to simulate the potential energy

characteristics of a high-rise building drainage stack. The
upper
compartment water tank, which functions as the
hydraulic accumulation unit. Below the tank, the PVC
piping system channels the discharge towards the

section houses the custom-designed multi-

generation unit located at the base. The bottom section
features the Pelton turbine coupled with a DC generator,
positioned specifically to intercept the high-momentum
water jet released by the automated gate. This layout
allows for the isolation and testing of the discharge
mechanism independent of external plumbing variables.

Figure 1. Laboratory prototype of the micro-hydroelectric
system.

Figure 2 presents the detailed integration of the
automation subsystem's hardware components. The
figure highlights the Arduino UNO microcontroller, which
serves as the central processing unit, wired via a

breadboard interface to manage signal input and output.
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The close-up views illustrate the mechanical actuation
assembly, featuring the ES3005 servo motor securely
mounted to the tank chassis. The servo arm is
mechanically linked to the custom-fabricated steel
discharge gate,

Furthermore, the installation of the ultrasonic sensor is

enabling vertical motion control.
shown positioned above the tank compartment, a critical
configuration for ensuring precise, non-contact liquid
level measurement during the accumulation cycles.

2.3 Control Architecture and Hybrid System Formulation

The proposed automatic discharge mechanism is
formulated as a hybrid hydraulic-control system in which
continuous fluid accumulation dynamics are coupled with
discrete, event-triggered actuation. Unlike purely passive
stabilization mechanisms, the present architecture
introduces deterministic switching logic that actively
regulates the transformation of stochastic inflow

conditions into repeatable hydraulic pulses.

Let h(t) denote the instantaneous water level inside the
accumulation compartment and A represent the effective
cross-sectional area of the tank. Under intermittent
inflow conditions, the level dynamics can be expressed as:

A() = 420 (1

where Q;,(t) represents the time-varying inflow rate
originating from upstream building drainage. Since Q;, (t)
is inherently stochastic and irregular in real building
systems, the level evolution constitutes a continuous
state subject to uncertainty.

In the absence of active control, such irregular inflow
would directly propagate to the turbine inlet, resulting in
unstable and low-momentum excitation conditions

incompatible with impulse turbine operation.

The discharge gate is governed by a binary control
variable u(t) € {0, 1}, where:

0 h(t) < hey

u(®) = {1 h(t) = hep (2)

Here, hyy, is the predefined activation threshold, u(t)=0
corresponds to accumulation mode (gate closed), u(t)=1
corresponds to discharge mode (gate open).

This switching rule defines the system as an event-
triggered hybrid state machine in which a continuous
hydraulic variable governs discrete control transitions.
Once the measured level reaches the threshold, the
system deterministically transitions from accumulation to
discharge mode.

Unlike time-based scheduling, this state-based activation
ensures that discharge occurs only when sufficient
hydraulic head is available to generate
compatible outflow conditions.

impulse-

To extend the mechanism beyond a purely fixed-time
release structure, the discharge duration is parametrically
coupled to the triggering head level. The release time is
defined as:

tg ="t + k(htrigger — her) (3)

il 1 W

Figure 2. Experimental prototype of the automated discharge conditioning system (1. Microcontroller, 2. Servo Motor, 3. Ultrasonic
Sensor, 4. Gate Assembly, 5. Tank compartment, 6. Discharge outlet)
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where, tq is the discharge duration, to is the minimum
base release time, k is a proportional discharge gain, and
hirigger is the measured level at the activation instant. This
quasi-adaptive pulse shaping
behavior without introducing full closed-loop feedback

formulation enables

complexity. Higher accumulated head results in
proportionally extended discharge duration, thereby
adjusting the hydraulic pulse energy in accordance with

stored potential energy.

The control parameters were defined based on the
physical constraints of the experimental setup and
empirical tuning. The threshold level was set to hi =14.90
cm, corresponding to the minimum hydraulic head
required to produce a stable discharge jet under the given
tank geometry and sensor configuration. The discharge
duration parameters were selected as to = 4.9175 s and
k = 075
experimentally to achieve a nominal discharge duration

s/cm. These values were determined

of approximately 5.00 s with minimal cycle-to-cycle
variation. The selected parameter set yielded a standard
deviation of approximately 0.03 s and highly repeatable
discharge behavior. It should be noted that these
parameters are system-dependent and may vary with
tank dimensions, hydraulic head, and inflow conditions.

Accordingly, the proposed architecture functions as a
threshold-triggered discharge mechanism with a level-
dependent behavior.

For impulse turbines such as Pelton wheels, performance
depends primarily on jet velocity and momentum rather
than continuous volumetric flow rate.

Assuming gravitational discharge conditions, jet velocity
can be approximated as:

v=,2gh (4)

where g denotes gravitational acceleration. Since

volumetric flow is proportional to Vi, the instantaneous
hydraulic momentum scales approximately with:

M a ph3/? (5)

where p is fluid density. The effective impulse delivered
to the turbine during a discharge event is therefore
proportional to:

Impulse a h®/%t, (6)

By coupling discharge duration t; with the triggering
level, the proposed controller regulates not only the
occurrence of discharge events but also the momentum
characteristics of each hydraulic pulse.

This pulse shaping perspective provides a control-

theoretic interpretation of the mechanism and

establishes a formal link between hydraulic state

regulation and turbine excitation consistency.

The overall architecture can thus be interpreted as a
hybrid dynamical system composed of:

e Continuous accumulation dynamics governed by
stochastic inflow,

e Discrete state transitions triggered by level
thresholds,

e A predefined discharge duration used to release
the stored hydraulic head.

Such formulation decouples inflow irregularity from
turbine excitation requirements and transforms the
accumulation release process into repeatable hydraulic
pulses under controlled laboratory inflow conditions.

By embedding sensing, decision, and actuation within a
unified state-based framework, the proposed mechanism
operates as an active hydraulic conditioning controller
rather than a passive storage-release device.

3. Results and Discussions

The control logic implemented on the microcontroller
follows a threshold-based decision structure. When the
measured liquid level reaches a predefined height, the
servo-actuated gate was opened according to the
implemented discharge control logic within a nominal
operating duration range, after which the gate is closed
to initiate a new accumulation cycle. Beyond its practical
implementation at the hardware level, the proposed
discharge mechanism can also be interpreted within a
formal control-theoretic framework, which provides a
structured basis for analyzing its repeatability and
temporal behavior. From a control-theoretic standpoint,
the proposed discharge mechanism can be modeled as a
discrete-state, event-triggered hybrid system in which
continuous hydraulic accumulation dynamics are coupled
with discrete control actions. The system state is defined
by the water level in the accumulation tank, which
evolves continuously over time as a function of inflow
conditions, while the control input corresponds to the
state of the
(open/closed). Level measurements acquired via non-

binary actuation discharge gate
contact sensing are mapped to a discrete decision
variable through a threshold-based state transition rule,
effectively partitioning the system behavior into
accumulation and discharge modes. The embedded
controller implements a deterministic switching logic that
triggers a state transition once the measured level crosses
a predefined boundary condition, thereby enforcing

repeatable impulsive outflow events. In this formulation,
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the discharge duration is treated as a programmed
discharge interval control action, constraining the system
trajectory and preventing inflow-induced variability from
propagating into the output dynamics. The resulting
structure resembles a hardware coupled state machine
implementing threshold-based switching, where physical
hydraulic states and embedded control logic evolve
synchronously within each experimental cycle. By
constraining both the sensing geometry and actuation
timing, the electronic control layer reduces the effective
system uncertainty and enables the generation of
repeatable hydraulic pulses under the controlled inflow
conditions of the laboratory setup. This state-based
experimental configuration allows the discharge behavior
to be evaluated in terms of repeatability, transition
consistency, and temporal stability, independent of
stochastic inflow characteristics, thereby providing a
rigorous framework for validating impulse-compatible
hydraulic conditioning strategies.

The experimental evaluation of the proposed control
strategy revealed several key operational characteristics.
First, the integration of the ultrasonic module ensured
precise non-contact level detection, allowing for the
accurate identification of the hydraulic head threshold.
This sensing accuracy translated into highly repeatable
triggering sequences, with negligible timing deviation
observed across multiple test trials. Furthermore, the
tank geometry and inlet flow conditions were maintained
constant, while the discharge duration operated around a
nominal target defined by the control logic to isolate
system timing performance. Finally, the servo-based
actuation exhibited consistent and repeatable operation
during the experimental trials. A total of 20 discharge
cycles were completed without missed actuation events
or gate malfunction, and no observable variation in valve
response behavior was detected. The use of clean tap
water minimized mechanical resistance and flow-related
disturbances, allowing the intrinsic behavior of the
electromechanical actuation mechanism to be observed
under controlled laboratory conditions.

Figure 3 illustrates the block diagram summarizing the
general system architecture and the signal-energy flow of
the proposed automatic water discharge mechanism. The
process initiates with the detection of the water level in
the final compartment of the tank by the Ultrasonic Level
Sensor. The analog data obtained from the sensor is
transmitted to the Arduino Microcontroller, which serves
as the decision-making unit of the system. The
microcontroller processes this data through logical
operators within its embedded software to determine

whether the water level has reached the specific

threshold. Once the condition is met, the control unit
sends a PWM signal to the Servo Motor. This electrical
signal is converted into mechanical torque by the servo
motor, actuating the opening of the Metal Discharge
Gate. Upon the gate's opening, the released water mass
is directed toward the Pelton Turbine via gravity, where
hydraulic potential energy is converted into mechanical
kinetic energy at the turbine blades. This schematic
clearly demonstrates the linear and hierarchical working
principle of the automation system, extending from
sensor data acquisition to actuator movement.

Ultrasonic Level Sensor |—Distance Data—¥ Arduino Microcontroller

PWM Signal

Servo Motor

Mechanical Actuation

Discharge Gate

Water Flow

Pelton Turbine

Figure 3. Block diagram of the automatic water discharge
mechanism.

Figure 4 details the flowchart of the automated discharge
mechanism based on water-level monitoring and trigger-
dependent gate actuation. After initialization (“Start”),
the microcontroller continuously monitors the tank level
by reading the ultrasonic sensor (“Read Water Level”).
The algorithm then evaluates whether the measured level
exceeds the predefined trigger threshold. If the level
remains below this threshold, the control logic follows the
“No” branch and continues monitoring the tank until the
trigger condition is met. When the water level reaches or
exceeds the threshold (“Yes”), the controller assigns a
discharge duration based on the trigger level and initiates
the actuation sequence. The servo motor is commanded
to open the discharge gate (“Open Gate-Servo
Actuation”), allowing the accumulated water to be
released. The gate remains open for the assigned
discharge duration (“Hold Gate Open for Assigned
Duration”), after which the servo motor resets to the
closed position (“Close Gate-Servo Reset”). The algorithm
then returns to the monitoring state, where the water
level is continuously measured in preparation for the next
accumulation and discharge cycle. This cyclic routine
enables intermittent drainage flows to be conditioned
into repeatable discharge pulses suitable for downstream

micro-hydropower operation.
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Read Water Level

Is water level >= trigger
threshold?

\

Assign Discharge Duration
according to trigger level

|

Open Gate - Servo Actuation

|

Hold Gate Open for assigned
duration

l

‘ Close Gate - Servo Reset

Continue Monitoring

Return to Monitoring

Figure 4. Operational flowchart of the automated discharge
mechanism based on water-level monitoring and trigger-
dependent gate actuation.

3.1 Control Performance Evaluation

To quantitatively validate the deterministic behavior of
the proposed hybrid control architecture, a series of
repeated discharge experiments were conducted under
controlled laboratory conditions. While previous sections
qualitatively described the repeatability of the
accumulate-and-release strategy, the present subsection
introduces explicit performance metrics to assess
triggering accuracy, discharge stability, and actuation

reliability.

The evaluation was performed over 20 consecutive
discharge cycles under steady inflow conditions. The
ultrasonic sensor continuously monitored the tank level,
and discharge events were triggered according to the
threshold-based switching logic described in Section 2.3.

For each cycle, the following parameters were recorded:
-Triggering water level hiigger

-Actual discharge duration tq4

-Gate actuation response time

-Cycle-to-cycle head deviation

Time measurements were obtained using internal

microcontroller timing routines with millisecond

resolution.

To assess control performance, the following quantitative
indices were defined.

Trigger Timing Error

The deviation between theoretical threshold crossing and
actual actuation instant is defined as:

e = |tactual - tthresholdl (7)

where tireshoia 1S the instant when h(t) = hy, and
tactuar 1S the servo activation time. This metric evaluates
the responsiveness of the sensing—decision—actuation
chain.

Discharge Duration Variance

Cycle-to-cycle consistency of discharge duration is
quantified by:

1 —\2
ea® =~ XN (tq; — ta) (8)

where t,; represents the mean discharge duration over N
cycles. Low variance indicates stable pulse generation.

Repeatability Index

To provide a normalized performance indicator, the
repeatability index (RI) is defined as:

RI=1-2¢ (9)

ta
An Rl value approaching unity indicates highly repeatable
discharge behavior.

Hydraulic Pulse Stability Index

To evaluate the consistency of triggering level across
cycles:

PSI = %’1 (10)

where gy, is the standard deviation of triggering level and
h is the mean triggering level. This index reflects the
stability of threshold detection.

Across the 20 experimental cycles the discharge duration
operated around a nominal target of 5 s, with a measured
mean of 5.00 s and a standard deviation of 0.03 s under
the tested laboratory conditions. Other parameters were
as follows:

e  Mean trigger level: h=15.01 cm

e Standard deviation of trigger level: 6,,=0.04 cm

Average trigger timing error: 8 ms

e Servo actuation latency: 15 ms
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The calculated repeatability index was RI=0.994,

indicating highly consistent discharge performance.

Similarly, the hydraulic pulse stability index remained
below 0.3%, confirming that level-based switching
operates with minimal variation. To illustrate the
repeatability and temporal consistency of the control
system, the cycle-by-cycle variation of ty and hrigger is
presented in Figure 5 and Figure 6, respectively. Both
parameters remain tightly distributed around their mean
values across 20 consecutive experimental cycles. No
observable drift or systematic deviation is detected,
confirming the stability of the level-triggered control
mechanism under controlled operating conditions.

The low trigger timing error demonstrates that the
ultrasonic sensing module and embedded decision logic
introduce negligible latency relative to hydraulic time
constants. The small discharge duration variance confirms
that the programmed discharge timing maintains
temporal stability across repeated cycles.

Notably,
experiment
reliability. Any successful repeatability can therefore be
directly attributed to the sensing, algorithmic, and
mechanical design rather than variations in water quality.

because clean tap water was used, the

isolates the control system’s intrinsic

The created hydraulic pulses were consistent across trials,
demonstrating that well-timed automated discharges can
serve as a practical method for stabilizing input conditions
for micro-hydropower extraction in buildings.
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Figure 5. Cycle-by-cycle variation of tq over 20 consecutive

experimental cycles.
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Figure 6. Cycle-by-cycle variation of hiigger OVer 20 consecutive

experimental cycles.

The seamless integration of the ultrasonic sensing and
servo actuation units validates the proposed accumulate-
and-release strategy as a robust solution for overcoming
the hydraulic limitations of standard building drainage
systems. By converting irregular and low-momentum
inflows into discrete, high-energy jets, the generated
hydraulic pulses are compatible with the operational
requirements of impulse-type turbines. Consequently,
the high repeatability observed in the discharge cycles
confirms that this automation architecture demonstrates
the potential of automated discharge strategies to
improve hydraulic conditions for small-scale energy
recovery systems. Unlike conventional continuous-flow
approaches that fail to generate sufficient torque under
low-flow conditions, this discontinuous discharge
mechanism effectively functions as a hydraulic pulse

generator.

The implemented control logic is threshold-based and
does not include adaptive feedback optimization. The
experimental validation was conducted under clean
water laboratory conditions. Comparative evaluation
with advanced adaptive control strategies was beyond
the scope of this proof-of-concept study. Similarly,
instantaneous power outputs and total energy produced
by the system are not within the scope of this work since
the duration of each discharge cycle is not suitably long
for this purpose but suitable for testing of our novel
threshold-based control architecture proposed here.
Regardless of this scope, we have performed a practically
useful and relevant energy-output analysis based on our
experimental flow rate measurements with clean water
with the parameters described in Table 1.

Table 1. Discharge side clean water flow parameters used for
the energy-output estimation.

Density Flow vlc\a,:zsi:y Viscosity
kg/L rate (L/s mPa.s
(ke/L) ws e (mPa.s)
0.9888 0.7849 0.5945 0.8562

The measured discharge parameters were used to
calculate instantaneous power output by the shaft of the
DC motor as:

Pout = Mot (PgAH)Q (11)

where 7., represents overall efficiency of the Pelton
turbine-generator system. The p, g, AH in the equation
are respectively clean water density, gravitational
acceleration and net head between water tank and Pelton
turbine inlet. ‘Q’ is the measured volumetric flow rate
here, which can also represent discharged water flow rate

per unit apartment in each floor. Calculations were
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(with the
assumption of that each floor has 3 m height and has four

extended into multiple-floor buildings
units implying four main discharge lines per floor) to
predict potential yearly energy outputs for such systems
as given in Figure 7. Average daily operation time was

fairly taken as 12 hours/day during the year.

The plot shows linear increase of energy output as a
function of number of floors with continuously increasing

distance between the lower and upper bounds. The
predicted yearly energy output range for typical 10-floor
building varies between 1200.1 to 2000.1 kWh with a
range width of 800 kWh. The average value is thus 1601
kWh. These numbers may not seem significantly high;
however, the full energy is produced from an untouched
component of a building, which is generously wasted
water in drainage systems.

Paotential Yearly Energy Outputs by Micro-Pelton Turbine
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20 25 3n

Number of Bullding Floors Including Basement

Figure 7. Predicted potential yearly energy outputs of multiple-floor buildings using micro Pelton turbines for energy generation from
wastewater discharge lines (The lower and upper boundaries of the energy output region are obtained by using typical range of 0.30
and 0.50 of n¢,under similar flow rates given by Delgado-Currin et al. 2025).

The experimental results indicate that the proposed
system does not merely function as a passive storage-
release unit, but as an active hydraulic conditioning
mechanism  for  impulse-type  micro-hydropower
applications. Under laboratory conditions, the system
produced highly repeatable discharge events, with a
mean discharge duration of 5.00 s, a standard deviation
of 0.03 s, a repeatability index of 0.994, and a hydraulic
In addition, the

measured trigger timing error of 8 ms and servo actuation

pulse stability index below 0.3%.

latency of 15 ms were negligible compared with the
overall discharge duration. These results show that the
sensing-decision-actuation sequence can generate stable
and repeatable hydraulic pulses without significantly
disturbing the discharge process.

This finding is important when compared with previous
studies on building-integrated water and wastewater
energy recovery. Earlier studies have generally focused on
estimating the energy potential of greywater, rainwater,
or wastewater flows, or on evaluating turbine-based
recovery systems at the building scale (Cheung et al.
2013; Sarkar et al. 2014; Zhao et al. 2018; Hadad et al.
2022; Walker and Duquette 2022; Carter et al. 2023;
Alnaab et al. 2025). However, these studies mostly treat

the available flow as a direct input for energy recovery. In
contrast, the present study addresses the upstream flow-
conditioning problem by experimentally demonstrating
how low and irregular inflows can be accumulated and
converted into short, repeatable, impulse-compatible
discharge events before turbine interaction. Therefore,
the main contribution of this study is not the use of a
itself, but
microcontroller-based

Pelton turbine the validation of a
accumulate-and-release
mechanism that reduces the dependence of turbine

excitation on inflow irregularity.

The need for such a conditioning stage is also supported
by studies on high-rise building drainage hydraulics.
Wastewater flows in tall buildings are known to be
unsteady and affected by air-water interaction, pressure
fluctuations, trap-seal behavior, and transient hydraulic
conditions (Gormley et al. 2021; Stewart et al. 2021;
Sharif and Gormley 2021). These characteristics make
direct turbine feeding technically challenging, especially
for impulse turbines that require concentrated, high-
momentum jets rather than weak and intermittent flows.
From this perspective, the threshold-triggered
mechanism proposed in this study offers a practical

control-oriented solution to a problem that is often
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implied in the literature but rarely addressed

experimentally.

The proposed control approach also differs from
conventional liquid-level control systems. While many
tank-control studies aim to maintain a stable level or track
a reference trajectory using methods such as PID, fuzzy
logic, or nonlinear control strategies (Urrea and Paez
2021; Yesil and Sahin 2025), the objective here is
different. The system intentionally allows water to
accumulate until a threshold level is reached and then
releases it as a discrete hydraulic pulse. Thus, the
event-triggered pulse-
generation mechanism rather than a continuous level-

controller operates as an

regulation system.

The estimated annual energy output of 1200.1-2000.1
kWh for a representative 10-floor building, with an
average value of approximately 1601 kWh, is comparable
in magnitude with previous building-related micro-
hydropower studies. For example, Sarkar et al. (2014)
reported approximately 2500 kWh/year for a 20-story
building, while Walker and Duquette (2022) estimated
1308 kWh/year for a 23-story wastewater-driven system.
Although direct comparison is limited by differences in
building height, flow assumptions, turbine configuration,
and efficiency values, the present results suggest that the
proposed mechanism can provide a more controlled
hydraulic input for future turbine-generator optimization.

Overall, the study demonstrates that microcontroller-
based hydraulic pulse generation can be used as a
preliminary flow-conditioning strategy for building-
integrated micro-hydropower systems. However, the
results should be interpreted within the limits of the
laboratory-scale clean-water experiments. Future studies
should evaluate the system under realistic wastewater
conditions, long-term operation, and actual building-scale

flow variability.
4. Conclusions

This study presented the design and experimental
validation of a microcontroller-based automatic discharge
mechanism developed to condition intermittent and low-
flow water streams for building-integrated micro-
hydropower applications. The proposed system was
formulated as a hybrid hydraulic-control architecture,
integrating continuous accumulation dynamics with
event-triggered state transitions and controlled discharge
timing for pulse generation. In this respect, the study
contributes to the building-integrated micro-hydropower
literature by addressing the flow-conditioning stage,

which is generally overlooked in studies that mainly focus

on theoretical energy potential, turbine feasibility, or
system-level energy estimation.

Unlike
presented approach actively regulates hydraulic head

passive storage-release mechanisms, the
prior to turbine interaction. By regulating discharge

timing through a level-triggered control logic, the
mechanism operates as a pulse-generation controller
rather than a simple passive valve, thereby establishing a
structured relationship between stored potential energy

and turbine excitation conditions.

Quantitative evaluation demonstrated millisecond-scale
timing resolution based on microcontroller time-stamp
measurements, negligible cycle-to-cycle variation in
discharge duration, and highly stable threshold detection
behavior. Quantitative evaluation demonstrated that the
threshold-triggered  mechanism  generated highly
repeatable discharge events under controlled laboratory
conditions. The mean discharge duration was 5.00 s with
a standard deviation of 0.03 s, while the repeatability
index reached Rl = 0.994 and the hydraulic pulse stability
index remained below 0.3%. These findings confirm that
the sensing-decision-actuation operate
deterministically and can reduce the propagation of
inflow variability into turbine excitation conditions under

the tested configuration.

chain can

The predicted yearly energy-output range for a 10-floor
building was estimated between 1200.1 and 2000.1 kWh,
with an average value of approximately 1601 kWh. This
result indicates that drainage-based micro-hydropower
may provide a supplementary

energy recovery

opportunity in high-rise buildings. However, this
estimation should be interpreted cautiously because it is
based on clean-water discharge measurements, assumed
efficiency values, and a controlled laboratory-scale
configuration.

Although clean-water testing enabled the intrinsic
behavior of the control architecture to be isolated, it also
limits the direct generalizability of the results to real
wastewater applications. Future work should therefore
focus on real wastewater validation, long-term clogging
and fouling behavior, variable inflow conditions, adaptive
threshold

generator integration.

optimization, and closed-loop turbine-

Overall, the results demonstrate that deterministic, state-
based hydraulic conditioning constitutes a programmable
control strategy suitable for similar laboratory-scale
implementations. Future work may focus on adaptive
gain optimization, integration with real wastewater flows,
and closed-loop turbine-generator coupling to further
enhance system-level energy performance.
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Oz

Dinyada en 6nemli can ve mal kaybina neden olan afetlerin
basinda kaya diismeleri gelmektedir. Bu kayiplara ek olarak
tarihi ve kiltirel miras alanlarinda meydana gelen tas diismesi
afet olaylarinda kultiirel ve ekonomik kayiplar da ortaya
ctkmaktadir. Ulkelerin kiiltiirel miras varliklarini korumak,
bolgedeki halkin ekonomik sirdirilebilirligini saglamak ve
ziyaretgilerin can ve mal kaybinin 6nline ge¢mek igin bu
potansiyel afet alanlarinin belirlenmesi 6énemli bir husustur.
Diinyada ve lilkemizde ¢ok dnemli bir yere sahip olan Aksaray ili
lhlara vadisi kaya oyma yapilardan olusan hem tarihi hem de
dogal bir turizm alanidir. Bu galisma kapsaminda insansiz hava
araci (iHA) kullanarak, arazinin sayisal yiizey modeli (SYM) ve
ortofotosu olusturulmus, yersel olgmeler ile desteklenerek
potansiyel kaya diismesi alanlari belirlenerek simiile edilmistir.
Bu calisma ile arazinin 3B modelinin iHA kullanarak
Uretilebilecegi ve potansiyel kaya diisme alanlarinin kisa siirede
ve yliksek hassasiyette belirlenebilecegi gérilmustar.

Anahtar Kelimeler: Aksaray, Ihlara, Belisirma,

Rockyfor3D, RF3D

kaya dismesi,

Abstract

Rockfalls rank among the leading causes of loss of life and
property worldwide. In addition to these losses, rockfall
incidents occurring in areas of historical and cultural heritage
also result in cultural and economic losses. Identifying these
potential disaster areas is crucial for protecting a country’s
cultural heritage assets, ensuring the economic sustainability of
the local population, and preventing loss of life and property
among visitors. The lhlara Valley in Aksaray Province, which
holds a very significant place both globally and in our country, is
a tourism area of both historical and natural significance,
comprising rock-cut structures. Within the scope of this study, a
digital surface model (DSM) and orthophotos of the terrain were
generated using an unmanned aerial vehicle (UAV), and
potential rockfall areas were identified and simulated with the
support of ground-based measurements. This study
demonstrated that a 3D model of the terrain can be produced
using a UAV and that potential rockfall areas can be identified
quickly and with high accuracy.

Keywords: Aksaray, Ihlara, Belisirma, Rockfall, Rockyfor3D, RF3D

1. Giris

Kaya dismesi tim dinyada can ve mal kaybina neden
olan en 6nemli afetlerin basinda gelmektedir (Ulamis,
2026). Kaya dasmeleri daglik, engebeli araziler, sev
yarmalari, acik veya kapali maden ocaklari gibi yizey
plrizliga fazla olan yerlerde meydana gelen istatistiksel
olarak depremlerden sonra yerlesim alanlarina en ¢ok
zarar veren dogal afet tartudiur (Akin vd., 2020; Durmus
vd., 2025). Kaya kitleleri, saglam kaya bolumleri ile bu
bolimleri ayiran bir ya da birden fazla siireksizlikten
meydana gelmektedir. Sev duraysizhigl tirleri icinde
onemli bir yer tutan kaya diismesi ise, yamag¢ veya

sevlerde sureksizlik ylzeyleri boyunca ayrisan kaya

bloklarinin yergekimi etkisiyle, egim dogrultusunda ani ve
yiksek hizda diismesi sonucu olusmaktadir (Volkwein vd.
2011). Kaya dismesi alanlarinin sik olarak gergeklestigi
sev ve yamaclarda kaynak zonda meydana gelen
sireksizlik yapisi meteorolojik siirecler, deprem ya da
yapay sarsintilar gibi nedenlerle serbest olarak egim
yoniinde harekete gecer ve egimin azalmasina ve distigi
yerdeki toprak tipine bagh olarak sigrayarak veya
yuvarlanarak hareket ederler (Ritchie, 1963). Bu dogal
afetin olusmasina ve hizlanmasina neden olan en énemli
kriterler olarak meteorolojik olaylar gosterilmektedir.
Gece ve giindiz sicakliklarinin fazla, yagisin bol, ayrica
donma-¢oziilme sireglerinin sik gerceklestigi bolgelerde

kaya dismeleri sik olarak gerceklesmektedir (Akin vd.,
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2020). Hem can hem de mal kaybina sebep veren bu afet
tlrindn 6nceden belirlenmesi ve 6nlem alinmasi 6nemli
bir husustur. Ozellikle niifusun yogun oldugu ve ekonomik
faaliyetlerin fazla oldugu yerlerde meydana gelebilecek
bu afet tlriiniin 6nceden belirlenmesi hem maddi hem de
manevi kayiplarin dnline gegmek igin bilyik 6nem teskil
etmektedir (Leroi, 2005). Kaya diismesi tehlikesi agisindan
daha akilci ve ekonomik afet risk yonetimi gelistirilerek
hem vatandaslarin hem de kamu biit¢esinde olusacak
zararlar minimize edilmelidir.

Kaya dismesi tehlikesi analizleri birgcok girdi verinin
birlikte degerlendirmesi gereken karmasik ve cok asamali
bir islemdir. insan giiciiniin erisemeyecegi mesafelerde ya
da zorlu arazi sartlarinda ¢ok detayli analizlerin yapilmasi
teknolojinin ilerlemesiyle mimkiin olmustur (Volkwein
vd., 2011). Geleneksel 2B yontemler karmasik topografik
oOzellikleri ve yanal sagilmalari tam olarak yansitamadigi
gorilurken glincel calismalarda yaygin olarak kullanilan 3
boyutlu (3B) yontemler ile kaynak zondaki
yuksekligi, acisi, topografik ve jeolojik 6zellikleri dahil
bircok bilgi edinilebilmektedir (Akin vd., 2020; Ulamis,
2026; Zengin & Ulamis, 2025). 3B yontemler ise kaya
dismesi hareketini topografya Uzerindeki gergek arazi

sevin

degerleri Uzerinden simiile eden yazilimlar araciligiyla
yapilmaktadir (Bartelt vd., 2016; Guzzetti vd., 2002, 2003;
Lan vd., 2007; Volkwein vd., 2011). Bu yontemler
karmasik arazi yapisini daha iyi modelledigi icin bloklarin
yoringelerini, enerjilerini ve hizlarini daha gergekgi bir
sekilde simule ederler (Abbruzzese & Labiouse 2020, L. K.
A. Dorren vd. 2006, Ersoy vd. 2019).

tehlikesi analizlerinde simile edilen

modelin dogrulugu girdi

Kaya dismesi
parametrelerinin kalitesiyle
dogru orantilidir. Ozellikle insansiz hava araglari (IHA) ve
fotogrametrik  yontemlerle elde edilen ylksek
¢ozunirluge sahip sayisal yiukseklik modeli (SYM) gercege
yakin modelleme igin ¢ok kritik bir parametredir (Glingér
vd., 2025; Zengin & Ulamis, 2025). Bu sayede hem yiksek
dogrulukta hem de c¢ozunirlikte elde edilen SYM
Uretilecek tehlike analizini daha hassas olarak kullaniciya

sunulmasini saglamaktadir.

Bu calismada da gec¢misten bu yana kaya dismesi
acisindan bir problem haline gelerek bircok kez kaya
dismesi olayl meydana gelen tarihi ve kiltiirel bir mirasa
sahip ayni zamanda yogun bir ziyaretci yogunluguna sahip
bir calisma alaninda 3B similasyon yodntemleri
kullanilarak kaya dismesi tehlikesi analizleri yapilmasi
amaclanmistir. Bu kapsamda ortofoto ve SYM'ler icin IHA

ve kaya dismesi tehlikesi analizleri icin RocyFor3D (RF3D)

yazihmi  kullamilmigstir.  RF3D  yazilmi igin  gerekli
icin Python dilinde vyazilan bir arag
(Polat, 2020). Analizler

sonucunda kaya bloklarinin enerji miktarlar, sigrama

parametreler
kullanilarak Uretilmistir
yikseklikleri ve ulasabilecegi en uzak mesafeler elde
edilerek bu veriler 1si8inda kaya dismesi tehlikesi olan
bolgelerin belirlenmesi hedeflenmistir

2. Materyal ve Metot
2.1 Calisma Alani ve Genel Ozellikleri

CGalisma alani Aksaray ili Glizelyurt ilgesine bagli Belisirma
Kasabasi sinirlari igerisinde 34°17°10” 34°17'32"”
enlemleri ve 38°15’50” — 38°16’00” boylamlari arasinda
yer almaktadir (Sekil 1). Belisirma, Aksaray il merkezine
42 km ve Guzelyurt ilgesine ise 11 km mesafede yer
almakta ve Nevsehir iline 95 km uzakliktadir (Pekak &
Soykan 2013). Belisirma, lhlara Vadisi Ozel Cevre Koruma
Bolgesi alani igerisindeki en 6nemli turizm alanlarindan
biridir. Koy, icerisinde yer alan Kirkdamalti, Bahaddin
Samanhgi, Direkli ve Ala Kiliseleri gibi 11. ve 13. ylizyillarda
yapilmis dini mekanlari ve etrafinda yer alan tarihi kaya
oyma mekanlari ve her yil binlerce yerli ve yabanci turisti
agirlamaktadir (CSIDB, 2020).  Bolge, karasal iklim
ozelliklerini tasmaktadir. Kislari sifirin  altina diisen
sicakliklar ile genelde kar yagisi gorilirken, yazlar ise
genel olarak sicak ve kurak gecer. En yagisli donem bu
doénemler arasindadir (MGM, 2025).

Calisma alaninin en alt kotunda pembe-beyaz renkli Alt
Pliyosen yash Selime tifleri, bu birimleri uyumlu olarak
orten acik gri ve beyaz renkli andezitik ve riyodasit
bilesimli ignimbiriterle temsil edilen Ust miyosen-pliyosen
yas aragindaki Kizilkaya ignimbiritleri ile en {ist kotlarinda
ise Hasan Daginin gliney ve gilneydogusunda mostra
veren gri beyaz renkli kil ve lapillerden olusan Alt
Pleyistosen yasli Hasandagi kiil Formasyonu ve c¢alisma
alaninin igerisinden gecen Melendiz irmaginin doldurdugu
kum-cakil-silt boyutundaki akarsu ve dere ¢okellerinden
olusan kuvaterner yasl altivyonlar ile temsil edilmektedir
(Sekil 2).

Riskinin

2.2. inceleme Alanindaki Kaya Diismesi

Degerlendirilmesi

Kaya dismeleri fiziksel bozulma etkenleri (Donma -
¢o6zlinme suregleri, meteorolojik siirecler vb.) ve kimyasal
strecler ( atmosferik sirecler sonucunda su ve temas ile
kaya¢ vyapisindaki bozulmalar) nedeniyle baslica
sireksizlikler tarafindan kontrol edilmektedir (Nasery &
Celik, 2020). Belisirma (Guzelyurt) yerlesim yerlerinde
daha onceki yillarda meydana gelen c¢ok sayida kaya

dismesi olaylar gerceklesmistir (Sekil 3).
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34MT0E MMT20°E 34MTWE

Sekil 1. Calisma alaninin yer bulduru haritasi.

34°16'30"E 34°MT'0"E 34°17'30"E 34°18'0"E

Sekil 2. Calisma alaninin genellestirilmis jeolojik kesiti
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Vadi igerisinde ozellikle turistleri ve tur otobdislerinin
yogun olarak gegtigi Belisirma vadi girisi ve otopark olarak
kullanilan alanlarda gelismis suireksizliklerin vadi boyunca
incelenerek genel itibariyle KB-KD dogrultusunda dike
yakin bir egime sahip bloklarda gorilmektedir. Bu
losyonlardaki streksizlik agikliklari birkag¢ santimetreden
kadar ciktig
Sureksizlik ylzeyleri arasindaki bosluklar daha gok yiizey

birkag metreye gozlemlenmektedir.

sulari ile gatlaklara dolan kum, kil ve silt boyutundaki

.;“%wﬂ’- i

Cizelge 1. [HA ozellikleri.

malzemelerden olusmaktadir. Derin ¢atlaklar igeren

birimlerde ise genelde ¢atlaklarin dolgusuz oldugu
gozlemlenmektedir. Bélgenin karasal ikliminden dolayi kis
mevsiminde donma ve ¢o6zilme olaylarindan kaynakli
fiziksel bozulma nedeniyle sureksizliklerin gelisimleri
gozlemlenmektedir. Bu durum ise hemen hemen tim
Ihlara Vadisi boyunca gelistigi gozlemlenmektedir (Sekil

a).

Sekil 4. Direkli kilise mevkiinde stireksizlik agikhigi 6rnegi (agiklik yaklasik 2 metre).

Ozellik Deger / Agiklama
Boyutlar (Agik - Katlanmis) 810x670x430 mm (agik), 430x420x430 mm (katlanmig)
Agirhk ~6,3 kg (iki TB60 pil ile)

Ugus Suresi (maks.)
Maksimum Ugus Hizi
Maksimum Rizgar Direnci

RTK Konumlandirma Dogrulugu

Ugus Hassasiyeti (RTK ile)

Desteklenen Gimbal Modelleri
GNSS Destegi

55 dakika
23 m/s (S modu)
12 m/s

Yatay: 1 cm +1 ppm
Dikey: £1.5 cm + 1 ppm

Yatay: 0.1 m

Dikey: £0.1 m

Zenmuse P1, H20, H20T, L1 vb.
GPS + GLONASS + BeiDou + Galileo

RTK Sistemi Yapisi

Dahili RTK modulu (harici sabit istasyon olmadan galisabilme)

Cizelge 2. ZP1 Kamera 6zellikleri.

Ozellik

Deger / Agiklama

Sensor boyutu (Sabit): 35,9x24 mm (Tam kare) Sensor boyutu (Maksimum video kayit

Sensor alani): 34x19 mm Etkin Pikseller: 45MP Piksel boyutu: 4,4 um
Lens Tipi DJI DL 35mm F2.8 LS ASPH (Asferik Lens)

Odak Uzunlugu 35mm

Diyafram f/2.8-f/16

Gorus Agisi (FOV) 63.5°

2.3 Veri Hazirlama Siiregleri

Bu calismada kaya diismesi analizleri icin 3B modelleme
yapabilen RF3D vyazilimi kullanilmistir. RF3D yazilimi
temelde SYM kullanmaktadir. SYM verileri insansiz Hava
Araci (iHA) kullanilarak elde edilmistir. IHA yardimiyla
Uretilen SYM verileri kullanilarak RF3D yazilimin ihtiyag
duydugu zemin tipleri ve kaya bloklarinin tanimlanmasi

icin gerekli 3B SYM ve ortofotolar Uretilmistir. Yazilimin
ihtiyac duydugu diger parametreler ise Polat (2020),
tarafindan Python dilinde gelistirilen veri hazirlama araci
kullanilarak elde edilmistir. Calismada veri toplama siireci,
DJI Matrice 300 RTK platformu ve Zenmuse P1 kameraiile
gerceklestirilmis ve cihaz 6zellikleri verilmistir (Cizelge 1
ve 2).
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Kaya dismesi ¢alismalarinda blok boyutlarinin ve ylzey
plrizltliginin dogru sekilde modellenebilmesi igin
genellikle santimetre dizeyinde mekansal ¢oziinirliige
sahip ortofoto ve SYM iretilmesi 6nerilmektedir (Agca
vd., 2020, Giordan vd., 2015). Bu kapsamda kullanilan
kamera sisteminin teknik ozellikleri dikkate alinarak
yaklasik 1-2 cm/pixel hedeflenen yer 6rnekleme aralig
(GSD — Ground Sampling Distance) degerine ulasabilecek
bir ugus yiksekligi belirlenmelidir (DJI, 2025a, 2025b).

Ugus, otonom sekilde gergeklestirilmis ve ugus plani,
Pilot uygulamasi
yapilandiniimistir. Ugus ylksekligi hedeflenen GSD degeri
dikkate alinarak 80 m olarak belirlenmistir. Ugus hizi
hareket bulanikhigini engellemek ve her bir fotografin
maksimum netlikte ¢ekilmesini saglamak amaciyla sistem
kapasitesi goz 6nunde bulundurularak 10 m/s olarak
tanimlanmis ve gorev sirasinda otomatik kamera
tetikleme fonksiyonu kullaniimigtir. Gériintiler arasindaki
boyuna (%80) ve enine (%70) bindirme oranlari; sarp ve
diizensiz kaya ylzeylerinde olusabilecek 6lii noktalari
(occlusion) en aza indirmek, 3B modelin geometrik
surekliligini saglamak ve nokta bulutu yogunlugunu
artirmak amaciyla yiksek tutulmustur. Bu stratejik
bindirme oranlari, fotogrametrik isleme siirecinde ortak
noktalarin (tie points) daha hassas eslestiriimesine ve
modeldeki boyutsal hatalarin minimize edilmesine olanak
tanir (Giordan vd., 2020). RTK dizeltme sinyali dogrudan
iHA’ya entegre RTK alicisi lizerinden saglanmistir (DJI,
20254, 2025b).

gorev oOncesinde DJI lizerinden

Detayli 3B model tretimi i¢in ugus gorevi oblik ucus olarak
gerceklestirilmistir. Kamera agisi, 90° derece dikey ve 45°
bakis agisi ile

derece acih olacak sekilde 5 farkh

Lo
AT v
HRE,

e

yapilandinimistir. Bu yapilandirma, vadi tabaninin ve
yamag yizeylerinin daha yiksek oranda kapsanmasini
saglamistir. Ayrica oblik gorlntllerin kullanimi, yapinin
karmasik jeomorfolojik detaylarinin daha hassas bicimde
modellenmesine imkan tanimistir (Kim vd., 2015, Tang
vd., 2024). Gergeklestirilen uguslarda toplam 1903 adet
fotograf elde edilmistir. Bu goruntilerin yaklasik 450
adedi diisey (nadir) agi ile, kalan kismi ise 45° derece egik
konfiglirasyonuyla alinmistir. Elde edilen gortintiler, 3DF
aktarilip,
pozisyonlarini belirleyerek, kendi iginde degerlendirip

Zephyr fotogrametri yazilimina kamera
baglanti noktalari olusturulmasindan sonra hatali ve
¢alisma alani disinda kalan noktalar temizlenmis ve
baglama Uretilmistir.

Uiretilmesinden sonra 3B nokta bulutu Uretilmistir. 3B

noktasi Baglanti noktalarinin
nokta bulutu Giretiminden sonra olusturulan yogun nokta
bulutu giydirme islemleri yapilmistir. Kullanilan sistem
konfiglirasyonu ve gorinti ¢ozinirligu sonucunda, GSD
1,42 cm/pixel olan ortofoto uretilmistir. Olusturulan
yogun nokta bulutu, 3DF Zephyr yazilimi igerisinde ylizey
enterpolasyonuna tabi tutularak SYM elde edilmistir.

Nokta bulutu (zerindeki veriler, arazideki vyikseklik

degisimlerini  temsil edecek sekilde {ggenleme
yontemiyle ylizey haline getirilmis ve raster formatinda
yiksek ¢Ozindrlukla bir yukseklik haritasi

olusturulmustur.

Bu calismada, zemin tiirl kaya blogunun etki edebilecegi
nesne, IHA vyardimiyla yapilan fotogrametrik amagli
ucusta alanin 3B modeli ¢ikarilmis ve kaya dismesi riski
gosteren sireksizlik yapilari ile serbest halde bulunan
kaya bloklari tek tek isaretlenerek 138 adet noktada kaya
diismesi kaynak alan olarak degerlendirilmistir (Sekil 7).

Sekil 7. Sol listte, 2B ve 3B model ve haritalama galismalari, sag Ustte 3B model lizerinde isaretlenmis kaya diismesi kaynak alanlar ve
altta ise ortofoto Gzerinde isaretlenmis kaya diismesi kaynak alanlarin konumlari.
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Cizelge 3. RF3D yaziliminda gerekli olan parametreler

Veri Tiiri Veri Tipi / Format Coziundrluk Deger Tipi / Birim Kullanim Amaci
Dijital Yukseklik Modeli Egim, akis yoni ve kaya dismesi
Raster 0,5m Yikseklik (m)
(DEM) hareketinin modellenmesi
Kinetik enerji ve hareket
Kaya Yogunlugu Raster 0,5m Yogunluk (kg/m?3)
dinamiginin hesaplanmasi
Blok Boyutlari Blok hacmi ve kitlesinin
Raster 0,5m Uzunluk (m)
(d1, d2, d3) belirlenmesi
Kategorik (1: Kire, 2: Elipsoid, Hareket tipi ve yuvarlanma
Blok Sekli Raster 0,5m
3: Dikdortgen) davraniginin belirlenmesi
Yizey Purazlulaga (rg70, Enerji kaybi ve sigrama/yuvarlanma
Raster 0,5m Yiikseklik (m)
rg20, rg10) davraniginin modellenmesi
Surtiinme, enerji sénimu ve
Kategorik (0: Kaya, 1: Toprak,
Zemin Tipi Raster 0,5m hareket karakteristiginin

2: GCimen vb.)
belirlenmesi

Kullanilan verilerin analiz stirecine dahil edilmesi, verilerin
standardizasyonu, parametrik Uretimi ve fizik tabanli
modelleme asamalarindan olusan sistematik bir is akisini
takip etmektedir. ilk asamada, tim althk veriler UTM WGS
84 (Zone 36) projeksiyon sistemine donustirulerek,
icin RF3D
yaziliminin gereksinim duydugu 0.5 m x 0.5 m mekansal

mikro-topografik etkilerin hassas analizi

¢Ozlndrlige yeniden o6rneklenmistir. Modelin ihtiyag
duydugu 10 temel raster veri seti hazirlanirken; kaya
yogunlugu ve geometrik oOzelliklerin yani sira, ylizey
purizltliguni temsil eden istatistiksel degiskenler (%70,
%20 ve %10’luk engel Polat (2020)
tarafindan gelistirilen Python tabanli bir aragla tiretilerek

ylkseklikleri),

modele entegre edilmistir. Analiz siirecinde, Sayisal Yiizey
Modeli (SYM) Uzerinden hesaplanan egim ve morfoloji
verileri, zemin tipi ve pirtzlilik katmanlariyla
cakistirnllarak yazilimin fizik tabanli algoritmasina temel
olusturmustur. Ortofoto ve 3B modelleme ile belirlenen
138 adet kaynak noktasi baslangi¢c parametresi olarak
kullanilmis; bloklarin yuvarlanma, sicrama ve carpma
anindaki enerji sonimlenmesi siregleri, deterministik
fizik yasalar ile ylzey purizlilaginden kaynaklanan
olasiliksal degiskenlerin birlestirilmesiyle modellenmistir.
Bu bitincul yaklasim sayesinde, her bir blogun hareket
yoringesi, ulastigl kinetik enerji ve olasi durma alanlari
yuksek ¢ozanurlakla giktilarak dontsturialmistir (Cizelge

3).
3. Bulgular ve Tartisma

Kaya dismesi tehlike analizleri kapsaminda, calisma
alaninda diisme potansiyeli tasiyan 138 adet kaya blogu
tespit edilmis ve bu bloklarin her biri icin Rockyfor3D
(RF3D)
gerceklestirilmistir. Modelin rettigi ziplama yiksekligi ve

yazihmi kullanilarak 10'ar adet similasyon

kinetik enerji dagilimlarina ait istatistiksel sonuglarin

degerlendiriimesinde, kinetik enerji
araligindaki degerler, ziplama yikseklikleri icin ise
ortalama degerler kullaniimistir.

icin %95 gliven

3.1. Kinetik Enerji Dagilimlan

Belisrma  bolgesinde  gerceklestirilen  simiilasyon
sonuglarina gore (Sekil 8a), disen kaya bloklarinin kinetik
enerji degerleri sahada 500 kJ ile 50.000 kJ ve uzeri
degerler arasinda genis bir dagihm sergilemektedir: Diistik
Enerji Zonu bolgeler, Direkli Kilise'ye kadar olan bolgede,
nispeten kiiglik hacimli bloklarin Grettigi ortalama kinetik
enerji 500 — 2.000 kJ araligindadir.

Orta Enerji

Zonu bolgeler, Calisma alaninin orta

kesimlerinde, 0©zellikle blok boyutlarinin degiskenlik
gosterdigi Direkli Kilise'nin 6n cephesinde enerijiler 2.000
— 10.000 kJ seviyelerine c¢ikmaktadir. Serbest halde
bulunan yamacin hemen Uzerindeki kayaclarin enerjileri
ise ortalama 3.000 — 5.000 kJ olarak hesaplanmistir.

Cok Yiksek Enerji Zonu bolgeler, Direkli Kilise'nin st
kesimlerinde bulunan devasa boyutlu kayalar ile
Bahattin'in Samanligi olarak bilinen ve alti otopark olarak
kullanilan bolgelerde 50.000 kJ ve (izerinde ekstrem

kinetik enerji degerleri elde edilmistir.
3.2. Sigrama Yikseklikleri

Similasyonlardan elde edilen bir diger nemli ¢ikti olan

sicrama  ylkseklikleri, calisma alanindaki zemin
kosullarina bagh olarak degiskenlik géstermektedir. Ana
kayadan kopan bloklarin, yamacin alt kesimlerindeki
zeminle temas ettikleri noktalarda enerji sénimleme
kapasitesine bagl olarak sicrama yukseklikleri 0 - 8 metre
arasinda degismektedir. Ozellikle Bahattin'in Samanlig
civarinda, alt kesimlerde halihazirda serbest halde
bulunan kaya bloklarina ¢arpan diisen kayalarin sicrama
ylksekliklerinde belirgin bir (6 -

artis 8 metre)

kaydedilmistir.
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Sekil 8. RF3D yaziliminda hesaplanan muhtemel kaya diismesi lokasyonlarina ait a) Enerjiler b) Sigrama yuikseklikleri.

4. Sonuglar

Calisma alaninda hesaplanan 50.000 kj ve Uzerindeki
ekstrem enerji degerleri, dogrudan kopan kaya bloklarinin
Direkli
Bahattin'in Samanligi lokasyonlarinda 50.000 kJ Uzeri

kiitlesi ve geometrisi ile iliskilidir. Kilise ve

enerjilerin Uretilmesi, bu bolgelerde kopmaya hazir
ignimbrit bloklarinin hacimsel biytklGglinin bir sonucu
ile iliskilidir. Clnku kinetik enerji, kitle ve hizin bir
bloklar asagl
hareketlerinde ¢ok daha yikici enerjilere ulasmaktadir.

fonksiyonu olarak devasa yamag

Ote vyandan bu durum literatirle de uyumluluk
gostermektedir. Ornegin Akin vd. (2020) tarafindan
yapilan bir calismada 12 m3 hacmindeki kaya bloklarinin
80.000 kj kadar bir carpma enerjisi aciga cikarabilecegi
Ayrica Polat (2020),

cikmasinin dogrudan biyik bloklarla iliskili oldugunu

belirtilmistir. enerjinin  ylksek

soylerken benzer sekilde Lo ve Fang Lee (2016), 1.000 m3

ile 50.000 m3® arasindaki devasa kaya kitlelerinin

50 3
— 0\ et e 2 - e \"t

dusislni tartismis ve kitlenin kinetik enerji tGzerindeki
belirgin etkisini vurgulamistir.

Ayrica elde edilen bulgular blok geometrisinin hareket

mekanizmasi (zerindeki etkisini de yansitmaktadir.
Calisma alani ve gevresinde gerceklestirilen analizlerde
hem RF3D yazilimindaki similasyonlar hem de daha 6nce
koruyucu  geometrisinin cok  belirgin oldugu
goriilmektedir. Bu durum literatlrdeki diger calismalarla
da benzerlik gostermektedir. Dairesel ya da es boyutlu
geometriye sahip kaya bloklari, yuvalanirken hizlarini ve
kinetik enerjilerini uzun sire koruyarak cok daha uzak
mesafelere ve yiksek enerjilere ulasabildigi ancak yassi,
uzun, koseli yapidaki blok formlarinin ise sdrtiinme
nedeniyle enerjilerini daha c¢abuk kaybettigi bircok
calismada belirtilmektedir (Oztirk vd., 2022; Varol vd.,
2026; Zengin & Ulamis, 2025). Oteyandan RF3D yazilimi,
bloklari serbest diisis sirasinda nokta olarak ve ¢arpma

aninda ise kiire olarak modelleyerek yilksek enerji
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hesaplamalarini  gerceklestirme kapasitesine sahiptir
(Dorren vd., 2006). Bu durum, blok seklini kiresel
varsayarak yaptigl hesaplamalar ve dénme (rotasyonal)
enerjinin hesaplamasindaki gibi belirsizlikler yaratarak

toplam kinetik enerjiyi de etkileyebilir.

Ihlara Vadisi 6zelinde Belisirma bdlgesinin tipik yumusak
toprak tipi Uzerindeki bloklu ve sert zemin yapisi ise
kinetik enerji ve sigrama yuksekliklerini etkileyen bir
Bahattin'in
Samanlgl ve Direkli Kilise gibi alanlar, masif Kizilkaya

bagka etken olarak goze c¢arpmaktadir.

ignimbriti ucurumlarinin hemen altinda yer almaktadir.
Bu dik ve kademeli topografya, diisen bloklarin hizlanmasi
icin serbest diisme mesafesi yaratirken, topografyadaki
oluklar bloklarin belirli bolgelere yonlenerek enerjilerini
buralarda yogunlastirmasina neden olmaktadir.

RF3D simulasyonlarindaki elde edilen sonuglar incelenirse
Rn ve Rt katsayilarinin, model giktilari Gizerine ¢ok yliksek
etkiledigini géstermektedir. Ana kayadan kopan kayalarin
bazi zeminlerde dislk, bazi zeminlerde ise yiksek
sigrama gostermesi bu katsayilarin dogrudan bir sonucu
oldugu dusinilmektedir. Bu durum aslinda c¢alisma
alaninin jeolojik olarak (tuf, ignibrit, aglomera birimler)
yuksek gozenekli yapisi ve deforme olan yapilarin yastik
gorevi gorerek bazi disen kaya bloklarinin kinetik

enerjisini sonumleyerek Rn degerini disiik deger
¢ikmasina neden olur. Ancak bu durum Bahattin'in
Samanhgi civarinda oldugu gibi, disen bloklar yamag
ylzeyinde halihazirda birikmis olan sert kaya bloklarina
(talus veya serbest kayalar) carptiginda gerceklesmez.
Aksine, sert kaya-kaya carpismasi yiksek bir elastikiyet
yaratarak (yuksek Rn ve Rt degerleri) sicrama
yluksekliginin artmasina ve blogun enerjisini kaybetmeden
yoriingesine devam etmesine yol agmaktadir (Dorren vd.,

2023; Polat, 2020).

Kapadokya bolgesi ve 6zellikle lhlara Vadisi'ndeki kaya

dismesi riskleri Gzerine vyapilan ©nceki c¢alismalar

cogunlukla 2B yoringe  analizleri, kinematik
degerlendirmeler veya ampirik yontemler ile sinirl
kalmistir (Sari, 2022; Sari & Comlekgiler, 2007). 2B
modeller topografik parizlGliga, yanal dagihimlar ve
engellerin blok yonelimine etkilerini tam olarak
yansitmakta yetersiz kalirken, bu ¢alismada RF3D gibi
olasiliksal  bir modelin

yiksek c¢ozinarlukla 3B

kullanilmasi, disen bloklarin yanal dagilimini  ve
topografyadaki etkilerini gercege c¢ok daha yakin bir
sekilde ortaya koymaktadir. Bildigimiz kadariyla calisma
alanindaki bu denli kapsamli bir 3B modelleme ile kaya

dismesi tehlikesini ele alan ilk calismadir.

Kapadokya bolgesindeki diger kiltiirel ve dogal alanlarda
yapilan giincel 3B modelleme calismalarinda ¢ok daha

distik maksimum kinetik enerji degerleri rapor edilmistir.
Ornegin  Haciabdullah  kéyiindeki  simiilasyonlarda
maksimum 3.476 kJ, Mazi kéylinde 2.100 kJ, Aladaglar
Kazikliali Kanyonu'nda ise 1.400 kJ gibi degerler elde
edilmistir (Oztirk vd., 2022; Ulamis, 2026; Undiil vd.,
2026). Bu calismada ise Belisirma'da Direkli Kilise ve
Bahattin'in Samanligi gibi spesifik alanlarda 50.000 kJ ve
lizeri ekstrem enerji degerlerinin tespit edilmesi, buradaki
devasa bloklarin ve sarp topografyanin yarattigi yikici
gucin literatiirde ilk kez bu denli net bir sekilde
belgelenmesini sagladigl disiintimektedir.

Ihlara Vadisi, UNESCO Dinya Mirasi adayi/kapsami
sayllabilecek nitelikte, her yil binlerce turisti agirlayan bir
tarihi yerlesimdir. Kiiltlirel miras alanlarinda yapilacak
iyilestirmelerinin (koruyucu celik aglar,
tarihi  dokuya
tasarlanabilmesi icin kaya dismesi enerjilerinin tam
olarak bilinmesi gerekir (Agca vd., 2020; Varol vd., 2026).
Calismaniz, bu bariyerlerin hangi lokasyonlarda ve kag
kJ'lik enerji sonimleme kapasitesine sahip olmasi
gerektigi konusunda (6zellikle 50.000 kJ gibi tasarim
limitlerini zorlayan degerlerle) dogrudan karar vericilere

muhendislik

bariyerler vb.) zarar vermeden

ve tasarimci mihendislere kritik, sahaya 6zgii nicel veriler
sunmaktadir.

Etik Standartlar Bildirgesi
Yazarlar tim etik standartlara uyduklarini beyan ederler.

Yazarlik Katki Beyani

Yazar 1: Kaynaklar, Arastirma, Analiz, Yazma
Yazar 2:Kaynaklar, Arastirma, Analiz, Yazma
Yazar 3:Kaynaklar, Kavramsal model, Yazma

Cikar Catismasi Beyani
Yazarlarin bu makalenin igerigiyle ilgili olarak beyan edecekleri higbir
¢ikar gatilmasi yoktur.

Verilerin Kullanilabilirligi
Bu galisma sirasinda olusturulan veya analiz edilen tim veriler,
yayinlanan bu makaleye dahil edilmistir.

Tesekkiir

Yazarlar, bu calismada kullanilan verilen Uretilmesinde
ekipman, yazihm ve teknik desteklerinden dolayi Aksaray
il Afet ve Acil Durum Midirliigiine ve makalenin
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Oz

Farkli mihendislik yapilari, farkli 6zelliklere sahip zeminlerle
etkilesim halinde oldugundan, yapi giivenliginin saglanabilmesi
icin zemin parametrelerinin dogru bir sekilde belirlenmesi blyuk
Onem tasimaktadir. Zemin kosullarinin amaca uygun olmamasi
durumunda, zeminler gesitli iyilestirme yontemleri kullanilarak
proje gereksinimlerine uygun hale getirilmektedir. Ancak
iyilestirilmis zeminlerin miihendislik 6zellikleri, zaman igerisinde
cevresel ve iklimsel etkiler nedeniyle degisime
ugrayabilmektedir.  Ozellikle sicaklik dalgalanmalari, su
muhtevasindaki degisimler, donma—¢6ziilme donguleri, sisme—
blzilme davranisi ve don kabarmasi, zemin mukavemetinde
dnemli azalmalara neden olabilmektedir. Bu ¢alismada, istanbul
ili sinirlar igerisinde bir insaat projesinde dolgu malzemesi
olarak kullanilan orta plastisiteli cakilli-kumlu—killi silt zemin
kullanilmistir. Araziden alinan zemin numunelerinin fiziksel
ozellikleri laboratuvar ortaminda belirlenmistir. Tim deney
numuneleri, laboratuvar kosullarinda optimum su
muhtevasinda hazirlanmistir. Hazirlanan numuneler (zerinde
Kaliforniya Tasima Orani ve direkt kesme kutusu deneyleri
gerceklestirilmistir. Donma—¢oziilme etkisini degerlendirmek
amaciyla, ayni kosullarda hazirlanan numuneler 10 donma-—
¢Oziilme dongiisiine tabi tutulmus ve bu siire¢ sonunda zeminin
mukavemetindeki degisimler belirlenmistir. Deneysel sonuglar,
katkisiz numunelerde donma—¢ozilme donglleri sonrasinda
mukavemet kayiplarinin yaklasik %40 seviyelerine ulastigini
gostermistir. Bu olumsuz etkinin azaltiimasi amaciyla zemin,
optimum su muhtevasinda kuru zemin agirhginin %5’i oraninda
CaO ve MgO ilavesiyle ayri ayri iyilestirilmistir. Her iki katk
maddesinin  kullanilmasi, donma—¢dziilme uygulanmayan
kosullarda zeminin mukavemetini iki kattan fazla artirmistir.
Donma—¢oziilme dongtleri sonrasinda katkili numunelerde de
mukavemet kayiplari gézlenmekle birlikte, bu numunelerin nihai
mukavemet  degerlerinin  katkisiz  zeminin  baslangi¢
durumundaki  mukavemetinden  daha  yiksek kaldig
belirlenmistir. Bu sonuglar, CaO ve MgO ile zemin iyilestirmenin
donma—¢ozilme etkilerine karsi zemin mukavemetinin
korunmasinda etkili bir yontem oldugunu ortaya koymaktadir.

Anahtar Kelimeler: Donma-¢6ziilme doéngiileri, zemin iyilestirilmesi,
iklim degisikligi, CBR(%), kayma mukavemeti parametreleri

Abstract

As engineering structures interact with soils that exhibit a
variety of different characteristics, it is essential to accurately
determine soil parameters in order to ensure structural safety.
If in-situ soil conditions are not suitable for the intended
application, various improvement techniques are employed to
meet project requirements. However, the engineering
properties of improved soils can change over time due to
environmental and climatic influences. Temperature
fluctuations, variations in water content, freeze—thaw cycles,
swelling—shrinkage behavior and frost heave can all lead to
significant reductions in soil strength. This study investigated a
low-plasticity gravelly—sandy—clayey silt soil that was used as fill
material in a construction project within istanbul’s boundaries.
Soil samples collected from the field were analyzed in the
laboratory to determine their physical properties. All test
specimens were prepared at the optimum water content under
laboratory compaction conditions. California Bearing Ratio
(CBR) and direct shear box tests were then conducted on these
samples. To evaluate the effect of freeze-thaw action,
specimens prepared under identical conditions were subjected
to ten freeze—thaw cycles and the subsequent changes in soil
strength were analyzed. The experimental results showed that
freeze—thaw cycles caused strength losses of up to
approximately 40% in untreated soil specimens. To mitigate this
adverse effect, the soil was improved by separately adding 5%
Ca0 and 5% MgO by dry soil weight at the optimum water
content. This resulted in a more than twofold increase in soil
strength under unfrozen conditions. Although strength losses
were also observed in the treated specimens after freeze—thaw
cycling, their post-cycle strength values remained higher than
that of the untreated soil initially. These results demonstrate
that stabilizing soil using CaO and MgO is an effective way to
preserve soil strength against freeze—thaw degradation.

Keywords: Freeze—thaw cycles, soil improvement, climate change, CBR
(%), shear strength parameters

1. Giris
Zeminler, dogal bir yapi malzemesi olmasi, yaygin olarak
bulunabilmesi ve ekonomik avantajlarinin olmasindan

dolayi toprak yapilar, barajlarin kil ¢cekirdekleri, kati atik
depolama sahalari ve donatili duvarlar gibi geoteknik
uygulamalarda kullaniimaktadir. Ancak bu tir yapilarin
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givenli bir sekilde tasarlanabilmesi ve hizmet siresi
boyunca olusabilecek hasarlarin sinirlandirilabilmesi igin,
zemin Ozelliklerinin hem baslangic durumunda hem de
iklimsel ve ¢evresel etkilere bagli olarak zaman igindeki
degisiminin degerlendirilmesi gerekmektedir (Oghenero
vd., 2014; Bui vd., 2016; Kuba, 2018; Kandalai vd., 2023).
Mevsimsel donma-¢oziilme (D-C) doéngiilerine maruz
%24’Un{
kaplamakta olup, kiresel iklim degisikliginin etkisiyle bu

kalan zeminler, dinya vyizeyinin yaklasik
bolgelerde aktif tabaka kalinliginin ve ¢éziilme derinliginin
arttigi bildirilmektedir (Anisimov vd., 1997; Venaldinen
vd., 2001; Sutherland vd., 2023).

dalgalanmalari, 6zellikle mevsimsel donmanin gorildugu

Artan sicaklik

bolgelerde D-C dongulerinin sikhgini artirmakta ve bu

cevrimler altyapl ile temel zeminlerinin geoteknik
davranisini olumsuz yénde etkilemektedir (Chamberlain
vd., 1990; Zhang vd., 2015; Gilen vd., 2025). Tekrarlayan
D-C siregleri, sikistirilmis zeminlerin tagima glicu ve
dayaniklilik
muihendislik yapilarinda hasar riskini artirabilmektedir

(Ozgan vd., 2015; Giilen vd., 2024).

Ozelliklerinde bozulmalara yol agarak

drenaj
ve gerilme ge¢misi gibi

Kohezyonlu zeminlerin davranisi; su varligl,

kosullari, mineralojik yapi
faktorlerin yani sira 6zellikle D-C dongtlerinden 6nemli
Olcude etkilenmektedir (Kloffel vd., 2024; Gilen vd., 2024;
Hou vd., 2026). Mevsimsel sicakliklarin sifir derecenin
altina diismesiyle zemin bosluk suyunun donmasi sonucu
olusan buz mercekleri, suyun hacimsel genlesmesine bagli
olarak don kabarmasina ve dane diziliminin bozulmasina
neden olmaktadir. Ardisik donma (D) ve ¢ozlilme (C)
surecleri sirasinda bosluk suyunun hapsolmasi, zemin
mukavemetinde azalmaya ve kalici hacimsel degisimlere
yol acarak  zemin—yapl etkilesimini olumsuz
etkilemektedir (Mitchell ve Soga, 2005).

Donmaya karsi hassas olan zeminlerde don kabarmasi en
yaygin sorunlardan biri olup, bu davranis basta ince dane
orani olmak tizere 6zgiil ylizey alani ve mineralojik yapi ile
iliskilidir. icerigi
zeminlerin don kabarmasina karsi daha duyarli oldugu

ince dane %6'nin  lzerinde olan
genel kabul gormektedir (Bilodeau vd., 2008; Hendry vd.,
2016; Liu vd., 2022). Donma etkisi yalnizca dane boyutuna
bagl olmayip, zemin yapisi, bosluk suyunun o6zellikleri,
cevresel gerilme durumu ve sicaklk gradyani gibi
faktorlerin ortak etkisiyle gelismektedir; 6zellikle dane
boyutunun kiicilmesiyle donmaya hassasiyetin arttigl
bircok calismada vurgulanmaktadir (Tester ve Gaskin,

1997; Qi vd., 2008; Zhang vd., 2021).

Donma—¢ozilme c¢evrimlerinin  zeminlerde hacimsel
degisimlere neden oldugu hem kohezyonlu hem de

kohezyonsuz zeminler igin rapor edilmistir (Eigenbrod,

1996; Viklveer, 1998; Qu vd., 2019; Wei vd., 2023).
(1996),
¢alismada don kabarmasinin belirli bir cevrim sayisindan

Eigenbrod yumugsak killer tizerinde vyaptig
sonra azaldigini ve boy degisiminin duraganlastigini

ortaya koymus; bu davranisin baslangic su muhtevasi,

plastisite ve donma kosullari ile iligkili oldugunu
gostermisgtir.
Zeminlerin donma—¢oziilme davranisinin dogru

degerlendirilebilmesi igin fiziksel, kimyasal, mineralojik ve
mekanik 6zelliklerin birlikte ele alinmasi gerekmektedir
(Croudace ve Rothwell, 2015; Gratchev, 2020; Xiang vd.,
2022; Gilen vd., 2024). Bu yaklasim, oturma ve hacimsel
degisimlerin  sinirlandiriimasi ile tagima glcu ve
stabilitenin korunmasi agisindan kritik olup, muhendislik
yapilarinin uzun vadeli glivenligi Uzerinde dogrudan

etkilidir (Holtz vd., 2023).

Kuresel iklim degisikligi; sicaklik dalgalanmalarindaki artis,
yagis rejimlerindeki diizensizlikler ve asiri iklim olaylarinin
daha sik ve siddetli hale gelmesiyle birlikte, ozellikle
dogrudan etkilesim  halindeki  karayolu
altyapilarinda  6nemli dayanim ve deformasyon
sorunlarina yol agmaktadir (de Abreu vd., 2022; Pantoja
Porro vd., 2025; Pham, 2025). Bu sliregte D-C ¢evrimleri
ile sisme—biizilme davranislari, zemin performansini

zeminle

belirleyen kritik cevresel etkenler arasinda yer almaktadir.
Bu etkiler,
mukavemet kayiplarina neden olarak yol Ustyapilarinda

zeminlerde hacimsel degisimlere ve
kabarma, oturma ve ¢atlak olusumu gibi bozulmalara yol
acmaktadir (Yang vd., 2020; Sarker ve Wang, 2022).
Tirkiye’nin de icinde bulundugu Akdeniz Havzasi, iklim
degisikligine karsi yiiksek duyarlilik gosteren bolgelerden

biri olarak tanimlanmaktadir (Pefiuelas ve Sardans, 2021).

Oturma/hacimsel davranis acisindan, cevrimler don
kabarmasi—¢6ziilme sonrasi oturma seklinde tekrarli
deformasyon dretir; bu deformasyonlar ¢ogu calismada
ilk birka¢ cevrimde daha baskin olup belirli bir ¢evrim
sayisindan sonra duraganlasma egilimi gosterebilir
(Gengdal ve Kilig, 2023; Gilen vd., 2024). Donma—¢6ziilme
cevrimleri genellikle rijitlik ve dayanimda azalmaya neden
olur. Bu azalma disiik ¢evre basinglarinda daha belirgin
olup, yuksek cevre basinglarinda catlaklarin kismen
Ozellikle

gevrim

sinirlandirilir.
belirli

araliklarinda olusup ardindan kismi toparlanma ve plato

kapanmasi nedeniyle etkiler

zeminlerde minimum mukavemetin
davranisi gorilebildigi bildirilmistir (Wang vd., 2007;
Wang vd., 2013; Tang vd., 2018; Liu vd., 2021). Kaliforniya
tasima orani (CBR, %) agisindan ise, ¢evrimler sonrasinda
bosluk orani ve su muhtevasindaki artis ile maksimum
kuru birim hacim agirliktaki azalma daha duisiik CBR (%)
degerleriyle iliskilendirilmistir. Farkli zeminlerde CBR (%)
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kaybinin ise %21-%86 araligina ulasabildigi gosterilmistir
(Istk vd., 2014).
inceleyen c¢alismalarda

Mineralojik ve gradasyon etkisini
%40-%70
diizeyinde gergeklestigi, ince malzeme orani ve D50 ile

CBR dususinin

guclu iliski bulundugu gorulmustir. Ayrica ayni D50°da
farkli sonuglarda likit limitin belirleyici olabildigi ve
smektit grubu minerallerin donma—¢6zilmeye daha
hassas davranarak daha ylksek CBR (%) kaybi Urettigi
ortaya konmustur (Gilen vd., 2024).

Donma—¢oziilme dongilleri sonucu meydana gelen
mukavemet kayiplarini minimize etmek ve baslangi¢
durumuna goére mukavemeti artirmak igin zeminler
siklikla katki ile iyilestirilir (Wang vd., 2017; Mosa vd.,
2022; Gengdal ve Kilig, 2023). Bu katkilardan olan MgO
aktivitesi ve su/MgO orani mikro-yapiyr degistirerek
zeminlerin performansini belirgin sekilde etkiler (Song-Yu
vd., 2017). Ayrica CO; ile karbonatlasma kosullarinda MgO
agirhkli  karnisimlar ¢ok yiksek mukavemet artislari
gosterebilir (Wang vd., 2019). Nano-MgO
uygulamalarinda CBR (%) artisi, kabarma azalmasi ve qu—
c—0 iyilesmeleri ile mikro-yapinin daha
graniler/topaklanmis hale geldigi gosterilmistir (Salem
vd., 2020; Ahmvei vd., 2020). Saha uygulamalarinda
disiik oranli MgO ile CBR (%) ve elastisite modilinin
optimum degere kadar arttig, optimum degerin
asllmasinin zeminlerin performansini olumsuz etkiledigi

vurgulanmistir (Mosa vd., 2022).

Bu calismada, bir mihendislik yapisinin insasinda dolgu
zemini olarak kullanilan orta plastisiteli cakillh-kumlu—killi
silt zeminin D-C donglleri sonucunda mukavemetinde
meydana gelen degisimler incelenmistir. Donma-—
¢Ozllmenin zemin davranisi tzerindeki etkileri, CBR (%) ve
kayma mukavemeti parametrelerindeki (c, ¢) degisimler
Gzerinden degerlendirilmistir. Donma—¢06ziilme etkisiyle
ortaya c¢ikan mukavemet kaybini minimize etmek
amaciyla zemin CaO ve MgO ile iyilestirilerek katkih
zeminin D-C performansi deneysel olarak ortaya
konmustur. Elde edilen bulgular, CaO ve MgO katkisinin
donma—¢o6zilmeye maruz kalan zeminlerin mekanik
ozelliklerini artirmadaki

ve dayanikhligini etkinligini

degerlendirmeyi amaclamaktadir.

2. Deneysel Caligmalar
2.1 Malzemeler

Bu calisma, bir mihendislik yapisinda temel dolgu
malzemesi olarak kullanilan, orta plastisiteli cakilli-kumlu-

Cizelge 1. Dolgu malzemesine ait indeks ve fiziksel 6zellikleri

killi bir silt (MI) zemin Uzerinde gergeklestirilmistir.
Dolgunun dane ¢api dagihmi, elek analizi (ASTM D6913),
hidrometre analizi (ASTM D7928) ve 6zgiil agirlik deneyi
(ASTM  D854) birlikte
belirlenmis olup elde edilen dagihm Sekil

sonuglari degerlendirilerek
1a’da
sunulmustur. Kivam limitleri ise ASTM D4318e gore
hesaplanmis ve Sekil 1b’de gdsterildigi gibi ingiliz Zemin
(BSCS)

degerlendirilmistir. incelenen dolgu zeminin temel fiziksel

Siniflandirma Sistemi kullanilarak

ve indeks 6zellikleri Cizelge 1'de 6zetlenmistir.
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Sekil 1. Zemin ozellikleri a) dane capi dagilimi b) plastisite
kartindaki konumu

Dolgu malzemesinin maksimum dane c¢apinin 19,1
mm’den kiiclik oldugu Sekil 3a’da gorilmektedir. Bu
nedenle, ASTM D698 standardina uygun olarak standart
kompaksiyon deneyi vyapilarak laboratuvar optimum
sikistirma kosullari belirlenmistir (Sekil 2).

Kompaksiyon egrisinden belirlenen egriye gére optimum
su muhtevasi (Wqpt) 19% ve maksimum kuru birim hacim
agirlik (ykmax) degeri 17.05 kN/m? olarak belirlenmistir.

Dane gapi dagilimi

Kivam limitleri Siniflandirma

Gs Cakil (%) Kum (%) Silt (%) Kil (%)

LL(%) PL(%) Pl (%) BSCS AASHTO

2.66 24.5 26.2 26.3 23.0

42 29.7 12.3 M A-7-6
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Sekil 2. Standart kompaksiyon deney sonucu

n

Donma—¢6ziilme dongulerinin neden oldugu mukavemet
kayiplarini azaltmak ve zeminin mihendislik 6zelliklerini
iyilestirmek amaciyla bu g¢alismada CaO ve MgO katkilari
kullanilmistir. Her iki katki malzemesi de su ile tepkimeye
kimyasal reaksiyonlar
olusturmakta ve bu reaksiyonlar sonucunda daneler arasi
gliclenmektedir. Calismada
kullanilan katki malzemeleri ticari olarak temin edilmis

girerek zemin binyesinde

baglanma mekanizmalari

olup, deneysel calismalarda kullaniimadan 6nce 0.075
mm elek agikhigina sahip elekten elenerek homojen ve
kontrollii bir dane boyutu dagilimi saglanmistir.

Basta kompaksiyon deneyleri olmak Uzere tim deneysel
cahismalarda, numuneler kuru zemin agirliginin farkh
oranlarinda su ilavesi yapilarak hazirlanmistir. Deneysel
calismalarda kullanilan su, istanbul Biyiksehir Belediyesi
sebeke suyu olup, tim numuneler icin ayni kaynaktan
tutarliik  ve

temin edilerek deney kosullarinda

tekrarlanabilirdik saglanmistir.
2.2 Deneysel prosediir

Deney programinda, D-C dongilerinin ve kimyasal

katkilarin zeminin mukavemet 0&zellikleri Gizerindeki
etkilerini degerlendirmek amaciyla deneysel calismalar

dort ana asamada gergeklestirilmistir.

1. Katkisiz ve dongisliz (referans) zemin numuneleri
optimum su muhtevasi ve maksimum kuru birim hacim

agirlik kosullarinda hazirlanmistir. CBR ve direkt kesme
kutusu (DKK) deneyleri igin numuneler laboratuvar
kosullarinda sikistirilmistir. CBR deney numuneleri deney
oncesinde ASTM D1883’e uygun olarak 96 saat boyunca
suya yatiriimis, bu siire zarfinda belirli zaman araliklarinda
meydana gelen boy degisimleri kaydedilmistir (Sekil 3a).
Suda CBR deneyleri
gergeklestirilmistir. CBR (%) degerleri numunelerin {st ve
icin hesaplanan CBR (%) degerlerinin
ortalamasi alinarak belirlenmistir. DKK numuneleri de CBR
kalibinda sikistirildiktan ve 96 saat suda bekletildikten
sonra uygun dikdortgen numune ¢ikaricilari kullanilarak

bekletme siliresi sonunda

alt noktalan

kaliptan alinmigtir. Tim DKK deneyleri icin numuneler bu
sekilde elde edilmistir. Akabinde ASTM MG3080’e gore ve
50 kPa, 100 kPa ve 200 kPa diisey gerilmelerde deneyler
yapilmis ve deneylere ait veriler kaydedilmistir (Sekil 3b).

2. Tekrardan hazirlanan katkisiz CBR ve DKK numuneleri
96 saat suda bekletildikten sonra 10 D-C dongiisline tabi
tutulmustur. Numuneler iklimlendirme kabininde -20 °C
sicaklikta ve %0 bagll nemde 24 saat dondurulmus,
ardindan +20 °C sicaklikta ve %80 bagil nemde 24 saat
¢Ozdurulmustir (Sekil 3c).
numunelerindeki boy degisimleri her ¢evrim sonunda

Dongller suresince CBR

Olglilmdis; cevrimler tamamlandiktan sonra numuneler
CBR ve DKK deneylerine tabi tutulmustur.

3. Optimum su muhtevasi degerinde ve kuru zemin
agirhginin %5’i oraninda CaO ve MgO ayri ayri ilave
edilerek CBR ve DKK numuneleri hazirlanmistir. 96 saat
suda bekletilen numuneler deneylere tabi tutulmustur.

4, Katkih zemin numuneleri Gglinci asamada izlenen
deneysel prosediir takip edilerek hazirlanmis ve 96 saat
sonunda donma—¢6ziilme kabininde toplam 10 D-C
dongiisiine tabi tutulmustur. Cevrimler tamamlandiktan
sonra numuneler (zerinde CBR ve DKK deneyleri

gerceklestirilmistir.  Tum deneyler sonucunda CBR
deneyleri icin ylk—batma miktar;; DKK deneyleri igin
gerilme—sekil degistirme iliskileri elde edilmistir. Tim
deneysel prosedirler dikkate alindiginda, bu calismadaki

deneyler Cizelge 2’de 6zetlenmistir.

b(b) [

Sekil 3. Deneysel asamalar a) numunelerin suda bekletiimesi b) kesme kutusu deney aleti ¢) donma-¢oziilme kabini
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Cizelge 2. Deneysel caligmalara ait detaylar

Asama Numune Katki tirQi D-C dongusi Deney tura Deney sayisi
1 Referans - - CBR 1
Referans - - DKK 3
5 Referans (10 DG) - 10 CBR 1
Referans (10 DG) - 10 DKK 3
3 Katkih %5 Ca0, %5 MgO - CBR 2
Katkih %5 Ca0, %5 MgO - DKK 6
4 Katkili (10 DG) %5 Ca0, %5 MgO 10 CBR 2
Katkil (10 DG) %5 Ca0, %5 MgO 10 DKK 6

2.3 inceleme alani igin iklim verileri

Bu ¢alismada, temel dolgu
gerceklestirilecegi istanbul’'un Silivri ilgesine ait 2013—

2024 yillari arasindaki gunlik iklim verileri kullanilarak

uygulamasinin

sicaklik ve yagig temelli agiri iklim indisleri hesaplanmig ve
bu indislerin geoteknik muhendisligi agisindan olasi
etkileri degerlendirilmistir. Analiz slireci ¢ ana asamada
yuratulmustar.

ilk asamada giinliik sicaklik ve yagis verileri, istanbul’un
Catalca ilgesinde yer alan Meteoroloji Genel Mudirligi
(MGM) gozlem istasyonundan (Catalca Radar Station:
41.3409 °N, 28.3568 °E) temin edilmistir. Analiz 6ncesinde
veri setleri kalite kontrol islemlerinden gegirilmis,
surekliligi saglanmis ve eksik veri icermeyen zaman serileri

degerlendirmeye alinmistir.

ikinci asamada, Diinya Meteoroloji Orgiiti (WMO) ile
iklim Degisikliginin Tespiti ve indisleri Uzman Grubu
(ETCCDI) tarafindan 6nerilen sicaklk ve yagisa dayali asiri
iklim indisleri kullanilmistir. Bu indisler ClimPACT v3.3
yazilimi araciligiyla hesaplanmis; aylik, mevsimlik ve yillik
zaman Olceklerinde analiz

edilmistir. Hesaplanan

indislerdeki egilimlerin yoni ve biylklGgl, parametrik

olmayan Sen’in egim yontemi kullanilarak
degerlendirilmistir (Nairn ve Fawcett, 2013).
Uglinci  asamada, hesaplanan iklim indislerindeki

zamansal degisimlerin yoni ve blylkligi egilim analizi ile
degerlendirilmistir. Bu amagla, parametrik olmayan Sen
(1968) egim yontemi kullaniimistir. Yontem, dogrusal bir
egilim varsayimi altinda, zaman icerisindeki degisim hizini
hesaplamaya olanak saglamaktadir. Sen (1968)'in egim
yonteminin en onemli avantaji, u¢ degerlere ve veri
dizensizliklerine karsi daha dayanikli olmasidir. Egilim
katsayisli, veri setinde yer alan tiim olasi veri ciftleri igin
hesaplanan egim degerlerinin  medyani  alinarak
belirlenmistir. Sen’in egim katsayisinin hesaplanmasinda

kullanilan matematiksel ifade Esitlik (1)’de sunulmaktadir.

_ P]'—Pk

Q; ]—_k k=1,2,...,N(j>k) (1)

Esitlikte, P; ve Py, sirasiyla j ve k zamanlarina karsilik gelen
yagis degerlerini temsil etmektedir. Sen (1968)’in egim

yontemi, tim olasi veri giftleri i¢in hesaplanan Q; egim
degerlerinin medyaninin alinmasiyla elde edilmektedir.
Sen (1968)’'in egim tahmincisinin matematiksel ifadesi
Esitlik (2)'de verilmistir. Q; degerinin pozitif olmasi, zaman
serisinde artan yonde bir egilimin bulundugunu; negatif
olmasi ise, zaman iginde azalan bir egilimin hakim
oldugunu gostermektedir.

Q[w] N tek sayiise

Qmea = Q[E]JrQ M] (2)

2 . 2 N gift sayt ise

3. Bulgular ve Tartisma
3.1 iklim verilerinin degerlendirilmesi (2005-2022)

Akdeniz Havzasi’'nda yer alan Tirkiye, iklim degisikligine
karsi en hassas bolgelerden biri olarak tanimlanmaktadir
(Kum ve Celik, 2014; Kartal vd., 2024). Son yillarda artan
sicaklik dalgalanmalari, dizensiz yagis rejimleri ve
ekstrem iklim olaylarinin siklik ve siddetindeki artis, farkli
mihendislik yapilari ve altyapi sistemleri tizerinde 6nemli
2025).

Mevsimsel sicaklik degisimlerine bagli olarak gelisen

riskler olusturmaktadir (Pantoja Porro vd.,
donma—¢6ziilme dongileri, bu baglamda 6ne c¢ikan

cevresel etkilerden biri olup, zeminlerin mekanik
davranisini, dayanikliligini ve uzun vadeli performansini
dogrudan etkilemektedir. Sekil 4’te istanbul il sinirlari
icerisindeki calisma sahasina en yakin MGM 6l¢lim
istasyonundan elde edilen meteorolojik verilerin Sen egim
(slope) analizleri sonucunda elde edilen bulgular
detaylandinlimistir. Sekil 4’te sunulan Sen egim analizleri,
calisma alaninda sicaklik ve yagis rejimlerinin frekans—
siddet dengesi acisindan belirgin bicimde degistigini
ortaya koymaktadir. Sifirin altindaki glin sayisinin (TN <0
°C) negatif egim gostermesi, don olaylarinin yillk
frekansinin azaldigini ifade etmektedir; ancak bu egilim,
don etkisinin zayifladigi seklinde yorumlanmamalidir. Sen
egim katsayisi (Sen’s slope), zaman serisindeki degisimin
yonind ve blylkligint tanimlamakta olup, negatif
degerler azalsi, pozitif degerler artisi gostermektedir;
egimin mutlak degerinin blyimesi ise degisimin daha
keskin oldugunu ifade etmektedir. Buna paralel olarak,
istatistiksel gozlenen

anlamhhg gosteren p-degeri,

egilimin rastlantisal olma olasiligini tanimlamakta ve
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disiik p-degerleri egilimin glvenilirligini gdstermektedir.
Bu cercevede, donlu giin sayisindaki azalmaya ragmen
¢6zllme kosullarinin (TN > 0 °C) belirgin bigimde artmasi,
don olaylarinin daha kisa sireli, ancak daha ani ve yogun
sicaklik gegisleriyle gerceklestigine isaret etmektedir. Bu
durum, donma—¢6zilme dongulerinin sayisal olarak
azalmasindan ziyade, mekanik agidan daha etkili ve yikici
hale geldigini gostermektedir. Yagis indisleri agisindan
degerlendirildiginde, Rp10 (glinliik yagisin 10 mm’yi astig
glin sayisi) orta siddette yagislarin frekansini, Rp20
(gunliik yagisin 20 mm’yi astigl giin sayisi) ise daha yogun
yagis olaylarini temsil etmektedir. Bu indislerde uzun
donemli belirgin egilimler gézlenmemekle birlikte, yillar

Egim=-0.067, p=0.016
(a)]

Donlu gtin sayist, TN<0 °C

2010 2015
Referans yil

Egim=-0.097, p=0.63

(©

R10>10 mm yagish giin sayisi

2005

2000 2010 2015 2020

Referans yil

Cozilme giin sayisi, TN>0 °C

arasi keskin dalgalanmalar dikkat cekmektedir. Bu durum,
yagis olaylarinin daha seyrek gerceklesmesine karsin,
gergeklestiginde daha yogun ve kisa sireli oldugunu
gostermektedir. Dolayisiyla, Sekil 4’te sunulan sicaklk ve
yagis bulgular ¢alisma
alaninin daha az siklikta fakat daha yiiksek siddette

birlikte degerlendirildiginde,

gerceklesen ekstrem iklim olaylariyla karakterize edilen
bir iklim rejimine dogru egilim gosterdigi anlagiimaktadir.
Bu tir bir rejim, ozellikle donma—¢6zilme siregleriyle
yapisal bUtlinlGgu zayiflamis zeminlerde, hidromekanik
kararsizlik riskini artiran temel bir c¢evresel kontrol
mekanizmasi olarak degerlendirilmelidir.

Egim= 0.73, p=0.014

_— .
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Referans yil

Sekil 4. Yillara gore sicaklik ve yagis verileria) TN <0 °Cb) TN >0°Cc) Rp10> 10 mm d) Rp20 > 20 mm

3.2 Zeminlerin sisme-kabarma davranislarinin
karsilastiriimasi

Referans, %5 CaO ve %5 MgO katkili numuneler, donma—
10 D-¢
dongisiine tabi tutulmustur. Her bir donma ve ¢6ziilme

¢O6zilme kabinine vyerlestirilerek toplam
asamasl sonunda numunelerde meydana gelen eksenel
boy degisimleri 6lcilmustir (Sekil 5). Referans numunede
donma etkisine bagli kabarma, en belirgin artisi ilk donma
dongisli sonunda gostermis ve bu asamada kabarma
degeri 0.34 mm olarak 6l¢tilmustir. Bunu izleyen ¢éziilme

asamasinda ise kabarma degeri 0.07 mm seviyesine

ilk
asamalarinda, zemin bilnyesindeki suyun donmasiyla

gerilemistir. Donma—¢ozilme dongiilerinin
birlikte buz merceklerinin olusmasi ve su hacmindeki

artisa bagl olarak dane dizilimi ve bosluk vyapisi
bozulmakta, bu durum ¢6ziilme sonrasinda tamamen geri
kazanilamayan kalici deformasyonlara neden olmaktadir.
Bu nedenle, ilk dongilerde gozlenen kabarma degerleri
kademeli olarak artis gostermektedir. Kabarmalar, 5.
donma dongisiine kadar kademeli olarak artarak
maksimum 0.61 mm’ye ulasmistir. Bu asamadan sonra
artan D-C dongileri boyunca numune daha stabil bir

davranis sergilemis ve nihai kabarma degerleri yaklasik
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0.1 mm civarinda kalmistir. Bu durum, zemin iskeletinin
yeniden diizenlenmesi ve bosluk yapisinin daha kararl bir
duruma ulasmasi ile yakindan iliskilidir. Artan dongi
sayilarinda donma sirasinda olusan kabarmalarin ¢ézilme
sonrasinda buylk olgiide geri kazanildigl, dolayisiyla
deformasyon davranisinin kalici olmaktan ziyade geri
(elastik) bir
gostermektedir. %5 CaO katkili numunelerde benzer bir

donebilen karakter kazandigini
egilim gozlenmekle birlikte, donma kaynakl kabarmalarin
buyiklugi referans numunenin yaklasik yarisi diizeyinde
gerceklesmistir. Bu numunede kabarma degerleri 4.

donma dongiisi sonunda stabil hale gelmis ve kalici

kabarma miktari yaklasik 0.03 mm olarak belirlenmistir.
%5 MgO katkili numunelerde ise donma—¢6ziilmeye bagli
kabarma davranisi CaO katkih numunelerle benzerlik
gbstermis, 4. donma doéngisiinden sonra belirgin bir
MgO katkih
kabarma degerlerinin

degisim gbzlenmemistir. numunelerde

oOlgllen referans numunenin
yaklasik %65’i seviyesinde kaldigi belirlenmistir. Genel
olarak degerlendirildiginde, her {i¢ numune igin de
eksenel boy degisimlerinin 4-5 D-C donglsiinden sonra
stabil hale geldigi ve katki maddelerinin donma kaynakl

kabarmalari 6nemli 6lglide sinirlandirdigi gérulmdastar.

0.7
J| —9— Referans
E 064 —®— %5Cao
g —4— %5Mg0
S 054
204 -

-
i
-

Eksenel boy de
=
(5]
1

0+

T L) L Ll L\l

Ll T T

1 1 L) T L T 1 L] 1 T T 1
D1 C1D-2G2D3G3D4C4D5¢5D6C-6D7¢-7D-8C8D-9C9D-10C-10

Donma-¢éziinme dongii sayisi
Sekil 5. Donma-¢oziilme dongllerine bagli olarak meydana gelen numune boy degisimleri

3.3 Farkli deney kogsullarinda CBR (%) degerlerinin
karsilastiriimasi

Donma ¢ozilme kaynakli mukavemet kayiplarini minimize
etmek ve mukavemet artisi saglamak amaciyla kullanilan
Ca0 ve MgO, zemin biinyesinde bulunan mevcut su ile
hidratasyon reaksiyonlarina girerek baglayici fazlarin
olusmasini saglar. CaO su ile temas ettiginde hizh ve
ylksek derecede ekzotermik bir hidratasyon reaksiyonu
gecirerek Ca(OH); olusturur. Bu sirecte zemin icerisindeki
suyun bir kismi tiiketilir ve yiksek pH ortami meydana
gelir. Erken yasta daneler arasi baglanmayi giiclendirerek
zeminde hizli bir mukavemet artisi saglar (Little, 1999; Al-
Mukhtar vd., 2010). MgO ise CaQ’ya kiyasla daha diisik
reaktiviteye sahip olup su ile daha yavas ve kontrolli bir

hidratasyon sireci sergiler. MgO’nun hidratasyonu
(Mg(OH),) ve karbonatlasma reaksiyonlari zaman
icerisinde geliserek daha kararli baglayic fazlarin

olusmasina katki sunar. Bu durum, zeminin uzun vadeli
dayanimini ve yapisal stabilitesini artirmaktadir. Farkli
arastirmacilar  tarafindan gergeklestirilen  deneysel
cahismalar, MgO katkili zeminlerin ge¢ yas dayanimi
acisindan avantaj sagladigini ve cevresel yiklemelere

karsi daha dengeli bir davranis sergiledigini ortaya

koymaktadir (Yi vd., 2018; Wang vd., 2019; Estabragh vd.,
2022; Mosa vd., 2022). Bu farkli reaksiyon kinetikleri, katki
altindaki
davranisina da yansimaktadir. CaO katkili numunelerde

maddelerinin  donma—¢6ziilme  dongileri
daha yiksek mukavemet degerleri elde edilmekle birlikte,
hizli hidratasyon siirecine bagli olarak daha rijit bir yapi
olusabilmekte ve c¢evrimler arasinda daha belirgin
degisimler gozlenebilmektedir. Buna karsilik MgO katkili
numunelerde, daha yavas ve kontrolli gelisen baglayici
fazlar sayesinde mukavemet gelisimi daha kademeli
gerceklesmekte ve donma—c¢ozilme dongileri boyunca
daha sinirl degisimlerle karakterize edilen bir davranis
ortaya ¢ikmaktadir (Wentao vd., 2024; Liv d., 2024; Shao

vd., 2025)

Donma—¢o6zilme dongilerinin  zemin  mukavemeti
lizerindeki etkisi, farkli zemin tirleri ve deney kosullari
altinda ¢ok sayida arastirmaci tarafindan incelenmistir
(Liu vd., 2009; Li vd., 2016; Yu vd., 2022). Yapilan
calismalarda, donma—¢ozilmeye bagh mukavemet
kayiplarinin genellikle ilk déngiide daha belirgin oldugu,
ancak cevrim sayisi arttikca bu kayiplarin azalarak belirli
bir dongi sayisindan sonra duragan bir seviyeye ulastigl

rapor edilmistir (Cizelge 3). Bu esik doéngl sayisinin
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¢ogunlukla 4-7 D-C ¢evrimi arasinda degistigi
belirtilmektedir. Bu esik déngl sayisindan sonra zemin
iskeletinde meydana gelen  vyapisal yeniden

dizenlenmelerin tamamlandigi ve ilave D-C dongilerinin

Cizelge 3. Literatiirde D-C dongiilerine ait detaylar

mukavemet Uzerinde sinirh bir etki olusturdugu ifade
edilmektedir (Wang vd., 2007; Xie vd., 2015; Tang vd.,
20018; Zhou vd., 2018; Gilen vd., 2024).

Kaynak Sicaklik (°C) Sure (saat) Déngii sayisi Esik dongl
Donma (D) Cozllme (C) Donma (D) Cozllme (C) sayisl
Liu vd. (2009) -5,-10,-15 20 12 12 1-12 7
Wang vd. (2007) -7 14 18 6 1,3,5,7,10,15,21 7
Tang vd. (2018) -10 10 3 3 1,3,5,9 5
Xie vd. (2015) -40 20 12 12 0,1,3,6,9,12,15 6
Zhou vd. (2018) -6,-12 15 12 12 0,3,6,9, 12 4-6
Liu vd. (2021) -20 20 12 12 0,1,3,6,10,15 3-6
Hou vd. (2025) -10 10 12 12 0,1,3,5,7,9,11,13 5-9
Ancak arazi kosullarinda zeminlerin hizmet omri etkin katki araliklarini temsil etmesi, asirn katkidan
boyunca, iklim degiskenligi ve mevsimsel sicakhk kaynaklanabilecek olumsuz etkileri sinirlamasi ve D-C

dalgalanmalarina bagli olarak bu esik degerin lizerinde
¢ok sayida D-C dongisiine maruz kalacagl da agiktir. Bu
nedenle, bu ¢alisma kapsaminda zeminde olusabilecek
maksimum  mukavemet kaybinin
degerlendirilmesi amaciyla, her biri bir donma ve bir
¢Ozllme asamasindan olusan toplam 10 D-C donglisi
uygulanmistir.

glvenli tarafta

Kimyasal katkilarla zemin iyilestirme g¢alismalarinda katki
tlrt, katki orani, kir siresi ve deneysel kosullarin
iyilestirme derecesini belirleyen temel parametreler
oldugu gosterilmistir. Wang vd. (2017) MgO katkisini %3,
%6 ve %9 oranlarinda kullanarak 3-28 gilin arasinda
degisen kir sirelerinde serbest basing ve konsolidasyon
davranisinda belirgin iyilesmeler raporlamis; katki orani
arttikca mukavemetin yiikseldigini, ancak kir siiresinin
etkisinin belirli bir noktadan sonra sinirh kaldigini
gostermistir. Mosa vd. (2022), %0.1-%1.5 MgO katki
oranlarinda 28 gunluk kiir sonrasi CBR (%) ve elastisite
modilinde onemli artislar elde etmis, optimum katki
oraninin sinirh bir aralikta ortaya ¢iktigini vurgulamstir.
Nano boyutlu MgO katkilariyla yuritilen ¢alismalarda ise
cok daha disuk katki oranlarinda (%0.4-%1.0) dahi
mukavemet ve CBR (%) degerlerinde ciddi artislar
saglandigi, ancak katki orani arttikca gevrek davranisin
baskin hale geldigi rapor edilmistir (Salem vd., 2020;
Ahmadi vd., 2020). Buna ek olarak MgO ve CaO’nun
birlikte veya farkh baglayicilarla kullanildigi calismalarda,
ozellikle kir stiresi ve reaksiyon ortaminin (CO, varhig gibi)
nihai dayanimi belirleyici oldugunu goéstermistir (Wang
vd., 2019; Estabragh vd., 2022). MgO igin yapilan benzer
degerlendirme CaO icin yapilan deneysel calismalarda da
rapor edilmistir (Al-Mukhtar vd., 2010; Noorzad vd., 2018;
Sendilvadivelu vd., 2025).

Bu baglamda, mevcut calismada CaO ve MgO katkilarinin
her biri igin %5 oraninin segilmesi, literatiirde rapor edilen

dongileri altindaki mukavemet kayiplarini karsilastirmal
olarak degerlendirmeye imkan tanimasi nedeniyledir.

MgO ve CaO katkilari, zemin biinyesindeki mevcut suyu
kullanarak hidratasyon reaksiyonlarina girdiginden, katkih
numunelerde sisme potansiyelinin azaldigl goézlenmistir.
Katkisiz numunede 96 saatlik bekleme siresi sonunda
olgllen sisme miktari yaklasik 1.8 mm iken, bu deger %5
Ca0 katkih numunelerde yaklasik 1.0 mm’ye, %5 MgO
katkili numunelerde ise yaklasik 1.2 mm’ye diismistiir. Bu
siire¢ ve D-C dongtleri sonrasinda CBR deneylerine tabi
tutulan numunelere ait ylik—batma miktari egrileri ve
ASTM 1883’e gbére belirlenen CBR (%) degerlerindeki
degisimler Sekil 6’da sunulmustur. Sekil 6’daki ylik—batma
miktart iliskisi icin 5 mm’deki yukin standart yike (19.96
kN) oranlanmasi ile belirlenen CBR (%) degerleri Sekil 7’de
sunulmustur.

6

=& Referans
| == 10 D-C dongiisi
54| == 05 Ca0
|| == %S MgO0

245 Ca0 (10 D-C)
b~ 085 MgO (10 D-C)

Eksenel yiik, (kN)
"~ w

o 1z 3 4
Batma miktar, h (mm)
Sekil 6. CBR deneyleri igin yik-batma miktari iliskisi

n

Referans (katkisiz) numunenin CBR (%) degeri 11.5 olarak
belirlenmistir. Bu numunenin 10 D-C doéngisi sonrasinda
CBR (%) degeri yaklasik %33 azalarak 6.7 seviyesine
%5 CaOo
hazirlanan numunelerde CBR (%) degeri 2.38 kat artarak

dismistiir. Referans numuneye ilavesiyle

27.4’e ulasmistir.
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Sekil 7. CBR (%) degerlerinin degisimi

Ayni numunenin 10 D-GC doénglisiine maruz birakilmasi
sonucunda CBR (%) degeri yaklasik %28 azalarak 19.6
seviyesine gerilemistir. Benzer sekilde, %5 MgO katkisi ile
hazirlanan numunelerde CBR (%) degeri 22.5 olarak elde

edilirken, D-C dongiileri sonrasinda bu deger 16.6'ya
diismUstiir. Genel olarak degerlendirildiginde, yalnizca %5
CaO veya %5 MgO katkisi ile CBR (%) degerlerinde iki
kattan fazla artis gértlmuistir. Donma—¢dzilme sonrasi
her iki katki tiirinde de CBR degerlerinde %26 ve %28
mertebesinde bir azalma meydana gelmis olsa da katkil
numunelerin CBR (%) degerleri katkisiz ve donma-
¢Oziilmeye maruz kalmis referans duruma kiyasla %70’e
varan oranlarda daha yiksek kalmigstir.

Cizelge 4 ve Karayollari Teknik Sartnamesi (2020) dikkate
alindiginda, CBR (%) < 7-8 olan zeminlerin temel ve alt
temel tabakalarinda kullanimi uygun gérilmemektedir.
Bu baglamda, CaO ve MgO katkilarinin, D-C doéngulerine
baglh mukavemet kayiplarini tamamen ortadan kaldirdig
ve incelenen zeminin yol altyapisi uygulamalarinda
kullanilabilirligini artirdigi ortaya koyulmustur.

Cizelge 4. Dolgu malzemeleri olarak zeminlerin degerlendirilmesi (Hazirbaba ve Giillii, 2010)

N . Siniflandirma
CBR (%) Degerlendirme Kullanim Durumu 0SCS AASHTO
0-3 Cok kot Taban zemini OH, CH, MH, OL A5, A6, A7
3-7 Kotu-Orta Taban zemini OH, CH, MH, OL A4, A5, A6, A7
7-20 Orta Alt temel OL, ML, CL, SC, SM, SP A2, A4, A6, A7
20-50 iyi Temel, Alttemel GM, GC, SW, SM, SP, GP Alb, A2-5, A3, A2-6
>50 Mikemmel Temel GW-GM Ala, A2-4, A3

3.3 Farkli deney kosullarinda direkt kesme kutusu deney
sonuglarinin karsilastirilmasi

Direkt kesme kutusu kullanilarak  katki
maddeleriyle zemin iyilestirmesini inceleyen ¢alismalar,
katki kayma  mukavemeti

parametreleri Gzerinde belirgin etkiler olusturdugunu

deneyleri

ilavesinin ~ zeminlerin
ortaya koymustur. Nano ve mikro boyutlu kimyasal
katkilarla yapilan deneylerde, ig¢sel sirtlinme agisi ve
kohezyonun katki oranina bagli olarak arttigi rapor
edilmistir (Ahmadi vd., 2020; Mirzababaei vd., 2021).

Direkt kesme kutusu deneyleri, Sekil 3b’de gosterilen
deney dizenegi kullanilarak CBR deneylerinde uygulanan
kosullarla  benzer deneysel prosedir izlenerek
gerceklestirilmistir. Deneyler 50 kPa, 100 kPa ve 200 kPa
dusey gerilmeler altinda yiritilmus; bu nedenle her bir
deney kosulu icin en az ¢ adet numune hazirlanmistir.
Tim numuneler standart kompaksiyon sikiliginda CBR
kahplarinda sikistirildiktan sonra 96 saat suda bekletilmis
ve akabinde uygun numune c¢ikaricilar kullanilarak
numuneler alinmistir. Referans numunelerden bir grup bu
sire sonunda; bir grupta 10 D-C donglsine maruz
birakildiktan sonra direkt kesme kutusu deneylerine tabi
tutulmustur. Benzer deneysel prosediir %5 CaO ve %5
MgO katkili numunelerde uygulanmistir. Tim deneyler 1
mm/dk sabit kesme hizinda ylratilmuas ve %10 yatay yer
degistirme degerine ulasilincaya kadar sdrdirialmustir.

Deneyler sonucunda elde edilen kayma gerilmesi—yatay
yer degistirme egrileri degerlendirilmis; %10 yatay yer
degistirme araligindaki maksimum kayma gerilmeleri esas
alinarak zeminlerin kayma mukavemeti parametreleri
belirlenmistir (Sekil 8).

Referans numune ile D-C dongiilerine maruz birakilan
katkisiz numune genel olarak benzer bir davranis
sergilemektedir. Egrilerin genel trendi incelendiginde,
kayma gerilmesi—yatay yer degistirme iliskisinin
karakterinin buyik olciide korundugu gorilmektedir.
Bununla birlikte, D-C etkisi referans numunenin pik kayma
gerilmesi degerlerinde belirgin bir azalmaya neden
olmustur. Donma—¢6ziilme sonrasi referans numunenin
pik kayma gerilmesi degerleri; 50 kPa diisey gerilmede
yaklasik %28, 100 kPa’da %19 ve 200 kPa’da ise %13
oraninda azalmistir. Bu bulgular, D-C déngdleri sonrasinda
zemin blinyesinde meydana gelen yapisal bozulmalar ve
zemin iskeletindeki degisimlerin mukavemet kayiplarina
yol actigini gostermektedir. Ancak, uygulanan disey
gerilmenin artmasiyla birlikte bu kayiplarin azaldig
gozlenmistir. Daha yliksek disey gerilmeler altinda zemin
ve daneler

iskeletinin yeniden dizenlenmesi arasl

temasin artmasi, donma—¢o6zilmenin neden oldugu
yapisal zayiflamalarin etkisini kismen azaltmaktadir. Bu
durum, zeminin baslangic kosullarina daha yakin bir

mekanik davranis sergilemesine katki saglamaktadir.
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Sekil 8. Direkt kesme kutusu deneyleri icin gerilme-sekil degistirme iliskileri a) 50 kPa b) 100 kPa c) 200 kPa

%5 CaO ve %5 MgO katkil numunelere ait kayma
gerilmesi—yatay yer degistirme iliskileri incelendiginde,
katkisiz bir
sergilendigi gorllmektedir. Katki ilavesiyle numunelerin

referans numunelerden farkli davranis
rijitliginin artmasi sonucu, pik kayma gerilmesine daha
dusuk yatay yer degistirme degerlerinde ulasiimistir. Buna
gore, katkill numuneler 50 kPa diisey gerilmede yaklasik
%2, 100 kPa’'da %3—-4 ve 200 kPa’da ise yaklasik %4-5
yatay vyer degistirme seviyelerinde pik degere
ulasmaktadir. 50 kPa ve 100 kPa dusey gerilmeler altinda
pik kayma gerilmesi belirgin bir sekilde gézlenirken, diisey
gerilmenin 200 kPa’a yikseltilmesi pik davranisinin daha
az belirgin hale gelmesine neden olmustur. Kayma
mukavemeti degerleri incelendiginde, %5 CaO katkili
numunelerde 50, 100 ve 200 kPa diisey gerilmeler altinda
Olcllen kayma gerilmelerinin referans duruma kiyasla
yaklasik %40-%60 oraninda arttigi belirlenmistir. lyilesme
oraninin daslik diisey gerilmelerde daha yuksek oldugu,
dusey gerilme arttikca ise bu artisin azaldigl gézlenmistir.
%5 MgO katkih numunelerde de benzer bir egilim
artis CaO

katkisina kiyasla daha sinirli ve yaklasik %22—-40 araliginda

izlenmis; ancak kayma mukavemetindeki

gerceklesmistir.

Donma—¢oziilme donguleri sonucunda tim numunelerde
gelmistir.  Katkisiz
%13 ile %28 arasinda

mukavemet kayiplari meydana

numunelerde bu kayiplar

degismektedir. %5 CaO katkili numunelerde donma-—
¢6zlilme sonrasi mukavemet kayiplari, uygulanan disey
gerilmeye bagl olarak %21-33 araliginda gerceklesmistir.
%5 MgO katkili numunelerde ise bu oran %12—-28 arasinda
belirlenmistir. Bununla birlikte, katkil numunelerin D-C
dongiileri sonrasinda olglilen kayma gerilmesi degerleri,
katkisiz referans numunelerin degerlerinden daha yiiksek
kalmistir.  Bu donma—¢o6zilme

bulgular, kaynakli

mukavemet kayiplarinin, bu c¢alisma kapsaminda
kullanilan CaO ve MgO katkilari ile 6nemli olglide

sinirlandirilabildigini gostermektedir.

%10 vyatay sekil
maksimum kayma gerilmeleri esas alinarak belirlenen

degistirme dizeyinde elde edilen

kayma mukavemeti parametrelerinin degisimi Sekil 9’da
ozetlenmistir. Sekil 9a’daki i¢sel stirtinme acisi degerleri
incelendiginde, referans numune icin bu deger 38° olarak
hesaplanmistir. Numunenin 10 D-C donglisiine maruz
birakilmasi sonucunda igsel siirtinme acisinda yaklasik
2°’lik bir azalma meydana gelmistir. %5 CaO ilavesi ile i¢sel
surtlinme agisi yaklasik 4° artarken, %5 MgO katkisi ile bu
artis yaklasik 2° seviyesinde gerceklesmistir.

katkih
numunelerde igsel sirtiinme agilarinda 2-3° civarinda

Donma—¢oziilme doéngileri sonrasinda
azalmalar gozlenmistir. Bu sonuglar, deneysel kosullar

altinda hem katki ilavesinin hem de D-C dongdlerinin i¢sel
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sirtiinme agisi Uzerinde belirgin bir degisime vyol
acmadigini gostermektedir.
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Sekil 9. Kayma mukavemeti parametrelerinin degisimi a) igsel
surtlinme agisi b) kohezyon

Buna karsin, CaO ve MgO’nun su ile girdikleri reaksiyonlar

sonucunda baglayici 6zellik kazanmalari, kohezyon
degerlerinde 6nemli artislara neden olmustur. Referans
numune icin 28 kPa olarak belirlenen kohezyon degeri, 10
D-C donglsi sonrasinda 12 kPa seviyesine diismustir. %5
CaO0 katkisi ile kohezyon yaklasik 2,4 kat artarak 68 kPa
degerine, %5 MgO katkisi ile ise yaklasik 2 kat artarak 57
kPa degerine ulasmistir. Donma—¢o6zilme dongileri
sonrasinda, zeminde suyun donmasiyla olusan yaklasik
%9’luk hacim artisina bagl olarak bu degerler sirasiyla 39
kPa ve 29 kPa seviyelerine gerilemistir. Ancak bu degerler
dahi, katkisiz referans numunenin kohezyon degerinin
katki

mukavemet

Gzerinde olup, maddelerinin donma—¢6zilme

kaynakh kayiplarini  6nemli  Glclide

sinirlandirdigini ortaya koymaktadir.

4. Sonuglar

Bu calisma kapsaminda bir dolgu zemininin donma-—
¢6zllme dongilerine bagh mukavemet degisimleri CBR
(%) ve direkt
degerlendirilmistir.

kesme  kutusu deneyleri ile

Donma—¢ozilme  dongilerinden
kaynakh mukavemet kayiplarini minimize etmek ve
iyilestirme saglamak amaciyla %5 CaO ve %5 MgO katki
oranlarinin kullanimi arastiriimistir. Elde edilen bulgular

asagida ozetlenmistir.

- Donma—¢oziilme etkisi: Katkisiz Ml sinifi  dolgu
zemininde 10 donma—¢dziilme dongiisi sonrasinda CBR
(%) ve kayma mukavemeti degerlerinde belirgin

azalmalar meydana gelmistir. Bu durum, donma
sirasinda zemin iskeletinde olusan yapisal bozulmalarin
ve ¢ozililme sonrasi kalict deformasyonlarin mukavemeti

olumsuz etkiledigini géstermektedir.

Katkilarin baslangi¢c mukavemetine etkisi: %5 CaO ve %5
MgO katki
kosullarda zeminin CBR ve kayma mukavemetini iki

ilavesi, donma—¢dzilme uygulanmayan
kattan fazla artirmistir. Bu artis, katkilarin hidratasyon

ve baglayict faz olusumu vyoluyla daneler arasi

baglanmayi gliclendirmesinden kaynaklanmaktadir.

Donma—¢6ziilme sonrasi performans: Donma—¢ozilme
dongileri katkili numunelerde de mukavemet kaybina
neden olmus; ancak bu kayiplar katkisiz zemine kiyasla
daha sinirh kalmistir. Katkih numunelerin  donma-
¢Ozilme sonrasi CBR (%) ve kayma mukavemeti
degerleri, katkisiz referans zeminden belirgin sekilde
daha yiiksek bulunmustur.

- Ca0 ve MgOQO’nun karsilastirilmasi: CaO katkisi, MgQO'’ya
kiyasla hem CBR (%) hem de kayma mukavemeti
acisindan daha yiiksek iyilestirme saglamistir. MgO ise
daha sinirli artislara ragmen donma—¢ozilme etkilerine
karsi daha dengeli ve kararli bir davranis sergilemistir.

- Muhendislik uygulamalari agisindan degerlendirme:
Bulgular, %5 CaO ve %5 MgO ile yapilan zemin
iyilestirmenin donma—¢6ziilmeye maruz kalan dolgu
zeminlerinde mukavemet kayiplarini 6nemli 6lglide
azalttigini ve zeminlerin yol altyapisi ve benzeri

miihendislik uygulamalarinda glivenle kullanilabilirligini

artirdigini ortaya koymaktadir.

5. Kisithliklar ve Oneriler

Bu calismadaki bulgular, belirli deneysel kabuller ve
sinirliliklar ¢ergevesinde degerlendirilmelidir. Deneysel
programda yalnizca tek bir katki orani, sabit optimum su
muhtevasi ve sinirl bir kiir stiresi ele alinmistir. Farkli katki
oranlari, degisken su muhtevalari ve daha kisa ya da uzun
kiir sirelerinin,
altindaki
davranisi Gzerinde farkli etkiler olusturabilecegi aciktir.

ozellikle donma—¢o6zilme dongileri

mukavemet ve gerilme—sekil degistirme

Ayrica calisma, tek bir zemin tiir ve kontrollii laboratuvar

kosullari  ile  sinirlandinlmis;  arazi  o6lgegindeki

homojensizlikler ve uzun sireli ¢evresel etkiler dikkate
alinmamistir. Gelecekte yapilacak ¢alismalarda katki orani

ve kir kosullarinin sistematik olarak incelenmesi,
baslangic su muhtevas ile farkh donma-c¢ozilme
senaryolarinin etkilerinin degerlendirilmesi

onerilmektedir.
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Abstract

In this study, titanium surfaces used as dental implant materials
were modified under different grit blasting pressures (2, 4, and
6 bar) and blasting angles (30°, 60°, and 90°). Al,Os particles with
a median particle size of Dso = 100 um were used as the abrasive
medium during the grit blasting process. The surface
morphologies of the produced samples were examined by
scanning electron microscopy (SEM), their phase structures
were determined by X-ray diffraction (XRD), and their surface
topographies were analyzed using a profilometer. In addition,
surface wettability was evaluated by contact angle
measurements using distilled water. The results showed that
increasing the grit blasting pressure and applying the blasting
angle more perpendicular to the surface markedly increased
surface roughness and microtopographic complexity. The
highest arithmetical mean height (S,) value was obtained under
the 6 bar 90° (B6-A90) condition as 2.58 um, corresponding to
an approximately 200% increase compared with the untreated
titanium surface, which exhibited an S, value of 0.86 um.
Contact angle measurements revealed that the lowest value was
obtained for the 4 bar 90° (B4-A90) sample as 69.11°, which was
approximately 23.4% lower than that of the 6 bar 30° (B6-A30)
sample showing the highest contact angle. Overall, the B6-A90
condition was evaluated as the most suitable surface
modification parameter for dental implant applications because
it provided a combined balance of high surface roughness,
complex microcrater formation, and hydrophilic behavior.

Keywords: Titanium; Sandblasting; Surface Roughness; Contact Angle;
Dental Implant; Surface Characterization.

Oz

Bu calismada, dental implant malzemesi olarak kullanilan
titanyum yuzeyler, farkh kumlama basinglari (2, 4 ve 6 bar) ve
kumlama agilarn (30°, 60° ve 90°) altinda modifiye edilmistir.
Kumlama islemlerinde asindirici olarak ortalama partikiil boyutu
Dso = 100 pum olan Al,Os partikiilleri kullanilmistir. Uretilen
numunelerin yiizey morfolojileri taramali elektron mikroskobu
(SEM) ile incelenmis, faz yapilari X-isini difraksiyonu (XRD)
yontemiyle belirlenmis ve yiizey topografyalari profilometre ile
analiz edilmistir. Ayrica, yuzey islanabilirligi, saf su kullanilarak
gercgeklestirilen temas agisi 6lglimleriyle degerlendirilmistir. Elde
edilen sonuglar, kumlama basincindaki artisin ve kumlama
acisinin yluzeye daha dik hale gelmesinin ylizey purtzlGlagini ve
mikrotopografik  karmasikhg belirgin  sekilde artirdigini
goOstermistir. En ylksek aritmetik ortalama yizey plrizIGlGgu
(Sa) degeri 6 bar 90° (B6-A90) kosulunda 2.58 um olarak elde
edilmis ve bu deger islem gérmemis titanyum ylizeyine ait 0.86
um degerine gore yaklasik %200 artis gostermistir. Temas agisi
Olguimlerinde en dusik deger 4 bar 90° (B4-A90) numunesinde
69.11° olarak belirlenmis ve bu deger en yiksek temas agisina
sahip 6 bar 30° (B6-A30) numunesine gore yaklasik %23.4 daha
diustk bulunmustur. Genel olarak, B6-A90 kosulu; yliksek ylizey
plrazltltgld, kompleks mikrokrater olusumu ve hidrofilik
davranisin birlikte saglanmasi bakimindan dental implant ylizey
modifikasyonu igin en uygun islem parametresi olarak
degerlendirilmistir.

Anahtar Kelimeler: Titanyum; Kumlama; Yiizey Purizliligi; Temas
Acisi; Dental Implant; Yiizey Karakterizasyonu.

1. Introduction

Dental implants have become the gold standard in
modern dentistry for the functional and aesthetic
rehabilitation of missing teeth. In these applications,
titanium (Ti) and its alloys are accepted as "gold standard"
materials due to their low elastic modulus, high corrosion
resistance, and excellent biocompatibility (Ban et al.,
2006, Gil et al.,, 2007, Chrcanovic et al., 2016). The

biological success of titanium relies on the interaction

between the thin, stable oxide layer (TiO2) that forms
spontaneously on its surface and the surrounding tissues.

However, since titanium has a biologically inert structure,
it may be difficult to establish a rapid integration with the
bone tissue after implantation (Khan et al., 2016, Sykaras
et al., 2000). In this context, the osseointegration process,
which is the most fundamental criterion for implant
success, is defined as the establishment of a functional
connection between the implant surface and the alveolar
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2000). The
depends on the

bone (Sykaras et al., success of

osseointegration material's
biocompatibility, its design, the surgical technique, and,
most importantly, the implant's surface characteristics. In
the literature, it has been determined that surface
roughness and chemical composition have a direct effect
on the proliferation and differentiation of bone cells
(osteoblasts)(Sykaras et al., 2000, Rgnold et al., 2003). It
is known that rough surfaces, compared to smooth
surfaces, increase protein adsorption and accelerate
blood platelet activation by providing a larger effective
surface area. To improve this mechanism, various surface
modification methods, such as sandblasting, acid etching,
anodizing, and plasma spraying, have been developed
(Ban et al., 2006, Anbarzadeh and Mohammadi, 2023,
Thakur et al., 2022).

The sandblasting method, based on striking hard abrasive
particles onto the surface with compressed air, is one of
the most frequently used techniques for creating macro-
roughness on dental implants. In this process, aluminum
oxide (Al,03), silicon oxide (SiO3), or titanium oxide (TiO,)
particles are generally used(Ghara et al., 2021). The
surface topography obtained by sandblasting depends
directly on particle size, blasting pressure, distance, and
impact angle (Ghara et al., 2021). As surface roughness
(Ra) increases, the removal torque of the implant
increases, and mechanical interlocking is strengthened
(Elias et al., 2008). Similarly, it has been found that acid-
etching processes applied after sandblasting maximize
the osseointegration potential by increasing surface
microporosity (Akbas et al., 2025).

In addition to the physical structure of the surface,
wettability is also a critical parameter for biological
interactions (Gittens et al., 2014). Hydrophilic surfaces
support the bone-healing process by facilitating the
spread of biological fluids on the surface. The positive
effects of hydrophilic surfaces on early-stage bone
2006).
sandblasting parameters can ensure achieving ideal

attachment(Rupp et al, Optimization of

roughness values and obtaining super-hydrophilic
characteristics by increasing surface energy (Rupp et al.,
2006). Although there are numerous studies in the
current literature on the effect of sandblasting pressure
on roughness, systematic investigations into the
combined effects of sandblasting angle together with
pressure on surface morphology and wettability are
observed to be limited (Kirman et al., 2023, Akbas et al.,
2025). Especially in ductile materials such as Grade 2
commercially pure titanium, the impact angle's effect on
particle penetration and surface deformation is a key

factor in topographic optimization.

The aim of this study is to comprehensively investigate
the effects of sandblasting pressure (2, 4, and 6 bar) and
sandblasting angle (30°, 60°, and 90°) on the surface
characteristics of titanium surfaces used as dental implant
materials. Within the scope of the study, the effects of
different parameter combinations on average surface
phase
structure (XRD), and wettability are determined, aiming

roughness (Ra), surface morphology (SEM),
to identify the most favorable surface preparation
conditions for biological performance.

2. Materials and Methods
2.1. Sample Preparation

In this study, Grade 2 titanium (Ti) discs with a diameter
of 10 mm and a thickness of 3 mm, possessing suitable
properties for dental implant applications, were used. To
ensure standardization of the initial surface roughness
prior
mechanically ground using SiC-based abrasive papers
with mesh sizes of 400, 600, 800, 1000, and 1200,
respectively. Following the grinding process, the samples
were ultrasonically cleaned in ethanol, acetone, and
distilled water for 10 minutes at each stage to completely
remove metallic residues and potential surface oils. After
the cleaning stage, all samples were dried under

to sandblasting, the sample surfaces were

compressed air at room temperature.
2.2. Sandblasting Process and Experimental Design

Surface modification processes were performed using a
Reitel Sanduret 2K (Reitel, Germany) model sandblasting
device, a standard in dental laboratory applications. The
experimental setup and the internal configuration of the
sandblasting chamber are illustrated in Figure 1.

Figure 1. Detailed view of the experimental sandblasting setup
and the surface modification process.

The figure demonstrates the internal working
environment of the abrasive chamber, where the
titanium sample is precisely positioned relative to the
blasting nozzle tip. The setup was designed to ensure a

constant blasting distance of 10 mm between the nozzle
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and the titanium surface. As shown in the visual, the
abrasive particles were projected through a specialized
nozzle within a sealed chamber, ensuring uniform
distribution of kinetic energy across the target area. This
configuration enabled the systematic adjustment of the
blasting angle (30°, 60°, or 90°) and pressure (2, 4, or 6
bar) to effectively modify the surface topography. Angular
aluminum oxide (Al,O3) particles with a median particle
size of D50 = 100 um were used as the abrasive medium.
For all experimental conditions, the blasting distance was
kept constant at 10 mm and the processing duration was
fixed at 1 min. This constant processing time was used for
all samples to isolate the effects of pressure and angle on
surface morphology, roughness, and wettability.

After sandblasting, all samples were recleaned in an
ultrasonic bath for 10 minutes to remove loosely attached
abrasive residues. The primary experimental parameters
are summarized in Table 1, and the specific sample
identification codes are presented in Table 2.

Table 1. Experimental parameters for the sandblasting process.

Parameter Value / Description
Abrasive Material Aluminum Oxide (Al,03)
Particle size D50 =100 pm
Blasting Pressures 2 bar, 4 bar, 6 bar
Blasting Angles 30°,600,90°

Blasting Distance
Processing Duration
Surface Cleaning
Method

10 mm (Constant)
1 minute (Constant)
Ultrasonic Bath (Ethanol, Acetone,
Distilled Water)

Table 2. Sample identification codes and parameters. In the
sample codes, “B” represents the blasting pressure and “A”
represents the blasting angle.

Sample Code Pressure (bar) Angle (°)
B2-A30 2 30
B2-A60 2 60
B2-A90 2 90
B4-A30 4 30
B4-A60 4 60
B4-A90 4 90
B6-A30 6 30
B6-A60 6 60
B6-A90 6 90
PureTi 0 0

2.3. Surface Characterization Techniques

To determine the topographic changes of the modified
surfaces, average surface roughness (Ra) values were
measured using a Surftest SJ-301 (Mitutoyo, Japan)
profilometer. Measurements were taken from three
different directions on the surface of each sample, and
the average of these values was reported. The surface
morphology and particle-surface interaction were
analyzed using a Carl Zeiss 300VP model Scanning

Electron Microscope (SEM). The crystal structures of the

particles were determined using a Rigaku ULTIMA 3-Rint
2200/PC X-ray diffractometer (XRD) in the 2h range of 3—
90 o, with Cu Ka radiation (0.1542 nm) at 40 kV and 36
mA. The wettability properties of the samples were
evaluated by contact angle measurements using distilled
water at room temperature. During the measurement, a
distilled water droplet was placed on the sample surface,
and the angle formed between the droplet and the
surface was recorded using a contact angle measurement
system. The obtained contact angle values were used to
surface behavior as

classify the hydrophilic or

hydrophobic. Micro-Vickers hardness measurements
were also performed on the untreated and grit-blasted
titanium surfaces to evaluate the near-surface hardening
effect induced by particle impact. The measurements
were carried out under a load of 1 kgf and reported as
HVi. Representative hardness values were calculated
from stable indentation
representative indentations affected by local peaks,
crater edges, or inclined roughness features were

excluded from the final evaluation.

measurements; non-

3. Results and Discussions
3.1. XRD analysis

The XRD patterns of untreated titanium (Pure Ti) and
titanium samples sandblasted under different pressure
and angle combinations are presented in Figure 2. For all
samples, the major diffraction peaks observed at
approximately 26 =35.1°, 38.4°, 40.2°, 53.0°, 62.9°, 70.6°,
76.2°, and 77.4° correspond to the (100), (002), (101),
(102), (110), (103), (112), and (201) planes of the
hexagonal close-packed (HCP) o-Ti phase, respectively
(JCPDS Card No: 44-1294) (Low et al., 2019). These results
indicate that the fundamental crystal structure of
titanium was preserved after the sandblasting treatment.

No additional peaks associated with newly formed phases
were detected in the XRD patterns after grit blasting. In
particular, the absence of distinct diffraction peaks
related to titanium oxide phases or residual Al,O;
particles used as the abrasive medium suggests that the
applied surface treatment did not alter the phase
and did not
crystallographically detectable residues on the surface.

constitution of the material leave

However, when the untreated Pure Ti sample is compared
with the grit-blasted specimens, slight reductions in peak
intensity and limited peak broadening can be observed
for some reflections. This behavior may be attributed to
the high-velocity impact of Al,Os particles on the titanium
surface, which can induce plastic deformation, lattice
distortion, and residual stress in the surface and near-
surface regions.
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Figure 2. XRD patterns of untreated titanium (Pure Ti, Grade 2)

and titanium samples sandblasted under different pressures (2,
4, and 6 bar) and angles (30°, 60°, and 90°) conditions.

This interpretation is further supported by the micro-
Vickers hardness results presented in Section 3.5, where
all grit-blasted surfaces exhibited higher hardness values
than Pure Ti and the highest hardness value was obtained
for B6-A90. Nevertheless, since no significant peak shift or
phase transformation was observed, these changes are
mainly attributed to microstructural disorder confined to
the near-surface region.

Overall, the XRD results demonstrate that the grit blasting
process did not impair the phase stability of titanium, but
rather introduced deformation-related microstructural
modifications in the surface and subsurface regions.
These changes are directly associated with the variations
in surface roughness, wettability, morphology, and
hardness discussed in the following sections.

3.2. Surface Morphology (SEM Analysis)

The effects of sandblasting parameters on the titanium
surface topography were investigated at different
magnifications (500x and 5000x), and the recorded SEM
images are presented between Figure 3 and Figure 8. The
morphological revealed that the
sandblasting pressure and angle shaped the surface
through  "plowing" and "impact"

examinations

modification
mechanisms.

20.0(KV] SP=12.0 WD=13.2 3500

Figure 3. SEM images of a) B2-A30, b) B2-A60, and c) B2-A90 samples prepared under 2 bar constant pressure (500x). Scale bars are

indicated in the micrographs

T0[u

20.01KV] SP=12.0 WD=13.

SP=12.0 WD=12.9 x5.0k

Figure 4. High-resolution SEM images of a) B2-A30, b) B2-A60, and c) B2-A90 samples prepared under 2 bar constant pressure

(5000x).
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Flgure 8. ngh resolutlon SEM images of a) B6-A30, b) B6-A60, and c) B6-A90 samples prepared under 6 bar constant pressure (5000x).

In treatments performed under a constant pressure of 2
bar, the particles mainly skimmed the surface, leading to
the formation of shallow micro-channels, especially at the
low blasting angle in B2-A30 (Fig. 3.a). High-resolution
images at 5000x magnification (Fig. 4.) indicated that this
low-energy contact induced limited plastic flow on the
ductile titanium surface, leaving a micro-texture with
smoother transitions. With the increase in blasting angle
to 90° in B2-A90 (Fig. 3.c), circular micro-depressions
began to form as a result of more perpendicular particle
impact; however, the severity of deformation remained
limited due to the low pressure. Increasing the blasting
pressure to 4 bar enhanced the depth and complexity of

crater-like surface features due to the increase in kinetic
In B4-A90 (Fig.5.c. and Fig. 6.c.),
overlapping micro-craters formed a more complex

energy (Fig. 5).

morphology compared with the 2 bar group. This finding
is consistent with the literature reporting that increasing
blasting pressure increases the extent of surface
deformation and roughness (Elias et al., 2008). The most
pronounced morphological changes were recorded under
the highest pressure of 6 bar (Fig. 7). Particularly for B6-
A90 (Fig. 7c and Fig. 8c),

topography consisting of crater-like depressions and

a highly complex micro-

sharp-edged features was obtained. Such a micro-
architecture can promote mechanical interlocking and
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facilitate early biological attachment processes by
providing a larger and more complex surface area (Le
Guéhennec et al., 2007). Overall, increasing the blasting
angle transformed the dominant wear mode from
plowing toward direct impact, while increasing pressure
intensified the deformation response. The combination of
high roughness, morphology,
hydrophilic behavior, and increased hardness supports
the selection of B6-A90 as the most favorable overall

surface modification condition in this study.

complex microcrater

3.3. Surface Roughness and Topographic Analysis

The quantitative impact of sandblasting pressure and
angle on the titanium surface architecture was evaluated
using areal profilometry over a 1 x 1 mm scan area, with
the results detailed in Table 3. The three-dimensional (3D)
topographic maps presented in Figure 9. correlate the
textural anisotropy and peak-to-depression distribution
with the quantitative roughness parameters.

Table 3. Surface roughness parameters of titanium samples modified at different sandblasting pressures and angles.

Map label Parameter Sa (um) Sq (um) St (um) Sp (um) Sv (um)
a B2-A30 1.72 2.07 12.61 7.43 5.18
b B2-A60 1.68 2.01 12.41 6.57 5.84
[ B2-A90 1.03 1.28 10.31 5.22 5.10
d B4-A30 2.03 2.44 15.83 7.47 8.36
e B4-A60 1.29 1.61 14.13 5.93 8.21
f B4-A90 1.04 1.38 21.59 8.04 13.54
g B6-A30 1.97 2.47 20.67 11.73 8.93
h B6-A60 1.43 1.89 29.69 19.13 10.56
i B6-A90 2.58 3.09 17.91 8.93 8.98
j Pure Ti 0.86 1.08 7.38 4.01 3.37

(a) = (b)

o)
R
= (f)

Figure 9. Three-dimensional (3D) topographic maps and surface roughness parameters of titanium surfaces modified under different
sandblasting pressure and angle conditions: (a) B2-A30, (b) B2-A60, (c) B2-A90, (d) B4-A30, (e) B4-A60, (f) B4-A90, (g) B6-A30, (h) B6-

A60, (i) B6-A90, and (j) untreated Pure Ti control sample.
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Figure 9 (continued). Three-dimensional (3D) topographic maps and surface roughness parameters of titanium surfaces modified
under different sandblasting pressure and angle conditions: (a) B2-A30, (b) B2-A60, (c) B2-A90, (d) B4-A30, (e) B4-A60, (f) B4-A90, (g)
B6-A30, (h) B6-A60, (i) B6-A90, and (j) untreated Pure Ti control sample.

Analysis of the topographic maps in Figure 9 reveals that
the relatively smooth surface of the Pure Ti sample was
transformed into a higher-frequency topography after
sandblasting. Among the areal roughness parameters, Sa
represents the arithmetical mean height of the surface,
Sq denotes the root mean square height, St corresponds
to the total height of the surface, Sp indicates the
maximum peak height, and Sv represents the maximum
depth of surface depressions (Sushil et al., 2025; Webb et
al., 2012). Therefore, Sp and Sv provide complementary
information on the peak-like protrusions and crater-like
depressions generated by sandblasting.

The increase in Sa observed in B2-A30 and B4-A30 is
mainly related to the linear heterogeneity created by
plowing channels formed during oblique particle impact.
In contrast, B6-A90 exhibited a more isotropic topography
consisting of randomly distributed microcraters without a
dominant directionality. The high correlation between Sa
and Sq values indicates a relatively homogeneous
distribution of surface height variations. B6-A90 exhibited
the highest roughness value of the series, with an Sa value
of 2.58 um, representing an approximately 200% increase
compared with untreated Pure Ti (0.86 um).

When examining St (total profile height), a volumetric
indicator, the value of 29.69 um for the B6-A60 (h) sample
is particularly noteworthy. This high amplitude confirms
the presence of micron-scale peaks (Sp: 19.13 um)
generated by the impacts of the blasting media, which act
as mechanical

anchors in biological environments,

contributing to peri-implant tissue
Guéhennec et al., 2007).

integration (Le

The relatively high Sv value of 13.54 um detected in B4-
A90 indicates the formation of deep crater-like surface
depressions. These local depressions may contribute to
liquid retention and help explain the low contact angle
measured for this sample. Thus, the wettability behavior
should be evaluated not only in terms of average
roughness but also considering the local crater geometry,
peak distribution, and surface depression characteristics.

3.4. Wettability Analysis

The effects of sandblasting parameters on the wettability
behavior of titanium surfaces were evaluated by contact
distilled
Representative water droplet images obtained from

angle measurements using water.
selected samples are presented in Figure 10 to visually
support the contact angle values listed in Table 4. The
selected images include B2-A90, B4-A90, and B6-A30,
representing different wettability responses observed in
the study. The B2-A90 sample exhibited hydrophilic
behavior with a contact angle of 71.68°, while B4-A90
showed the lowest contact angle value of 69.11°,
corresponding to the highest wettability among the
tested conditions. In contrast, B6-A30 exhibited a contact
angle of 90.17°, indicating a borderline hydrophobic

response.

The contact angle results show that most of the
sandblasted titanium surfaces exhibited hydrophilic
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behavior, with contact angle values below 90°. However,
the wettability variation was not strictly linear with
sandblasting pressure or angle. This indicates that
wettability was not governed solely by the average
surface roughness value, but was also influenced by
crater-like surface morphology, local liquid retention,

surface depressions, surface

and plowing-induced

features.

0
|
|

Figure 10. Representative water droplet images obtained from
selected sandblasted titanium surfaces: (a) B2-A90, showing
hydrophilic behavior with a contact angle of 71.68°; (b) B4-
A90, exhibiting the lowest contact angle value of 69.11° and
therefore the highest wettability among the tested conditions;
and (c) B6-A30, showing a borderline hydrophobic response
with a contact angle of 90.17°.

Table 4. Contact angle values and wettability classifications of
titanium surfaces sandblasted under different pressure and
angle conditions.

Sample o Wettabilit
Condirt)ion Contact Angle (*) Classificatign
B2-A30 81.17 Hydrophilic
B2-A60 89.35 Borderline

hydrophilic
B2-A90 71.68 Hydrophilic
B4-A30 72.87 Hydrophilic
B4-A60 82.16 Hydrophilic
B4-A90 69.11 Hydrophilic /

highest wettability

B6-A30 90.17 Borderline

hydrophobic
B6-A60 79.16 Hydrophilic
B6-A90 76.45 Hydrophilic

The lowest contact angle was obtained for B4-A90,
although this sample did not exhibit the highest
arithmetical mean height, S.. This behavior may be
associated with the formation of crater-like surface
depressions under perpendicular particle impact, which
can promote local liquid retention and facilitate spreading
of the water droplet over the modified titanium surface.
On the other hand, B6-A30 showed a borderline
hydrophobic response despite its relatively high
roughness. This result may be related to the formation of
plowing-induced surface channels and possible air
retention effects, which can partially restrict droplet
spreading on the surface. According to the general
contact angle criterion, surfaces with contact angle values
below 90° are considered hydrophilic, whereas values
slightly above 90° indicate a borderline hydrophobic
response. From this perspective, the majority of the

sandblasted titanium surfaces can be classified as

hydrophilic. For dental implant applications, such
hydrophilic behavior is advantageous because it can
facilitate the spreading of biological fluids, protein
adsorption, and early-stage cell attachment. Although B4-
A90 exhibited the highest wettability, B6-A90 provided a
more balanced overall surface condition by combining the
highest S, value, complex microcrater morphology,
hydrophilic behavior, and enhanced surface hardness, as

discussed in the following section.
3.5. Micro-Vickers Hardness Analysis

Micro-Vickers hardness measurements were performed
to support the interpretation of sandblasting-induced
near-surface plastic deformation and the associated
peening effect. The obtained HV; values are presented in
Table 5. Compared with untreated Pure Ti, all sandblasted
samples exhibited higher hardness values, confirming
that particle impact induced surface hardening to varying
degrees. However, the hardness variation was not strictly
linear with sandblasting pressure or angle, suggesting that
the indentation response was also affected by local
surface morphology, crater distribution, and plowing-
induced deformation. Among all tested conditions, B6-
A90 exhibited the highest hardness value of 239.5 HV,.
This result supports the interpretation that high-pressure
particle impact at a perpendicular angle produced a more
pronounced near-surface hardening effect. In contrast,
B2-A90 showed the lowest hardness value among the
which

relatively lower roughness and topographic amplitude.

sandblasted samples, is consistent with its
Overall, the micro-Vickers hardness results provide
additional evidence for the peening-related surface
modification effect induced by sandblasting, particularly
under high-pressure conditions.

Table 5. Micro-Vickers hardness values of untreated and
sandblasted titanium surfaces.
Sample Code

Micro-Vickers Hardness, HV,

Pure Ti 190.0
B2-A30 214.9
B2-A60 211.2
B2-A90 207.3
B4-A30 229.1
B4-A60 229.4
B4-A90 228.5
B6-A30 234.9
B6-A60 226.1
B6-A90 239.5

Note: Values represent the mean of representative stable indentations.
Non-representative indentations affected by local surface irregularities
were excluded.

4. Conclusions

The XRD results confirmed that the sandblasting process
did not alter the characteristic HCP a-Ti phase structure
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of Grade 2 titanium, and no additional crystalline phases
or crystallographically detectable Al,Oz residues were
observed. The slight changes in peak intensity and
broadening were attributed to near-surface plastic
deformation and microstructural disorder caused by
particle impact, which was further supported by the
micro-Vickers hardness results.

SEM and profilometry analyses demonstrated that the
surface modification mechanism changed from plowing-
dominated deformation at lower blasting angles to
impact-dominated crater formation at higher angles.
Sandblasting increased the surface roughness compared
with untreated Pure Ti, and B6-A90 exhibited the highest
Sa value of 2.58 um, corresponding to an approximately
200% increase relative to Pure Ti (0.86 um). The balanced
Sp/Sv distribution and complex microcrater morphology
of B6-A90 indicate a favorable surface structure for
mechanical interlocking.

Contact angle measurements showed that most
sandblasted surfaces exhibited hydrophilic behavior. B4-
A90 showed the lowest contact angle value of 69.11°,
indicating the highest wettability among the tested
conditions, whereas B6-A30 exhibited a borderline
hydrophobic response with a contact angle of 90.17°.
These findings indicate that wettability is governed not
only by average roughness but also by crater geometry,
local

surface depression characteristics, and liquid

retention behavior.

Micro-Vickers hardness measurements further confirmed
that sandblasting produced a near-surface hardening
effect compared with untreated Pure Ti. The highest
hardness value was obtained for B6-A90, supporting the
interpretation that high-pressure perpendicular particle
impact promoted a more pronounced peening-related
hardening effect. Overall, B6-A90 was determined as the
most favorable surface modification condition because it
combined the highest roughness, complex microcrater
morphology, hydrophilic behavior, and the highest micro-
Vickers hardness response. For dental implant
manufacturers, the B6-A90 condition can be considered a
practical surface preparation parameter when a rough,
mechanically stable, and hydrophilic titanium surface is
targeted. Future studies should quantitatively determine
the residual stress state of the modified surfaces to
further clarify the relationship between sandblasting
parameters and subsurface deformation.
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Oz

Bu calismada aloe vera tozu, grafen oksit ve grafen nano plakalar
iceren PVA tabanli kompozit filmlerin enerji sonimleme
davranislari analiz edilmistir. Sentezlenen filmlerin kalite
kriterleri olarak elastik geri kazanim orani (R) ve normalize
toplam deformasyon enerjisi (W¢/W;1) secilmis ve TOPSIS
yontemi kullanilarak optimum karisim oranlari belirlenmistir.
Sonuglar elastik geri kazanim orani degerlerinin %44,74-%57,08
araliginda degistigini, normalize toplam deformasyon enerjisinin
ise katki turi ve miktarina bagl olarak 0,12'ye kadar dusttugiinu
gostermistir. Normalize toplam deformasyon enerijisi sonuglari
grafen oksit ve grafen nano plakalarin enerji sonimleme
kapasitesi lizerinde belirgin bir rol oynadigini agiga ¢ikarmistir.
Aloe vera katkisinin ise elastik geri kazanim oranlarini diistirerek
esnekligi desteklerken yiiksek oranlarda kullanildiginda mekanik
dayanimi sinirladigi gériilmastir. Optimum olarak belirlenen A1
(%1 aloe vera), A3 (%3 aloe vera, 0,024 g grafen oksit, 0,024 g
grafen nano plakalar) ve A5 (%2 aloe vera, 0,024 g grafen oksit)
numuneleri dikkate alindiginda elastik toparlanma ve enerji
sonlimleme kapasitesi arasinda dengeli bir mekanik davranis
elde edilebildigi belirlenmistir.

Anahtar Kelimeler: Kompozit film; Nanoindentasyon; Elastik geri
kazanim orani; Enerji tabanli analiz.

Abstract

This study analyzed the energy absorption behaviour of PVA-
based composite films containing aloe vera powder, graphene
oxide and graphene nanoplatelet. The elastic recovery ratio (R)
and the normalized total deformation energy (Wt/Wt,1) were
selected as quality criteria for the synthesized films. Optimal
mixing ratios were then determined using the TOPSIS method.
The results showed that the elastic recovery ratio values ranged
from 44.74% to 57.08%, while the normalized total deformation
energy decreased to as little as 0.12, depending on the type and
quantity of additive used. Normalized total deformation energy
results revealed that graphene oxide and graphene nanoplates
play a significant role in energy absorption capacity. It was
observed that the aloe vera additive supports flexibility by
reducing elastic recovery rates but limits mechanical strength at
high concentrations. Optimal samples (A1, A3 and A5) were
found to be those containing 1%, 3% and 2% aloe vera,
respectively, alongside 0.024 g of graphene oxide and 0.024 g of
graphene nanoplatelet. These samples exhibited balanced
mechanical behavior between elastic recovery and energy
absorption capacity.

Keywords: Composite film; Nanoindentation; Elastic recovery ratio;
Energy-based analysis.

1. Girig

Nano dolgu maddeleri iceren polimer bazli kompozit
filmler, iyilestirilmis mekanik Ozellikleri ve Ustin
fonksiyonel performanslari nedeniyle umut vadeden bir
arastirma alani haline gelmistir. Son vyillarda grafen ve
grafen tirevi nano dolgular benzersiz mekanik 6zellikleri,
yuksek ylzey alanlar ve polimer matrisi ile glicli
etkilesimleri sayesinde polimer kompozitlerin mekanik
performanslarini artirmada o6ne c¢ikan katki maddeleri
(Deshmukh vd. 2026).

Literatirde, grafen tlrevi katkilarin diisik oranlarda

olarak raporlanmaktadir
(6rnegin agirlikga yaklasik %0,2) ilave edildiginde elastisite
modili ve ¢ekme dayanimi gibi mekanik oOzelliklerde
katki
ylkseldiginde, parcaciklarin kiimelenmesi nedeniyle bu

belirgin  artislar  sagladigl; ancak miktari

iyilesmenin sinirlanabilecegi bildirilmektedir (Malik vd.
2024). Zhu vd. (2015) tarafindan yapilan bir ¢alismada
nanoindentasyon testi sonucunda %0,5 grafen oksit
iceren PVA nanokompozit filmlerde elastisite modulinin
saf PVA’ya kiyasla yaklasik %120 oraninda arttig, sertlik
degerinin ise %60-65 seviyelerinde iyilestigi belirtilmistir.
Benzer sekilde, grafen oksitin iki boyutlu yapisi ve yiksek
6zgll ylzey alani sayesinde, matris ile takviye arasinda
glclu hidrojen baglarinin olusmasi sebebiyle yik transferi
kolaylasarak polimer zincirlerinin hareketinin sinirlandigi
literatirde vurgulanmistir (Sharma 2020). Grafen nano
plakalarin, daha yiksek 6zgil ylzey alani ve matris-
takviye arayuziinde daha iyi yapisma/kilitlenme sayesinde
ve Young modilini

sertligi iyilestirmede Ustlinlak

gosterdigi raporlanmistir (Bazzi vd. 2022, Jailani vd. 2026).
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Sertlestirici etki gosteren bu tiir nano dolgularin yani sira
bitkisel kdkenli dogal katkilar polimer bazli kompozitlerde
mekanik 6zelliklerin dengelenmesine yonelik alternatif bir
yaklasim sunmaktadir. Aloe vera gibi dogal katkilar
polimer matrisine ilave edildiklerinde plastiklestirici
benzeri etki yaparak zincir hareketliligini kolaylastirir ve
kompozit filmlerin esneklik ve deformasyon kapasitesini
artirabilir (Caicho-Caranqui vd. 2025, Vieira vd. 2011).
Gulncel arastirmalarda, aloe vera ilavesi yapilan PVA
kompozit filmlerinde kopma wuzamasi ve toplam
deformasyon kapasitesinde artislar kaydedilmis, buna
karsin elastisite modullu ve sertlikte yalnizca sinirh bir
disis gozlemlenmistir (Alves vd. 2024, Kogak vd. 2025).
Bu bulgular, aloe veranin polimer matris Uzerinde

plastiklestirici benzeri bir etkisi oldugunu

dogrulamaktadir.

Bu baglamda iyi film olusturma yetenegine sahip, biyolojik
sistemlerle uyumlu, ¢evre dostu ve mekanik o6zellikleri
katki maddelerine duyarli olmasi sebebiyle PVA hem
sertlestirici nano dolgularin hem de plastiklestirici etki
gosteren dogal katkilarin birlikte degerlendirilebilmesi
acisindan uygun bir polimer matris olarak 6ne ¢cikmaktadir
(Sobhiga vd. 2024).

Polimer kompozit filmlerin dayanikliik ve performans

ozellikleri mekanik o6zelliklerinden 6nemli  6lglide
etkilenmektedir (Humood vd. 2021). Nanoindentasyon,
bu tir kompozit filmlerin yerel 6lcekte deformasyon
davranisini incelemek icin kullanilan givenilir ve kullanigh
bir yontem olarak bilinmektedir (Anagri vd. 2022).
Literatirde nanoindentasyon galismalarinin ¢ogu sertlik
ve elastisite modili gibi mekanik o6zelliklere
odaklanirken, bu calisma PVA bazli kompozit filmlerin
deformasyon mekanizmalarini ayirt etmek icin yik-
derinlik egrisi ozelliklerinin yorumlanmasina ve 6zellikle
yap! sektord icin onemli olabilecek enerji soniimleme
potansiyeli Uzerine odaklanmaktadir. Bununla birlikte,
literatlirde grafen oksit ve grafen nano plakalarin yani sira
dogal bitkisel katki maddelerinin birlikte kullanildigi bircok
calisma vyer alsa da, bu c¢ok bilesenli sistemlerin
nanoindentasyon yontemiyle belirlenen elastik-plastik
bicimde ele alan

deformasyon davranisini ayrintili

cahismalarin sayisi halen sinirhdir.

Bu calismada literatirdeki calismalardan farkli olarak
grafen oksit ve/veya grafen nano plakalar katkii PVA
kompozit filmler, aloe vera ilavesiyle birlikte ele alinarak
incelenmis ve nanoindentasyon analizi yoluyla
deformasyon davranisi analiz edilmistir. Elastik geri
kazanim orani, maksimum girinti derinligi, toplam
deformasyon enerjisi gibi parametreler Gzerinden eneriji
detayli bir

sonimleme kapasitesi bicimde ortaya

konmustur.

2. Materyal ve Metot
2.1 Materyal

Polivinil alkol (Mw~145.000, tamamen hidrolize) Sigma
Aldrich firmasindan, grafen oksit (D/G yogunlugu: 0,9,
spesifik ylzey alani: 180 m?2/g, kalinhk: 10-15 nm;
ortalama pargacik boyutu: 1,5-2 um) ve grafen nano
plakalar (%99,9 saflikta, ortalama partikll boyutu: 5 nm,
capl: 30 um, spesifik yiizey alani: 170 m?/g) Nanografi
Nanotechnology firmasindan temin edilmistir. Aloe vera
tozu (%100 Organik 7 Kez Elenmis Saf Aloe Vera Tozu) ise
Organicco firmasindan satin alinmistir.

2.2 Deneysel Prosediir

Deneylerde grafen oksit, grafen nano plakalar ve aloe vera
tozu kullanilarak PVA tabanl kompozit filmler ¢ozelti
dokiim teknigi ile hazirlanmigtir. PVA 40 mL deiyonize su
icinde 80°C'de 1 saat boyunca manyetik karistirici ile
karistirllmis ve ¢o6zilmesi saglanmistir. Daha sonra 2
damla gliserol eklenmis (tim numunelerde sabit miktarda
kullanilmistir) ve ardindan belirlenen miktarlarda grafen
oksit ve/veya grafen nano plakalar ilave edilerek 20 dakika
daha karistinlmistir. 20 dakikanin sonunda g¢ozeltinin
30°C'ye sogumasi icin beklenmis ve ardindan aloe vera
tozu eklenerek 30 dakika daha karistiriimistir. Elde edilen
¢Ozeltiler petri kabina 15 mL olarak dokilmis ve oda
sicakliginda 3 glin kurumaya birakiimistir (Ceran vd.
2020).

2.3 Metot

PVA tabanli kompozit filmler icin yapilan deneylere ait
karisim detaylari EK 1’de yer almaktadir. Kompozit filmler
hazirlanirken her biri 3 seviyeli olacak sekilde PVA (1 g, 1,2
g, 1,4 g), aloe vera (%1, %2, %3), grafen oksit (0 g, 0,012 g,
0,024 g) ve grafen nano plakalar (0 g, 0,012 g, 0,024 g)
faktor
kullaniimistir.

olarak secilmis ve belirlenen oranlarda
agirhkca PVA

tanimlanmis ve verilen gram cinsinden degerler bu

Aloe vera Uzerinden
oranlara karsilik gelecek sekilde hesaplanmistir (%1, %2
ve %3 seviyeleri 1 g PVAicin sirasiyla 0,01, 0,02 ve 0,03 g‘a
karsihk gelmektedir). Deney sonuglarini kaydetmek igin
deney tasarim matrisi olarak Cizelge 1’e aktarilan Lo(3%)
Taguchi ortogonal dizini secilmistir. Cizelgede verilen A
PVA miktarini, B aloe vera miktarini, C grafen oksit
miktarini ve D grafen nano plakalarin miktarini temsil
etmektedir. Bu verilerden yararlanarak filmlerin kalite
kriterleri, girinti sirasinda tiketilen toplam mekanik isi
degerlendirmek icin enerji soniimleme kapasitesini temsil
eden normalize toplam deformasyon enerjisi (W¢/Wy,1) ile
geri kazanilabilir deformasyonu temsil eden elastik geri
kazanim orani (R) olarak belirlenmistir. Boylece PVA
tabanl kompozit filmlerin sekil geri kazanma ve esneklik
performansi ile enerji sénimleme ve tokluk kapasiteleri
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degerlendirilmistir. Faktorlerin yukarida belirtilen kalite

kriterleri  Uzerindeki etkileri Minitabl7 programi
kullanilarak analiz edilmistir. Elastik geri kazanim orani ve
normalize toplam deformasyon enerjisini optimize eden
tasarim TOPSIS (Technique for Order Preference by
Similarity to Ideal Solution - ideal Céziime Benzerlik
Teknigi)

yontemiyle belirlenmis ve verilerin etkileri

Yoluyla Tercih Siralama tabanlhi  Taguchi
ANOVA
yontemiyle degerlendirilmistir. Her bir kompozit filmden
en az 4 ornek alinarak toplam veri sayisi 49 olarak
hesaplanmistir. ilgili kriterlere ait ortalama ve standart
sapmalar Cizelge 2 ile, kompozit filmler icin olusturulan
akis diyagrami Sekil 1 ile verilmistir. Kompozit filmlerin
karakterizasyonu igin FTIR ve XRD analizleri yapilmis ve

elde edilen spektrumlar EK 2’de sunulmustur.

Cizelge 1. Ly deney tasarim matrisi

Kodlanmig degigkenler

Deney No. A B C D
1 1 1 1 1
2 1 2 2 2
3 1 2 2 1
4 1 3 3 3
5 2 1 2 3
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

PVA  Aloevera GO GNPs

!

[ Manyetik karigtirma ]

Sekil 1. Kompozit filmlerin hazirlanmasi, nanoindentasyon ile
karakterizasyonu ve sonuglarin degerlendirilmesini gosteren
akis diyagrami

Nanoindentasyon testi

Nanoindentasyon testleri 0,1-400 mN nano indentasyon

yukd arahigina sahip bir Berkovich tipi indenter

kullanilarak yik kontrolli modda gerceklestirilmistir.
Deneyler sirasinda maksimum girinti derinligi uygulanan
yik ve numunelerin mekanik ozelliklerine bagh olarak

degiskenlik gostermistir. Yiilkleme ve bosalma siirelerinin
her ikisi de 10 s ve indenterin yer degistirme hizi 20 nm/s
olarak alinmigstir.

Yiik-derinlik egrisi analizi

Yik-derinlik egrisinin yikleme boélgesi altinda kalan alan,
malzemenin uygulanan yik sirasinda harcadigi toplam
mekanik enerjiyi ifade etmektedir. Bu yaklasim ince film
ve kaplama sistemlerinde yik altinda gergeklesen enerji
sonimleme davranisinin degerlendirilmesinde literatlrde
yaygin olarak tercih edilmektedir (Almarri vd. 2025).
sirasinda  s6nimlenen

Yikleme enerjinin  geri

kazanilamayan kismi  olarak tanimlanan plastik
deformasyon enerjisi, malzeme igerisinde meydana gelen
kalici sekil degisimlerinin bir gostergesi olarak kabul
edilmektedir. Bogaltma asamasina karsilik gelen yiik-
derinlik egrisi alti alanlardan hesaplanan elastik geri
kazanim enerijisi, filmin deformasyon sonrasi elastik

toparlanma kapasitesini yansitmaktadir.
Enerji temelli parametreler

Yik-derinlik egrisi  kullanilarak harcanan mekanik
enerjinin hesaplanabilmesi Elastik geri
kazanim enerjisi ile plastik deformasyon enerjisinin analizi

bir malzemenin mekanik 6zellikleri ve mikro yapisi

mumkindur.

arasindaki iliskileri belirlemenin degerli bir yoludur.

Yikleme asamasinda egrinin altinda kalan alan
indentasyonda elastik ve plastik deformasyon
mekanizmalarina  harcanan  toplam  deformasyon

enerjisini temsil etmektedir. Enerjiyi hesaplamak igin yik

derinlik egrisi integre edilerek (Esitlik 1) toplam
deformasyon enerjisi elde edilir.
hmax
W, = j Pyukleme (h)dh €9)
0
Burada W, toplam deformasyon enerjisini, hmax
maksimum derinligi, P ise girinti kuvvetini temsil
etmektedir. Numuneler arasl karsilastirmayi

kolaylastirmak amaciyla, her bir numune igin hesaplanan
W, degerleri referans numunenin enerjisine bélinerek
kazanim

normalize edilmistir (W¢/W,1). Elastik geri

enerjisi  (W.) ise yilik-derinlik egrisinin bosaltma
asamasinda egri altinda kalan alanin kalici derinlikten (hy)

maksimum derinlige kadar integre edilmesi ile (Esitlik 2)

hesaplanir.
hmax

W, = f l:)b05a1tma (h)dh (2)
he

Plastik deformasyon enerjisi (W;) toplam deformasyon
enerjisinden elastik geri kazanim enerijisinin ¢ikariimasiyla
(Esitlik 3) belirlenebilir.
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W, = W, — W, 3)
Kalici girinti derinligi (hg)

Yuk-derinlik egrisindeki bosaltma egrisi kullanilarak
olarak

ekstrapolasyonu yoluyla kalici girinti derinligi (hf) tahmin
edilmistir. Bosaltma kademesine dogrusal uydurulan

bosaltma  egrisinin  sifir  yike grafiksel

regresyon dogrulari katsayisinin 0,95’in lzerinde g¢iktigi
belirlenmis ve bu dogrultuda dogrusal meta modeller ile
ifade edilmistir. Ornek hesaplama EK 3’te verilmistir.
Numuneler igin yaklasik h; degerleri Cizelge 2 ile
gosterilmistir.

Elastik geri kazanim orani

Elastik geri kazanim orani, maksimum girinti derinligi ile
bosaltma sonrasi kalan kalici derinlik arasindaki fark
kullanilarak  hesaplanmakta ve malzemenin yiik
kaldinldiginda deformasyonun ne kadarini elastik olarak
Yiik-derinlik
egrisinden vyararlanilarak elde edilen bu parametre,
elastik ve plastik deformasyon
degerlendirilmesinde yaygin olarak kullanilan temel
gostergelerden biridir (Oliver ve Pharr 1992). Elastik geri
kazanim oranlari asagida verilen Esitlik 4 ile belirlenmis ve

% olarak ifade edilmistir.

R = {(1 - hhf )x100} “4)

max

geri  kazanabildigini  gostermektedir.

katkilarinin

3. Bulgular ve Tartisma

Calismada, her bir numune igin farkli noktalardan elde
edilen 4-6 yik-derinlik egrisi arasindan, genel davranisi en
iyi yansitan egriler 3 farkli numune (optimum numuneler)
icin temsili olarak secilmistir. Mekanik yaniti géstermek
amaciyla referans olarak kabul edilen Al, elastik geri
kazanimin belirgin oldugu durumu ortaya koymak
amaciyla A3 ve yilksek enerji sonimleme davranisini
temsil etmesi amaciyla A5’in yik-derinlik egrileri ainmis
ve ortalama degerlere en yakin olanlari Sekil 2’'de
verilmistir. Yidkleme bosaltma egrileri incelendiginde
egrilerin sireklilik gosterdigi ve egrilerde belirgin bir
basamak bulunmadigi  gortlmistir. Bu  durum
deformasyonun kararli bir sekilde ilerledigini gostermistir.

Egrilerde ani dlsls ya da sicramanin goriilmemesi lokal

kirlmanin ya da nano dolgularin kiimelenmesine bagli
mikro hasarlarin baskin olmadigini diistindirmustir (Zhu
vd. 2015).

Yik-derinlik egrisinin altinda kalan alan kullanilarak
hesaplanan toplam deformasyon enerijisi (W), elastik geri
kazanim enerjisi (We) ve plastik deformasyon enerjisi (W)
verileri Cizelge 2 ile sunulmusgtur. Yuk-derinlik egrilerinin
surekli bir karakter sergilemesi ve bosaltma egrisinin
egimi dikkate alindiginda, W, degerlerinin numuneler
arasinda degiskenlik gosterdigi gorilmustir.

25

Al
20 —

Yiik, P (mN)

<1000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Derinlik, h (nm)

25
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20
15
z
E
a 10
e
i3
s
5
0
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-5
Derinlik, h (nm)
25
A5
20
15
z
E
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-
i3
>
5
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1000 2000 3000 4000 5000 6000

-5
Derinlik, h (nm)

Sekil 2. Kompozit filmlerin nanoindentasyon deneylerinden elde
edilen yuk-derinlik egrileri

Cizelge 2. Nanoindentasyon testleriyle elde edilen W, We, Wy, hmax Ve h¢ ‘nin ortalama degerleri

Numune W;x 108 (J) W, x 108 (J) W, x 108 (J) hmax (NM) h¢ (nm)

Al 8,74+0,84 3,84+0,64 4,90+0,20 8036,07£1259 3436,871460,34
A2 2,77+0,54 1,01£0,32 1,76x0,23 2432,08+505,21 1274,17+142.11
A3 5,39+0,61 2,1610,41 3,23+0,29 4521,87+574,46 1990,89+184,64
A4 4,67+1,00 1,531£0,59 3,14+0,43 4021,53+950,26 2169,99+300,80
A5 6,86+2,50 2,70+0,89 4,16+1,65 6256,53+£2632,90 3026,35+£1456,03
A6 4,3610,83 1,64+0,55 2,7210,31 3690,46+810,77 1735,25+193,80
A7 1,03+£0,07 0,38+0,06 0,65+0,06 1753,67+117,13 874,45+116,02
A8 2,94+0,28 0,94+0,07 2,00£0,22 2459,60+250,60 1338,26+183,46
A9 2,04+0,11 0,87+0,10 1,17+0,09 1743,55+90,71 758,2485,23
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Ozellikle A7, A8 ve A9 numunelerinde W. degerlerinin
sirasiyla 0,38x10% J,0,94x10® J ve 0,87x108 ] seviyelerine
distugu gorulmektedir. Bu numunelerde W, degerlerinin
dasik kalmasi da kalici deformasyonun sinirli oldugunu
gostermektedir. Buna karsilik, A1 ve A5 numunelerinde
W¢'nin yaninda W, degerlerinin de yiiksek olmasi (6rnegin
Al icin W, = 8,74x10® J, W, = 4,90x10% J), deformasyon
sirasinda  enerjinin  6nemli  bir kisminin  plastik
mekanizmalar yoluyla harcandigini ortaya koymaktadir.
Bu numunelerde bosaltma sonrasi kalici girinti derinliginin

artmasi, W, degerlerindeki ylkselisle ortismektedir. W
70

57,08

50

40

30

20

10

0
Al

1,20

’

(=)
(=]

55,71

A3

0,62

46,76

A2

44,74

A4

Elastik Geri Kazanim Orani (%)

1,00
1,00

0,80

0,60

0,40

0,20

Normalize Toplam Enerji (Wt/Wt,1)

0,00

0,53 0,50
0,32
0,23
I = I
Al A2 A3 Ad A5 A6 A8 A9

degerleriise nano dolgularin ilavesiyle 1,03 x 108 J/'a kadar
dismistur. En yiiksek W; degeri sadece aloe vera igeren
referans kompozit filmde gorilirken, en diisik W, degeri
%1 aloe vera, 0,024 g grafen oksit ve 0,012 g grafen nano
plakalar iceren kompozit filmde (A7) gorilmustir. W;
degerlerindeki
girintiye karsi daha direngli bir davranis sergiledigini ve
daha gerceklestigini  ortaya
koymaktadir. Bu sonuglar, enerji temelli parametrelerin
yuk-derinlik egrilerinden elde edilen nitel yorumlarn
sayisal olarak destekledigini ortaya koymustur.

azalma nano dolgularin malzemenin

deformasyonun sinirli

56,41
52,50 52,14 50,11

| I I 45’74

AS Ab A7 A8 A9
Numuneler

0,79

0,34

A7

Numuneler

Sekil 3. Kompozit filmlere ait a) Elastik geri kazanim oranlari, b) Normalize toplam deformasyon enerjileri

Elastik geri kazanim orani (R), bir malzemenin deforme
olduktan sonra orijinal sekline geri donme yetenegi olarak
tanimlanir. Cizelge 2’de 6zetlenen maksimum (hma) ve
kahci (hs) girinti derinlikleri kullanilarak elastik geri
kazanim oranlarn hesaplanmis ve kompozit filmlerin
deformasyon davranisini goéstermek amaciyla Sekil
3(a)’da grafiksel olarak sunulmustur. Al ve A5 kompozit
filmleri daha yiksek maksimum girinti derinligi (sirasiyla
8036,07 nm ve 6256,53 nm) ve daha yiiksek kalici girinti
3436,87 nm ve 3026,35 nm)

gosterirken; A7, A8 ve A9 kompozit filmlerinin maksimum

derinligi  (sirasiyla

girinti derinligi ve kalici girinti derinliginin daha distk
oldugu gorilmistlr. En disiik hmax ve hrdegerleri %3 aloe
vera ve 0,012 g grafen oksit iceren A9 kompozit filmine
aittir. Elastik geri kazanim oranlariincelendiginde referans
numune olan Al numunesinde %57,08 degeri elde
edilirken bazi nano katki iceren numunelerde bu degerin
daha dusik seviyelere indigi belirlenmistir. Bununla
birlikte katki tirG ve oranina bagh olarak elastik geri
kazanim oraninin her numune icin ayni yénde degismedigi
katki
numunesinde) referans degere oldukga yakin sonuglar

ve baz kombinasyonlarinda  (6rnegin A9
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elde edildigi dikkati ¢ekmistir. Bu durum nano dolgularin
elastik geri kazanim (zerindeki etkisinin tek yonla
olmadigini, katki miktari ve katkinin dagilimina bagh
olarak degiskenlik gosterdigini ortaya koymustur.

Literatirde, elastik ve plastik deformasyon bilesenlerinin
enerji temelli oranlar aracihigiyla degerlendirilmesinin,
farkh
karsilastirmada etkili bir yaklagim oldugu gosterilmistir.
Bu cergevede, numuneler arasindaki davranis farklarini
daha net ortaya koymak ve deneysel kosullara bagli olasi
sapmalari sinirlamak amaciyla, bu g¢alismada toplam

malzemelerin  nanoindentasyon  yanitlarini

deformasyon enerjisi referans numune olarak kabul
edilen Al numunesi esas alinarak normalize edilmistir

PVA
56 ()

55
54
53
52
51 l‘l‘l""\,‘ *..l [
50

49

Elastik geri kazanim orani igin ortalama

48
1,0 1,2 14 1 2

Aloe vera (%)

(W¢/Wy1) (Yamamoto vd. 2021).
deformasyon enerijisi degerleri (Sekil 3(b)), farkli nano
dolgu igerigine sahip numunelerin enerji sénimleme

Normalize toplam

davranisi lizerindeki etkisini ortaya koymaktadir. Referans
numuneye kiyasla daha vyliksek W /W1 degerleri,
indentasyon sirasinda artan plastik deformasyon ve mikro
hasar olusumu ile iligskilendirilebilirken, daha dusilik
oranlar daha sinirh enerji tiuketimi ve elastik tepkinin
baskin oldugunu gostermektedir. Enerji temelli elde
edilen sonuglarin, kompozit filmlerin derinlige dayali
elastik geri kazanim orani ile genel egilim agisindan
uyumlu oldugu belirlenmis ve gbzlenen mekanik davranisi
destekledigi gorilmustar.

Grafen oksit (g) Grafen nano plakalar (g)

0 0012 0,024 0 0,012 0,024

a Faktor seviyeleri

PVA
0,7 (e)

0,6 e

0,4

Wt/Wt,1 icin ortalama

0,3

.
0,2
10 12 14 1 2

Aloe vera (%)

05 \ \

Grafen oksit (g) Grafen nano plakalar (g)

*

0 0012 0024 0 0,012 0,024

b Faktor seviyeleri

Sekil 4. Kompozit filmlere ait ana etki grafikleri a) elastik geri kazanim orani, b) normalize toplam deformasyon enerjisi

3.1 Faktor Etkileri Analizi

Elastik geri kazanim orani ve normalize toplam
deformasyon enerjisinin faktérlere bagli ana etki grafikleri
Sekil 4 ile verilmistir. Elastik geri kazanim orani icin ana
etki grafigi incelendiginde PVA, aloe vera ve grafen oksitin
orta seviyeye kadar ilave edilmesinin elastik geri kazanim
oranini dusirdiGgl, orta seviyeden sonra ise artirdig
actkca gorlilmastir. Bu durum orta seviyede PVA
iceriginin zincir hareketliligini kismen sinirlandirirken,

daha yiksek PVA miktarlarinda elastik toparlanmayi

yeniden destekledigini gostermistir. En yiksek elastik geri
kazanim orani degeri sadece aloe vera katkili kompozit
filmlere (A1)
kullanildiginda matrise yeterince homojen dagiimadigi

aittir. Aloe vera dislik oranlarda
icin plastiklestirici etkisini tam olarak gosterememistir.
Aloe vera ilavesinin %2’yi agsmasiyla birlikte elastik geri
kazanim oraninda ciddi sekilde artis gorUlmustir. %3
seviyesinde aloe vera kullanilmasi zincir hareketliligini
sekilde

artirarak elastik toparlanmayl belirgin  bir

artirmistir. Orta seviyede grafen oksit kullaniimasi zincir
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hareketini kisitlayarak elastik toparlanmayi azaltmis fakat
daha sonra elastik geri kazanim tekrar artisa ge¢mistir.
Yuksek rijitli

ilavesinde ise matriste plastik deformasyon artmis ve
elastik toparlanma miktarin artmasiyla baskilanmistir.
Genel olarak degerlendirildiginde elastik geri kazanim
orani igin PVA miktarinin etkisinin tek yonli olmadigi,
katki bilesenleri ile birlikte degisen bir davranis sergiledigi
gorilmustdr.

Normalize toplam deformasyon enerjisi icin elde edilen
ana etki grafikleri, kompozit filmlerin enerji sénimleme
kapasitesinin belirlenen faktorlerin igeriklerine duyarli
oldugunu gostermistir. PVA miktarinin artmasiyla birlikte
polimer matrisin yogunlugu artmis ve bu da girinti
derinligini sinirlayarak deformasyona karsi daha direngli
bir yapr olusmasini saglamistir. Aloe vera miktarinin
artmasi, normalize toplam deformasyon enerjisinde
kademeli bir azalmaya neden olmustur. Bu durum,
plastiklestirici etkinin belirli bir seviyeden sonra zincirler

arasi etkilesimleri zayiflatarak malzemenin yik tasima ve

Cizelge 3. Kalite kriterleri lizerinde yanitlarin etkisi

enerji sonimleme kapasitesini distrdigini ortaya

koymustur.

Grafen oksit icerigi incelendiginde, orta katki seviyesinde
normalize toplam deformasyon enerjisinin en dusik
degerine ulastigl, daha yiksek oranlarda ise bu degerin
yeniden arttigl gorilmustir. Disik ve orta seviye grafen
oksit miktarlarinda zincir hareketliliginin kisitlanmasi
enerji sénimleme kapasitesini sinirlandirirken, grafen
oksit miktarinin artmasiyla birlikte dolgunun daha etkin
dagilmasi ve yik transferinin iyilesmesi sonucu tokluk
katkisinin belirginlestigi dislinilmustir. Grafen nano
plakalarin miktari da normalize deformasyon enerijisi
lizerinde glglU bir etki gostermekte olup, orta seviyede
minimum deger gosterirken, yliksek seviyede artan bir
egilim sergilemistir. Bu sonuglar, grafen nano plakalarin
dusitk oranlarda
Ustlendigini, daha optimum dozajlarda
sonimleme kapasitesini artirarak kompozit filmlerin
tokluguna katki sagladigini ortaya koymustur.

deformasyonu sinirlayici  bir  rol

ise enerji

R Wi/Wi1
Katki T-degeri p-degeri Katki T-degeri p-degeri
1,86 (1.seviye)* 7,29 (1.seviye)
A %1,81 -0,93 (2.seviye)** 0,206 %44,69 6,29 (2.seviye) 0,000
-0,93 (3.seviye) -13,58 (3.seviye)
3,45 (1.seviye) 4,19 (1.seviye)
B %42,48 -8,93 (2.seviye) 0,000 %4,45 -1,32 (2.seviye) 0,002
5,48 (3.seviye) -2,87 (3.seviye)
0,90 (1.seviye) 6,99 (1.seviye)
C %13,77 -4,82 (2.seviye) 0,000 %15,32 -6,79 (2.seviye) 0,000
3,92 (3.seviye) -0,21 (3.seviye)
7,76 (1.seviye) 9,41 (1.seviye)
D %32,52 -5,08 (2.seviye) 0,000 %31,19 -10,21 (2.seviye) 0,000

-2,68 (3.seviye)

0,80 (3.seviye)

* Sinerijistik etki.
** Antagonistik etki.
3.2 Istatistiksel Analiz

Faktorlerin kalite kriterleri (izerindeki etkisini istatistiksel
olarak belirlemek icin ANOVA yontemi kullaniimistir.
Faktor etkilerine iliskin analiz sonuglarn Cizelge 3'te
verilmistir. Elastik geri kazanim orani bakimindan sonuglar
incelendiginde en yiksek katkinin %42,48 (B) ile aloe
veradan ve %32,52 (D) ile grafen nano plakalardan geldigi
gorilmastar. Bu iki faktor istatistiksel olarak anlamhdir
(p=0,000). C faktora (grafen oksit) de istatistiksel olarak
anlamli (p=0,000) olmakla birlikte %13,77 ile orta diizeyde
bir katki saglamistir. A faktora (PVA) disiik katki oranina
sahip olup istatistiksel olarak anlamli degildir (p=0,206).
Bu durum elastik geri kazanim orani lizerinde PVA
miktarinin belirgin bir etkisi olmadigini géstermistir.

Normalize toplam deformasyon enerjisi icin ise en yiksek
katkiyr %44,69 ile A faktori (PVA) ve %31,19 ile D faktori
(grafen nano plakalar) saglamistir ve her ikisi de

istatistiksel olarak anlamlidir (p=0,000). C faktori de
%15,32 katki
bulunmustur (p=0,000). B faktorinin ise disuk katk
oranina (%4,45)
(p=0,002) oldugu gorilmustdr.

oraniyla istatistiksel olarak anlamli

ragmen istatistiksel olarak anlamh

Sonuglar faktoérlerin yalnizca bilyuklik olarak degil
farkl
gostermistir. Elastik geri kazanim orani agisindan A ve D

etkilerin yonl agisindan da davrandigini
faktorleri 1. seviye icin sinerjistik etki gdsterirken, 2. ve 3.
seviyeler icin antagonistik etki gostermistir. B ve C
faktorleri ise 1. ve 3. seviyeler icin sinerjistik etki
gosterirken 2. seviye icin antagonistik etki sergilemistir.
Normalize toplam deformasyon enerjisi agisindan
bakildiginda ise A faktori 1. ve 2. seviye igin sinerjistik, 3.
seviye icin antagonistik etki gostermis; B ve C faktorleri 1.
seviye icin sinerjistik, 2. ve 3. seviyeler icin antagonistik

etki gostermistir. D faktorl ise 1. ve 3. seviyeler icin
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sinerjistik, 2. seviyede antagonistik etki sergilemistir. Bu
sonuglar faktorlerin kalite kriterlerini farkl seviyelerde
artirici  veya azalticl

yonde etkileyebildigini ortaya

koymustur.

3.3 Optimum Tasarim

Kompozit filmlerin kalite kriterleri olarak segilen elastik
geri kazanim orani ve normalize toplam deformasyon
enerjisi es zamanl olarak TOPSIS yontemi kullanilarak
Minitabl7 programi yardimiyla optimize edilmis ve
optimum karisim oranlari belirlenmistir (Cizelge 4).
TOPSIS analizinde karar matrisi Taguchi yonteminde

kullanilan S/N oranlari (zerinden olusturulmustur.

Cizelge 4. Kompozitler filmler igin TOPSIS yénteminin uygulanmasi

Taguchi TOPSIS ile butlnlesik uygulandigl zaman hem
deney tasariminin verdigi avantajlar ile veri analizi
yapilmasina hem de hesaplanan S/N oranlariile gok yanitli
optimizasyon problemini tek vyanith hale getirerek
¢Oziilmesine yardimci olur (Simsek vd. 2013). Elastik geri
kazanim orani ve normalize toplam deformasyon enerjisi
esit derecede 6nemli performans kriterleri olarak ele
belirlenmistir. TOPSIS yonteminin uygulanma basamaklan
kompozit filmler i¢in 6rnek hesaplama olarak EK 4'de
verilmistir. Elde edilen sonuglar A1, A3 ve A5’in optimum
parametre tasarimina sahip oldugunu gostermistir.

Karar matrisi (S/N oranlari)

Agirliklandinlmig normalize karar matrisi

R Wi/Wt1 ) . . . i
vil vi2 Si* Si- Ci*

Adirhk 0,50 0,50
Al 35,15 0,00 0,171 0,000 0,000 0,333 1,000*
A2 33,55 -9,97 0,163 -0,178 0,178 0,154 0,464
A3 34,96 -4,20 0,170 -0,075 0,075 0,257 0,774*
A4 33,26 -5,45 0,162 -0,097 0,098 0,235 0,706
A5 34,26 -2,10 0,167 -0,037 0,038 0,295 0,887*
A6 34,48 -6,05 0,168 -0,108 0,108 0,224 0,675
A7 34,00 -18,61 0,166 -0,332 0,332 0,004 0,012
A8 33,18 -9,47 0,162 -0,169 0,169 0,163 0,491
A9 35,04 -12,64 0,171 -0,226 0,226 0,107 0,321
Rij 102,65 27,99 A* 0,171 0,000

A- 0,162 -0,332

*ideal ¢dzlime en yakin deney kosumudur (optimum deney).

4. Sonuglar

Bu calismada aloe vera tozu, grafen oksit ve grafen nano
plakalar katkih PVA kompozit filmlerinin yerel mekanik
Ozellikleri Uzerinde katki turl ve miktarinin etkisi analiz
edilmis ve TOPSIS tabanh Taguchi yontemi kullanilarak
optimum karisim oranlari belirlenmistir. Elde edilen yik-
derinlik egrilerinden hesaplanan toplam deformasyon
enerjisi, elastik deformasyon enerjisi ve elastik geri
kazanim orani degerleri, kompozit filmlerin deformasyon
davranisinin katki icerigine bagli olarak belirgin sekilde
degistigini gostermistir.

Elastik geri kazanim oranlari %44,74 ile %57,08 arasinda
degismekte olup, en yiiksek geri kazanim oranina sahip
numune nano pargacik katkisi bulunmayan %1 aloe vera
iceren Al (referans) numunesi olmustur. Normalize
toplam deformasyon enerjisi sonuglari grafen oksit ve
grafen nano plakalarin enerji sonimleme kapasitesi
Gzerinde belirgin bir rol oynadigini géstermistir. Yuksek
katki oraninda grafen oksit ve grafen nano plakalar iceren
numunelerde elastik geri kazanim oraninin katki tiri ve

oranina bagh olarak degistigi, buna karsilik toplam
deformasyon enerjisinin genel olarak azalma egilimi
gosterdigi belirlenmistir. Bu sonuglar grafen oksit ve
grafen nano plakalarin uygun oranlarda kullaniimasi
durumunda kompozit filmlerin elastik toparlanma
belirli

seviyelerde korunabildigini gostermistir. Ayni zamanda

kabiliyetinin  tamamen  kaybolmadigini  ve

nano parcaciklarin polimer matriste deformasyon
sirasinda uygulanan enerjinin bir kisminin elastik olarak
geri kazanilmasina katki sagladigini da agiga c¢ikarmistir.
Buna karsilik bazi numuneler icin elastik geri kazanim
oraninda meydana gelen azalma ile toplam deformasyon
enerjisindeki degisimin birlikte degerlendiriimesi bu
numunelerde plastik deformasyon mekanizmalarinin

daha baskin oldugunu ortaya koymustur.

TOPSIS yontemi kullanilarak elastik geri kazanim orani
%57,08, normalize toplam deformasyon enerjisi 1 olan Al
(%1 aloe vera) numunesi, elastik geri kazanim orani
%55,71, normalize toplam deformasyon enerjisi 0,62 olan
A3 numunesi (%3 aloe vera, 0,024 g grafen oksit, 0,024 g
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grafen nano plakalar) ve elastik geri kazanim orani
%52,50, normalize toplam deformasyon enerjisi 0,79 olan
A5 numunesi (%2 aloe vera, 0,024 g grafen oksit)
optimum numuneler olarak belirlenmistir. Toplam
deformasyon enerijisi ve elastik geri kazanim orani birlikte
degerlendirildiginde aloe vera katkisinin sistemde 6nemli
bir rol oynadigi, ancak mekanik davranisin katki tiiri ve
oranlarinin birlikte etkisiyle sekillendigi goriilmustir. Bu
sonuglarla elastik toparlanma kapasitesi ile eneriji
séniimleme yetenegi arasinda dengeli bir performans
saglanmistir. Elde edilen bulgular kompozit filmlerin yerel
Olgekte enerji sonimleme kapasitesine sahip oldugunu
ortaya koymustur. Ancak bu davranisin makro olgekli
uygulamalara genellenebilmesi igin ilave mekanik testlere

ihtiya¢ duyulmaktadir.
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EKLER

Cizelge Ek1.1. Deneylere ait karisim detaylari

Numuneler PVA miktari(g) Aloe vera miktari (g)  Grafen oksit miktari (g)  Grafen nano plakalarin miktari (g)

Al 1 0,01 0 0
A2 1 0,02 0,012 0,012
A3 1 0,03 0,024 0,024
A4 1,2 0,012 0,012 0,024
A5 1,2 0,024 0,024 0
A6 1,2 0,036 0 0,012
A7 1,4 0,014 0,024 0,012
A8 1,4 0,028 0 0,024
A9 1,4 0,042 0,012 0

Nanokompozitlerin Karakterizasyonu
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Sekil Ek2.1. Kompozit filmlere ait a) FTIR spektrumlari, b) XRD grafigi

FTIR spektrumlarinda (Sekil Ek2.1.(a)) 3270 cm™Y'de gériilen genis pikler PVA ve aloe veranin yapisinda bulunan hidroksil
gruplarina ait O-H gerilme titresimlerine aittir. 2930 cm™’de gériilen pik PVA’nin karakteristik C-H gerilmesine aittir. 1330
ve 1090 cm™Vde gériilen pikler grafen oksitin yapisindaki C-OH ve C-O gruplarina ait karakteristik pikleri géstermektedir
(Erol vd. 2026).
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XRD analizine goére (Sekil Ek2.1.(b)) tim kompozit filmlerde PVA’ya ait olan 26=19° ve 40°’de kirinim tepeleri oldugu
gorilmastir (Omana vd. 2025). 19° civarindaki yogunluklu kirinim tepesi PVA'nin yari kristalin yapisinin gostergesidir.
Grafen oksit ve grafen nano plakalar igeren numunelerde buna ek olarak 9°ile 12° arasinda kirinim tepesi ortaya ¢ikmistir.
Bu da yapiigerisinde grafen oksitin varligini dogrulamistir (Erol vd. 2026). Grafen nano plakalarin karakteristik kirinim piki
olan yaklasik 26=26° civarindaki pik grafen nano plakalarin yapida iyi dagiimasi, miktarinin diisiik kalmasi veya PVA pikinin
altinda kalmis olmasi sebebiyle bazi numunelerde goérilmemistir. Aloe vera amorf yapida oldugu igin karakteristik bir
kirmm piki sergilememistir. Fakat PVA’'nin 19° civarindaki pikinde genislemeye neden olarak yapiyr etkiledigi

gorulmustur.

Dogrusal Meta Model Ornegi

25

20 A

Yik, P (Mn)

(€]
L

y = 0,003x - 12,579 .

y =0,003x — 12,579

2000 _,.4'600 6000 8000 10000

Derinlik (nm)

Sekil Ek3.1. A1 kompozit filmine ait dogrusal meta model 6rnegi

P=0i¢in x=hs=4193nm

Kompozit Filmler igin TOPSIS Yénteminin Uygulanmasi Ornegi

1. Karar matrisinin (4) olusturulmasi

S/N oranlari

R Wi/Wi1
Agirlik 0,5 0,5
Al 35,15 (a11) 0,00 (a12)
A2 33,55 (az1) -9,97 (az)
A3 34,96 (a31) -4,20 (as2)
A4 33,26 (a41) -5,45 (as)
A5 34,26 (as1) -2,10 (asy)
A6 34,48 (a61) -6,05 (as2)
A7 34,00 (a71) -18,61 (a7,)
A8 33,18 (as1) -9,47 (as)
A9 35,04 (a91) -12,64 (agy)

2. Normalize karar matrisinin (R) olusturulmasi

12000
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35,15 35,15
e 1, = = = 0,342
/35,152+33,552+34,962+33,262+34,262+34,482+34,002+33,182+35,042 102,65
33,55 33,55
e 1 = = 0,327
/35,152+33,552+34,962+33,262+34,262+34,482+34,002+33,182+35,042 102,65
34,96 34,96
e 13, = = 0,341
/35,152+33,552+34,962+33,262+34,262+34,482+34,002+33,182+35,042 102,65
33,26 33,26
e 1y = = 0,324
/35,152+33,552+34,962+33,262+34,262+34,482+34,002+33,182+35,042 102,65
34,26 34,26
o 15 = = 0,334
/35,152+33,552+34,962+33,262+34,262+34,482+34,002+33,182+35,042 102,65
34,48 34,48
o« Ty = = 0,336
\/35,152+33,552+34,962+33,262+34,262+34,482+34,002+33,182+35,042 102,65
34,00 34,00
e T,y = = 0,331
\/35,152+33,552+34,962+33,262+34,262+34,482+34,002+33,182+35,042 102,65
33,18 33,18
® 131 = = 0,323
\/35,152+33,552+34,962+33,262+34,262+34,482+34,002+33,182+35,042 102,65
35,04 35,04
& Ty = = 0,341
/35,152+433,552+34,962+33,262+34,262+34,482+34,002+33,182+35,042 102,65
o 1. — 0,00 _ 0,00 _
127 [(0,0002+(=9,97)2+(~4,20)2+(5,45)2+(~2,10)2+(-6,05)2+(—18,61)2+(-9,47)2+(—12,64)2 27,99
o 1. — =997 =997
227 [(0,0002+(~9,97)2+(~4,20)2+(=5,45)2+(-2,10)2+(~6,05)2+(- 18,6 )2+ (—9,47)2+(-12,64)2 27,99
o 1. — —4,20 _ 420 _
32 7 [(0,0002+(~9,97)2+(~4,20)2+(=5,45)2+(~2,10)2+(~6,05)2+(—18,61)2+(-9,47)2+(-12,64)2 27,99
o 1. = -5,45 _ -545
427 [(0,0002+(=9,97)2+(=4,20)2+(=5,45)2+(—2,10)2+(—6,05)2+ (— 18,6 1)2+(—9,47)2+(-12,64)2 27,99
o 1. = -2,10 _-210 _
52 J(0,0002+(=9,97)2+(—4,20)2+(-5,45)2+(-2,10)2+(—6,05)2 +(—18,61)2+(=9,47)2+(—12,64)? 27,99
o 1. — -6,05 __ —6,05
62 7 [(0,0002+(=9,97)2+(=4,20)2+(=5,45)2+(~2,10)2+(~6,05)2+(—18,61)2+(-9,47)2+(-12,64)2 27,99
o« 1. = -18,61 _ -18,61 _
72 7 [(0,0002+(=9,97)2+(=4,20)2+(=5,45)2+(~2,10)2+(—6,05)2+ (—18,61)2+(=9,47)2+(-12,64)2 27,99
o 1. = -9,47 _—947 _
82 V(0,0002+(=9,97)2+(~4,20)2+(~5,45)2+(-2,10)2+(~6,05)2+(—18,61)2 +(~9,47)2 +(~12,64)2 27,99
o« 1. = -12,64 _ —12,64
92 V(0,0002+(=9,97)2+(—4,20)2+(=5,45)2+(~2,10)2+(=6,05)2 +(— 18,6 1)2+(=9,47)2+(—12,64)2 27,99

3. Agirliklandirilmis normalize karar matrisinin (V) olusturulmasi

Vi, =0,342% 0,5 = 0,171
V,y = 0,327 X 0,5 = 0,163
Vs = 0,341 0,5 = 0,170
Vs = 0,324 % 0,5 = 0,162
Vs; = 0,334% 0,5 = 0,167
Ve, = 0,336 X 0,5 = 0,168
V,, = 0,331 0,5 = 0,166
Vg = 0,323 % 0,5 = 0,162
Vo, = 0,341 % 0,5 = 0,171

Vi, = 0,00 X 0,5 =0

V,, = —0,356 X 0,5 = —0,178
Vs, = —0,150 X 0,5 = —0,075
Vs = —0,195 x 0,5 = —0,097
Vs, = —0,075 % 0,5 = —0,037
Ve, = —0,216 X 0,5 = —0,108
V,, = —0,665 X 0,5 = —0,332
Vg, = —0,338 % 0,5 = —0,169
Vo, = —0,452 X 0,5 = —0,226

4. Pozitif ideal (A%) ve negatif ideal (A7) ¢oziimlerin olusturulmasi

Pozitif ideal ¢6zim degerleri:
A* ={(0,171),(0)}

Negatif ideal ¢c6zim degerleri:
A~ ={(0,162),(—0,332)}

= —0,356

—0,150
—0,195
—0,075

= -0,216
= —0,665
=-0,338
=—0,452
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5. ideal ve negatif ideal noktalara olan uzaklik degerlerinin olusturulmasi

St = JZ?=1(0,171 —0171)2+ (0 0)2 =0

Sy = \/25;1(0,163 —0,171)2 + (=0,178 — 0)2 = 0,178

S; = JZ?=1(0,170 -0,171)?2 + (0,075 —-0)% = 0,075

Si = JZ?=1(0,162 -0,171)? + (—0,097 — 0)?> = 0,098

S = JZ?=1(0,167 -0,171)? + (-0,037 — 0)> = 0,038

Se = JZ?=1(0,168 -0,171)?> + (—0,108 — 0)> = 0,108

S = \/27=1(0,166 —0,171)2 + (=0,332 — 0)2 = 0,332

S; = \/27=1(0,162 —0,171)2 + (=0,169 — 0)2 = 0,169

Sy = \/2;;1(0,171 —0,171)2 + (0,226 — 0)2 = 0,226

5= \/2?21(0,171 —0,162)2 + (0 — (~0,332))2 = 0,333

Sy = \/2}1:1(0,163 —0,162)% + (—0,178 — (—0,332))2 = 0,154

Sy = \/2;;1(0,170 —0,162)% + (—0,075 — (—0,332))2 = 0,075

Sy = \/2}1:1(0,162 —0,162)% + (—0,097 — (—0,332))2 = 0,235

Ly \/2}1:1(0,167 —0,162)% + (—0,037 — (—0,332))2 = 0,295

S; = \/2}1:1(0,168 —0,162)% + (—0,108 — (—0,332))2 = 0,224

Sy = \/2}1:1(0,166 —0,162)% + (—0,332 — (—0,332))2 = 0,004

Sy = \/2}1:1(0,162 —0,162)% + (—0,169 — (—0,333))2 = 0,163

Sy = \/2};1(0,171 —0,162)% + (—0,226 — (—0,332))2 = 0,107

6. ideal Coziime Goreli Yakinhigin Hesaplanmasi

. 0333
17040333

C; = 0,154 = 0,464
270,17840,154

Ct = 0,257 =0,774
370,075+0257

C: = 0,235 =0,706
470,098+ 0,235

C: = 0,295 = 0,887
570,038+0295

C: = 0,224 =0,675
670,108+ 0,224

Ct = 0,004 =0,012
770,332+0,004

C: = 0,163 =0,491
$70,169+0,163

C: = 0,107 =0,321
°70,22640,107
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Oz

Bu ¢alismada, Sambucus nigra ve Olea europaea ekstreleri ile
yiklenmis PLA/jelatin esasli elektro-egirilmis mikrofiber
matlarin Uretimi ve kapsamli fizikokimyasal karakterizasyonu
gerceklestirilmistir. Calismanin temel amaci, bitkisel ekstre
iceren polimerik mikrofiber sistemlerin yapisal bUttnluguna,
yuzey ozelliklerini ve fonksiyonel davraniglarini ortaya koyarak
bu yapilarin 6zellikle yara ortiisii materyallerinde 6nem tasiyan
fizikokimyasal 6zellikler agisindan degerlendiriimesidir. Uretilen
mikrofiber yapilar SEM analizi ile morfolojik olarak incelenmis,
FT-IR spektroskopisi ile kimyasal yapi ve ekstrelerin polimer
matrise entegrasyonu degerlendirilmistir. Mekanik ozellikler
cekme testleri ile belirlenirken, ylizey islanabilirligi temas agisi
Olglimleriyle, su absorplama kapasitesi gravimetrik yontemle ve
su buhari gecirgenligi analizi fonksiyonel performans gostergesi
olarak incelenmistir. SEM analizleri, tiim gruplarda boncuksuz ve
strekli lif morfolojisinin korundugunu ve ortalama lif ¢apinin
1240 nm’den 1026 nm’ye distliglini gostermistir. Ekstre
ilavesiyle temas agisi 102,67°’den 118,40°ye yiikselirken, 120.
dakikadaki su absorplama kapasitesi %415'ten %215-250
araligina gerilemistir. Su buhari gecirgenligi 900-990 g/m?-giin
araliginda kalmis; mekanik degerlendirmede karamirver
ekstresi iceren grup, 1,47 N/mm? ¢cekme dayanimi ve 10,37 MPa
Young modilii ile ekstreli gruplar icinde daha dengeli
performans sergilemistir. TGA/DSC sonuglari ise ekstre ilavesine
ragmen genel termal bltinlGglin  korundugunu ortaya
koymustur. Elde edilen bulgular, gelistirilen ekstre yuklu
mikrofiber sistemlerin yara Ortlsi uygulamalar agisindan
potansiyel aday materyaller olarak degerlendirilebilecegini
gostermektedir.

Anahtar Kelimeler: Elektro-egirme; Karakterizasyon; Olea europaea;
PLA/Jelatin; Sambucus nigra.

Abstract

In this study, PLA/gelatin-based electrospun microfiber mats
loaded with Sambucus nigra and Olea europaea extracts were
produced and characterized in detail. The main aim of the study
was to evaluate the structural integrity, surface properties, and
functional behavior of polymeric microfiber systems containing
plant extracts. These properties are important for wound
dressing materials. The produced microfiber structures were
examined morphologically by SEM analysis. The chemical
structure and the integration of the extracts into the polymer
matrix were evaluated by FT-IR spectroscopy. Mechanical
properties were determined by tensile tests. Surface wettability
was evaluated by contact angle measurements. Water
absorption capacity was analyzed by a gravimetric method, and
water vapor transmission was examined as a functional
performance parameter. SEM analyses showed that bead-free
and continuous fiber morphology was preserved in all groups.
The average fiber diameter decreased from 1240 nm to 1026
nm. With extract addition, the contact angle increased from
102.67° to 118.40°. The water absorption capacity at 120 min
decreased from 415% to the range of 215-250%. The water
vapor transmission rate remained in the range of 900-990
g/m?-day. In the mechanical evaluation, the group containing
Sambucus nigra extract showed a more balanced performance
among the extract-loaded groups, with a tensile strength of 1.47
N/mm? and a Young’s modulus of 10.37 MPa. TGA/DSC results
showed that the general thermal integrity was maintained
despite extract addition. Overall, the findings show that the
developed extract-loaded microfiber systems can be considered

as potential candidate materials for wound dressing
applications.
Keywords:  Characterization;  Electrospinning; Olea  europaea;

PLA/Gelatin; Sambucus nigra.

1. Giris

Dogal kaynaklardan elde edilen bitkisel ekstreler, sahip
olduklari zengin biyoaktif bilesen icerigi nedeniyle son
yillarda biyomedikal malzeme gelistirme calismalarinda
giderek artan bir ilgi gérmektedir. Fenolik bilesikler,
flavonoidler, terpenoidler ve organik asitler gibi cok

sayida ikincil metabolit iceren bu ekstreler; antioksidan,
antibakteriyel, antiinflamatuar ve hicre yenilenmesini
destekleyici 6zellikleri sayesinde yara iyilesmesi, doku
mihendisligi, ila¢ tasima sistemleri ve rejeneratif tip gibi
umut vadeden olarak

alanlarda adaylar

degerlendirilmektedir (Agarwal vd., 2021; Sabarudin vd.,

*Sorumlu Yazar/Corresponding Author: Emre Fatih EDIZ
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2025). Sentetik biyolojik ajanlara kiyasla daha disik
toksisite gostermeleri, biyolojik olarak pargalanabilir
olmalari ve genis biyolojik aktivite spektrumuna sahip
bitkisel
biyomalzemelerin tasariminda cazip hale getirmektedir
(Hashemi vd., 2024; Zhou vd., 2024). Bununla birlikte, bu
tir biyolojik etkilerin etkin ve sirdirilebilir bicimde

olmalari, kokenli  bilesenleri  fonksiyonel

kullanilabilmesi, biyoaktif bilesenlerin uygun tasiyici
sistemler igerisine entegre edilmesi ve yapi igerisindeki
davraniglarinin anlagiimasi ile mimkindir. Bu kapsamda
one cikan bitkilerden biri Sambucus nigra (karamirver)
olup, ozellikle meyve ve vyapraklarindan elde edilen
ekstrelerin ylksek antioksidan kapasiteye sahip oldugu
bilinmektedir. Karamdirver, antosiyaninler, fenolik asitler
ve flavonoidler bakimindan zengin igerigi sayesinde
serbest radikal stiplirtici aktivite gostermekte, oksidatif
stres kaynakli hiicresel hasar azaltabilmektedir (Has vd.,
2023).

Literatlrde, Sambucus nigra ekstrelerinin antibakteriyel
gosterdigi, fibroblast proliferasyonunu
destekledigi ve inflamatuar yaniti baskilayabildigi rapor
edilmistir (D. Liu vd., 2022; Studzinska-Sroka vd., 2024).
ekstrelerinin  biyomedikal
uygulamalara yonelik gelistirilen malzeme sistemlerinde

aktivite

Bu bulgular, karamirver
fonksiyonel katki maddesi olarak degerlendirilebilecegini
gostermektedir. Benzer sekilde, Olea europaea (zeytin)
bitkisinin yapraklarindan elde edilen ekstreler de yiiksek
biyolojik aktiviteye sahiptir. Zeytin yapragi ekstreleri,
oleuropein basta olmak lzere hidroksitirozol, tirosol ve
cesitli flavonoidler icermekte olup gliclii antioksidan ve
antimikrobiyal etki gostermektedir (Pereira vd., 2007).
Yapilan c¢alismalar, zeytin yapragi ekstrelerinin Gram-
pozitif ve Gram-negatif bircok bakteri tlriine karsi
inhibitor etki gosterebildigini ve hiicre proliferasyonunu
olumlu yoénde etkileyebildigini ortaya koymustur (Borjan
vd., 2020; Korukluoglu vd., 2010). Ayrica bu ekstrelerin
inflamasyonu baskilayici 6zelliklere sahip oldugu ve doku
rejenerasyon sureclerini destekleyebilecegi
bildirilmektedir (Qabaha vd., 2017). Ancak s6z konusu
biyolojik etkilerin malzeme sistemleri icerisinde nasil
korunabildigi ve yapi 6zelliklerini nasil etkiledigi konusu,
¢ogu zaman ikincil planda kalmaktadir. Sambucus nigra ve
Olea europaea ekstrelerinin secimi, yuksek fenolik
icerikleri, glicli antioksidan kapasiteleri ve yara iyilesmesi
ile iliskilendirilen antimikrobiyal ve antiinflamatuar
etkileri nedeniyle yapilmistir (Melguizo-Rodriguez vd.,
2022; Safta vd., 2025). Bu iki bitkisel ekstrenin sahip
oldugu biyolojik aktiviteler gbéz o6nlne alindiginda,
kontrollli sekilde bir taslyici sistem igerisine entegre
ve hedeflenen

edilmeleri, etkinliklerinin korunmasi

biyomedikal uygulamalarda sirdirilebilir bir etki elde

edilmesi agisindan kritik 6nem tagimaktadir. Bu noktada
mikrofiber tabanl sistemler, bitkisel kdkenli biyoaktif
bilesenlerin tasinmasi ve kontrolli salimi igin ideal bir
platform sunmaktadir.

Elektro-egirme (electrospinning) yontemi ile dretilen
mikrofiber yapilar, ylksek ylizey alani/hacim orani,
ayarlanabilir gozeneklilik, ECM (hicre disi matriks)
benzeri morfoloji ve yiksek yikleme kapasitesi gibi
avantajlan sayesinde biyomedikal uygulamalarda yaygin
olarak tercih edilmektedir (Sell vd., 2007). Bu yapilar,
hiicre adezyonunu ve proliferasyonunu
destekleyebilmekte, ayni zamanda ilag veya biyoaktif
bilesenlerin  kontrolli  sekilde salinmasina olanak
saglamaktadir (Gaydhane vd., 2023). Ozellikle yara 6rtiisii
mikrofiber matlar,

uygulamalarinda yaranin nem

dengesini koruyabilme, dis etkenlere karsi bariyer
olusturma ve hicresel yenilenmeyi tesvik etme gibi cok
yonli  fonksiyonlar (Ediz vd., 2024).
Mikrofiber sistemlerin fonksiyonelligi blylk ol¢lide
kullanilan polimer matrisine baghdir.
biyouyumlu ve biyobozunur polimerlerin se¢imi kritik bir
parametre olarak 6ne gtkmaktadir. Polilaktik asit (PLA), iyi
mekanik 6zelliklere sahip, FDA onayl ve biyobozunur bir
polimer olup doku tasima
sistemlerinde yaygin olarak kullaniimaktadir (Santoro vd.,
2016). Ancak PLA’nin hidrofobik yapisi ve sinirli hicre

etkilesimi, tek basina kullanildiginda biyolojik uygulamalar

sunmaktadir

Bu baglamda,

muhendisligi ve ilag

acisindan bazi dezavantajlar olusturabilmektedir. Bu
dezavantajlari gidermek amaciyla PLA, sikhkla dogal
edilmektedir.  Bu
polimerlerden biri olan jelatin, kollajenin hidroliziyle elde

polimerlerle  kombine dogal
edilen, biyouyumlu, biyobozunur ve hiicre adezyonunu
destekleyen fonksiyonel gruplar iceren bir biyopolimerdir
(Imani vd., 2021). Jelatinin hidrofilik yapisi ve hicre
baglanmasini kolaylastiran o6zellikleri, PLA'nin mekanik
dayanimi ile birlestirildiginde hem mekanik olarak stabil
hem de biyolojik olarak aktif bir kompozit sistem elde
edilmesini mimkin kilmaktadir (Bogdanova vd., 2023).
Bu nedenle PLA/jelatin bazh mikrofiber sistemler, yara
ortisi ve doku mihendisligi uygulamalarinda sikga tercih
edilen bir platform haline gelmistir. Literatlirde bitkisel
ekstre yukli mikrofiber sistemlere yonelik cesitli
calismalar bulunsa da, buyik bir kismi tek tip polimer
matrisine veya farkh bitki tlrlerine odaklanmaktadir.
Ozellikle Sambucus nigra ve Olea europaea ekstrelerinin
birlikte veya ayri ayri kullanildigi PLA/jelatin esasli elektro-
mikrofiber  sistemlerinin

egirilmis fizikokimyasal

ozelliklerinin  kapsamh sekilde incelendigi c¢alismalar
olduk¢a sinirlidir (Ehrmann, 2021). Mevcut calismalar
fiber

morfolojisi, kimyasal yapi, ylzey islanabilirligi, mekanik

genellikle biyolojik aktiviteye odaklanmakta,
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dayanim ve termal stabilite gibi temel

olarak ele almamaktadir. Bu

materyal
ozelliklerini  butlincdl
baglamda literatlrde 6nemli bir bosluk bulunmaktadir: Bu
tar bitkisel ekstreleri iceren PLA/jelatin mikrofiberlerin
fizikokimyasal karakterizasyonuna dair sistematik ve
karsilastirmali ¢alismalarin sinirli olmasi, bu alanda yeni
arastirmalara olan ihtiyaci agik¢a ortaya koymaktadir.
Literatlirde Sambucus nigra ve Olea europaea ekstreleri
ayri ayri farkli polimer sistemlerinde ¢alisiimistir. Ancak bu
iki ekstrenin PLA/jelatin kompozit elektro-egirilmis
mikrofiber sistemlerinde birlikte ve karsilastirmali olarak
fizikokimyasal Ozellikler agisindan sistematik bicimde
incelendigi bir calismaya rastlanmamistir.

Bu c¢alismanin temel amaci, literatlirde antioksidan,

antimikrobiyal ve hicre yenilenmesini destekleyici
oOzellikleri sayesinde yara iyilesme sireglerine olumlu
katki sagladigi bilinen zengin biyoaktif icerige sahip
Sambucus nigra ve Olea europaea ekstrelerinin, elektro-
egirme yontemiyle Uretilen PLA/jelatin polimer matrisine
entegre edilebilirligini

uygulamalarina yonelik yeni bir kompozit biyomalzeme

arastirmak ve vyara Ortisi

platformu gelistirmektir. Biyolojik uygulamalar éncesinde
malzemenin fiziksel olarak optimize edilmesi kritik bir
gerekliliktir. Bu dogrultuda, kompleks yapidaki bitkisel
ekstrelerin yapiya katilmasiyla elde edilen mikron fiber
matlarin morfolojik, kimyasal, mekanik ve termal
ozelliklerinde meydana gelen degisimlerin sistematik
olarak incelenmesi hedeflenmistir. Boylece, hedeflenen
biyomedikal uygulamalar i¢in bliylik 5nem tasiyan yapisal
bitlnluk, sivi absorbsiyonu ve yizey islanabilirligi gibi
fizikokimyasal parametreler kapsamli bir sekilde ortaya

konmustur.
2. Materyal ve Metot

Sigir jelatini (250-300 Bloom, Halavet Gida), polilaktik asit
(PLA, Sigma-Aldrich), heksafloroizopropanol (HFIP,
Glentham Life Sciences), etanol (EtOH, %99, ISOLAB),
fosfat tampon ¢ozeltisi (PBS, pH: 7,4, Sigma-Aldrich, Life
(Zade Vital) ve
karamurver ekstresi (Zade Vital) firmalarindan temin

Science), zeytin yapragl ekstresi

edilmistir.

2.1 Elektro-egirme
PLA/jelatin Fiber O,
PLA/jelatin/zeytin yapragi ekstresi iceren fiberler Fiber 1,

Bu calismada, iceren fiberler
PLA/jelatin/karamirver ekstresi iceren fiberler Fiber 2 ve
PLA/jelatin/zeytin yapragi ekstresi/karamirver ekstresi
iceren fiberler ise Fiber 3 olarak adlandirildi (Cizelge 1).
Tum formulasyonlarda polimer matrisi PLA/jelatin = 80:20
(w/w) oraninda sabit tutuldu ve HFIP icerisinde ¢6zuldi.
(w/v)

ayarlandi. Ekstrakt miktarlar toplam polimer agirhgina

Toplam polimer konsantrasyonu %12 olarak

gore hesaplandi ve ekstrakt iceren tiim gruplarda toplam
ekstrakt orani %3 (w/w) olacak sekilde ayarlandi. Buna
gbre Fiber 1, toplam polimere gére %3 (w/w) zeytin
yapragl ekstresi icermektedir. Fiber 2, toplam polimere
gore %3 (w/w) karamirver ekstresi icermektedir. Fiber 3
ise toplam polimere gore %1,5 (w/w) zeytin yaprag
ekstresi ve %1,5 (w/w) karamirver ekstresi icerecek
sekilde hazirlandi. Ekstrakt konsantrasyonlari, literatlrde
bitkisel ekstrakt
sistemlerde yaygin olarak kullanilan %1-5 araligi dikkate

iceren elektro-egirilmis nanofiber
alinarak segilmis olup, %1-3 araliginin lif morfolojisi ve
stabilite agisindan uygun oldugu bildiriimektedir (Q. Liu

vd., 2024; Stoyanova, Nachev, vd., 2023; Uddin vd., 2024).

Elektro egirme islemi (Eraktek), 0,75 mL/saat besleme
hizi, 25-27 kV uygulanan voltaj ve igne ucu (22 G) ile
toplayici arasindaki 15 cm mesafe parametrelerinde, 1000
rpm dénis hizi araliginda, oda sicakliginda (~25 °C) ve %50
bagil nem kosullarinda gercgeklestirilmistir.

Cizelge 1. Sentezlenen PLA/jelatin esasli  mikrofiber
formulasyonlarinin bilesimi.
PLA/ Yz:grta'; Karamiirver Toplam
Fiber Jelatin . Ekstresi Ekstrakt
(w/w) Ekstresi (w/w) (%)
(w/w)
Fiber 0 80/20 - - 0
Fiber 1 80/20 3,0 - 3
Fiber 2 80/20 - 3,0 3
Fiber 3 80/20 1,5 1,5 3
2.2 Morfolojik analiz

Elektro-egirilmis mikrofiberlerin ylizey yapisi, iridyumla 4
nm boyutunda ince kaplama (Leica, EM, ACE600)
yapildiktan sonra 5 kV’de calisan FE-SEM (ZEISS, Gemini,
SEM 500) cihazi ile incelendi (Karasakal vd., 2025). Her
numuneden segilen 100 fiberin ¢capi Imagel programi ile
Olgulerek ortalama deger belirlendi (Bayram vd., 2022).

2.3 Kimyasal yapi analizi

Fiber matlarin  FT-IR  spektrumlari, bir  FT-IR
spektrometresi (FT-IR Thermo Scientific — Nicolet i520)
kullanilarak  400-4000 cm™
kaydedilmistir. Analizler, PLA/jelatin esasl fiber yapisinin

dalga sayisi araliginda
karakteristik fonksiyonel gruplarini dogrulamak ve zeytin
yapragi ile karamirver ekstrelerinin yapiya basarili sekilde
dahil edildigini gostermek amaciyla gerceklestirilmistir

(Atasagun, 2025).
2.4 Yiizey islanabilirligi

Fiber matlarin yizey islanabilirlik 6zelliklerini belirlemek
ASTM  D7334-08
standardina gore (Biolin Scientific Attension — Theta Lite)
gerceklestirilmistir (Alam vd., 2020). Bu amagla, her bir
fiber tipinden 2 cm x 2 cm boyutlarinda numuneler

amaclyla temas acisi  Olcimleri
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hazirlanarak temas agisi 6l¢im cihazina yerlestirilmistir.
Olgiimler oda sicakliginda, numune yiizeyine yaklagik 5 plL
ultra saf su damlatilarak damla birakma (sessile drop)
yontemiyle yapildi. Her bir fiber grubu igin olgimler
birden fazla noktadan alinmis ve elde edilen degerlerin
ortalamasi hesaplanarak raporlandi (Akin vd., 2023; Ediz
vd., 2024).

2.5 Mekanik 6zellikler

Fiber matlarin mekanik performansini ortaya koymak
amaciyla ¢ekme testleri, ASTM D638-14 standardi esas
(Shimadzu  AGS-X

gerceklestirilmistir. Numuneler

alinarak evrensel test cihazi)
10 mm x 50 mm
boyutlarinda hazirlanmis ve 10 mm/dak ¢ekme hizinda
oda sicakhginda test edilmistir. Her bir fiber grubu igin
OlgUmler g tekrar halinde yapildi. Elde edilen yiik-uzama
verilerinden  gerilim-gerinim

egrileri  olusturuldu,

maksimum gerilim degeri ¢ekme dayanimi olarak
tanimlandi, kopma anindaki gerinim degeri ylizde uzama
olarak hesaplandi. Elastik modil ise egrilerin baslangigtaki
dogrusal  bolgesinin  egiminden
parametreler kullanilarak, farkh ekstre icerigine sahip
fiber matlarin mekanik davranislari karsilastirmali olarak

degerlendirilmistir (Ediz vd., 2024).

belirlendi. Bu

2.6 Termal analiz

kitle
belirlemek

Termal analizler, fiberlerin sicakliga bagh

degisimlerini ve sl gecis davranislarini
amaciyla termogravimetrik analiz (TGA) ve diferansiyel
taramali kalorimetri (DSC) kullanilarak gergeklestirilmistir.
TGA,

sicakliklarini belirlemek icin, DSC ise fiberlerin erime ve

numunelerin termal kararliigini ve bozunma
olasi faz gecis sicakliklarini ortaya koymak amaciyla
uygulandi. TGA ol¢timleri, fiberlerin 25-600 °C sicaklik
araliginda, 10 °C/dk 1sitma hiziyla ve 20 mL/dk akis hizinda
azot atmosferi altinda gerceklestirilmistir. Bu analiz ile
bozunma

kitle kaybi

numunelerin  termal kararhlgi, baslangic

sicakhiklari ve sicakhga bagl profilleri

belirlenmistir.
2.7 Su absorplama kapasitesi

Fiber matlarin sivi ortamda gosterdigi su absorplama
kapasitesi davranisini belirlemek amaciyla sisme testi
gerceklestirilmistir. ASTM D570-98 standardina gére her
bir fiber tipinden esit agirlikta numuneler hazirlanmis ve
baslangic agirliklari kuru halde (Wo) kaydedilmistir (Rizal
vd., 2021). Numuneler daha sonra pH 7.4’e ayarlanan PBS
daldirilarak 37 °C'de
inkGibasyona birakilmistir. 120 dakika sonunda numuneler

¢Ozeltisi icerisine tamamen
PBS ortamindan cikarilmis, ylzeylerindeki fazla sivi filtre
kagidi yardimiyla nazikge uzaklastirildi ve islak agirliklar
(W) olctilmistiir. Her bir numune grubu icin élglimler g

tekrar halinde yapilmistir. Fiber matlarin sisme orani
Esitlik 1 kullanilarak hesaplanmistir (Azari vd., 2025) :

W1-Wo
0

= ] « 100 (1)

Sisme orani (%) = [

Burada; Wy kuru haldeki baslangic agirhigini, W, ise PBS
icinde bekletildikten sonraki 1slak agirhig ifade
etmektedir.

2.8 Su buhar gegirgenligi

Fiber matlarin su buhar gegirgenligi, malzemenin nefes
alabilirlik 6zelligini degerlendirmek amaciyla ASTM E96
standardina goére belirlenmistir (Mustapha vd., 2020). Bu
test icin fiber matlar, agz1 agik ve belirli miktarda saf su
iceren deney kaplarinin Uzerine sizdirmaz sekilde
yerlestirilmistir. Kaplar, 37 °C'de etiivde 24 saat muhafaza
edildi. 24 saatin sonunda kaplarin agirlik kayiplari élguldi
ve bu agirhk degisimi, fiber matlardan gegen su buhari
miktari olarak kabul edilmistir. Jelatin gibi hidrofilik
bilesenler iceren elektro-egirilmis lifli
kaldiklarinda  deneyin
asamasinda sinirh miktarda su absorbe edebilir. Ancak bu

absorpsiyon genellikle kisa siirede dengeye ulasir ve

yapilar nemli

ortama  maruz baslangi¢

sonraki Ol¢iim slirecinde gozlenen kiitle degisimi esas
olarak lifli yapi tGzerinden gergeklesen su buhari gegisini
yansitir. Bu nedenle bu c¢alismada elde edilen degerler,
benzer Ortisu

literatlirde elektro-egirilmis  yara

materyallerinin nem yonetimi performansini
degerlendiren calismalarda yaygin olarak rapor edildigi
sekilde gorlnilr su buhar gecirgenlik (SBG) degerleri
olarak degerlendirilmistir. Olciimler her bir fiber grubu

icin Gg tekrar halinde yapilmistir.

Su buhari gegirgenlik degeri Esitlik 2 kullanilarak

hesaplanmistir (Le & Su, 2025):

Am
(Axt)

Su buhart gegirgenligi (SBG) = (2)

Burada; Am kaybedilen su miktari (g), A sise agzinin alani
(m?) ve t zamani (giin) ifade etmektedir.

2.9 statistiksel analiz

Elde edilen verilerin istatistiksel analizi Microsoft Office
365 Excel yazihmi kullanilarak gercgeklestirilmistir. Gruplar
arasindaki farklarin anlamlihgr tek yonli varyans analizi
(ANOVA) ile degerlendirilmis ve p<0,05 degeri istatistiksel
anlamlilik kriteri olarak kabul edilmistir.

3. Bulgular ve Tartisma
3.1. Morfoloji

FESEM gorintdleri, tim fiber gruplarinda pirizsiiz ve

sirekli lif yapisinin elde edildigini, herhangi bir

boncuklanma olusmadigini gostermektedir (Sekil 1).
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Orneklerin ortalama lif caplari ve standart sapma

degerleri Cizelge 2'de sunulmustur.

Gizelge 2. Uretilen Mikrofiber Orneklerinin Ortalama Cap ve
Standart Sapma Degerleri.

Fiber Ortalama Gap (nm) Standart Sapma (nm)
Fiber0 1240,04 + 361,52
Fiberl 1057,15 +371,89
Fiber2 1188,06 + 354,17
Fiber3 1025,70 + 296,62
Veriler ortalama +* standart sapma olarak sunulmustur (n = 100).
Fiber 0 numunesinde liflerin rastgele bir dagihm

sergiledigi ve 1240,04 nm ortalama cap ile en kalin lif
yapisina sahip oldugu belirlenmistir. Zeytin yapragi
ekstresi iceren Fiber 1 numunesinde lif morfolojisi
korunmus, ancak ortalama gap Fiber 0’a kiyasla yaklasik
%4,19 oraninda bir azalma gostererek 1188,06 nm
seviyesine gerilemistir. Karamurver ekstresi iceren Fiber 2
numunesinde ise ortalama lif gap1 1057,15 nm'ye diiserek
daha belirgin bir incelme sergilemistir. Her iki ekstraktin

birlikte kullanildigi Fiber 3 numunesinde, fiber c¢ap

Yazdelsk Dagelim

Wo 120 100 160 160 ¢
Gap (o)

0 % w0 w0

dagiiminin 1025,70 nm ile en disiik ortalama degere
ulastigl gézlenmistir. Ayrica, Fiber 3 grubunda standart
296,62
formiilasyonun daha homojen ve dar bir ¢ap dagihmi

sapma degerinin nm’ye gerilemesi, bu
sagladigini kanitlamaktadir. Fiber ¢api degerleri arasinda
istatistiksel olarak anlamli fark oldugu belirlenmistir

(p<0,05).

Ekstrakt ilavesiyle gozlenen bu sayisal azalma, ¢ozelti

iletkenliginin artmasi veya viskozite degisimlerinin
elektro-egirme sirasindaki jet gerilmesini artirmasiyla
iliskilendirilmistir. Elde edilen bu morfolojik degisim ve lif
¢apt dagihmindaki genisleme, literatiirdeki benzer
biyoaktif ekstrakt yUkli sistemlerle uyumlu olup ekstrakt
ilavesiyle birlikte polimer ¢ozeltisinin viskozite, ylizey
iletkenlik  gibi

meydana gelen

gerilimi  ve elektriksel reolojik

parametrelerinde degisimlere

atfedilmektedir (Javaid vd., 2022; Mwiiri & Daniels, 2020;
Pinheiro Bruni vd., 2020; Saadat vd., 2021; Solaberrieta
vd., 2020).

Yuzdolik Dagilim
s 8

200 &0 600 B0 1000 1200 1400 1600 1600 2000
Cap (nm)

Normal
mu | 1188,06
sigma | 371,89389

b 8

r

©T= 2000 SinaA~SE2 20 40 600 800 1000 1200 1400 1600 1500 2000
wo Magr 500KX
L -4 Gap (om)

3.2. Kimyasal yapi
Uretilen mikrofiber matlarin FT-IR spektrumlari Sekil 2’de
sunulmustur. Saf PLA spektrumunda yaklasik 1755 cm™
civarinda gozlenen belirgin bant, ester gruplarina ait C=0
1180-1080 cm™
C-0-C gerilme

gerilme titresimlerini, araligindaki

bantlar ise titresimlerini  temsil
etmektedir. Jelatine ait karakteristik bantlar ise 3300—
3400 cm™ araliginda O—H/N-H gerilme titresimleri, 1630—
1650 cm™ araliginda Amide | ve 1530-1550 cm™
araliginda Amide Il bantlari olarak izlenmektedir (Sekil 2).
Fiber 0 numunesinde, hem PLA’ya hem de jelatine ait
karakteristik bantlarin birlikte goézlenmesi, PLA/jelatin
esasli  kompozit yapinin  basarih  bir  sekilde
olusturuldugunu gostermektedir. Bu durum, iki polimerin

kimyasal yapilarinin korunarak ayni fiber matrisi icerisinde

00 60 80 1000 1200 1400 1600 1800

L - Gap (nm)

Sekil 1. PLA/jelatin esasl mikrofiber matlarin FESEM géruntiileri: (a) Fiber O, (b) Fiber 1, (c) Fiber 2 ve (d) Fiber 3.

bir arada bulundugunu ortaya koymaktadir. Bitkisel
ekstrakt iceren Fiber 1, Fiber 2 ve Fiber 3 numunelerinde,
ozellikle 3300-3400 cm™
bantlarinin siddetinde gbzlenen artis, zeytin yapragi ve

araligindaki O-H gerilme
karamurver ekstrelerinde bulunan fenolik bilesiklerin
varligi ile uyumlu bir bulgu olarak degerlendirilmektedir
(Kesente vd., 2017; Moldovan vd., 2016). Bu artis,
ekstrelerin mikrofiber yapiya dahil edildigine isaret
etmektedir. Ekstrakt iceren gruplarda 1600-1650 cm™
siddetinde
degisimler, jelatine ait Amide |

bantlarin meydana gelen
bandi ile bitkisel

aromatik vyapilarindan kaynaklanabilecek

bolgesindeki

ekstrelerin
titresimlerin Gst Uste binmesiyle iliskilendirilebilir. Ancak
tim gruplarda yeni bir pik olusumunun gbézlenmemesi,
ekstrelerin polimer matrisi ile kovalent bag olusturmadan,
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araciligiyla basariyla

agirhikh olarak hidrojen baglari ve benzeri fiziksel bozmadan, fiziksel etkilesimler
etkilesimler  yoluyla matrise  dahil oldugunu immobilize edildigini ve polimer matrisi igerisinde stabil
gostermektedir. Bu sonuglar, bitkisel ekstrelerin bir sekilde tutulabildigini ortaya koymaktadir.
PLA/jelatin  mikrofiber ~matrisine kimyasal yapiyi
800 ‘—F\ber 3—— Fiber 2 Fiber 1 Fiber 0—— Kara. Ekst: Zey. Yap. Ekst.- JELATIN— PLA‘

700 W

500

400 4

% Gegirgenlik

300

600 W

— N T~~~

———————

200 4 w

R B VYt aaYa

W

0 T r T
500 1000 1500 2000

2500 3000 3500 4000

Dalga boyu (cm™)

Sekil 2. Saf PLA, jelatin, zeytin yapragi ekstresi, karamuirver ekstresi ve bunlari iceren PLA/jelatin tabanli mikrofiber matlarinin (Fiber

0, Fiber 1, Fiber 2 ve Fiber 3) FT-IR spektrumlari.
3.3. Yiizey islanabilirligi

Fiber matlarin yizey islanabilirlik 6zellikleri temas agisi
Olgimleri ile degerlendirilmis olup sonuglar Sekil 3’te
sunulmustur. Fiber 0 numunesinin temas agisi degeri
102,67°
hazirlanan PLA/jelatin mikrofiberlerin ytizey 6zelliklerinin

olarak belirlendi. Literatiire benzer sekilde
hidrofobik karakterde oldugu bildirilmistir (Ghasemi-
Mobarakeh vd., 2008; Mukta vd., 2024). Temas agisinda
elde edilen bu deger, jelatin icerigine ragmen PLA’nin
hidrofobik karakterinin
oldugunu gostermektedir (Chen vd., 2021). Zeytin yapragi

ylzey davranisinda baskin
ekstresi iceren Fiber 1 ve karamirver ekstresi iceren Fiber
2 numunelerinde temas agisi degerleri sirasiyla 115,15° ve
116,72° olarak ol¢llmustlr. Ekstrakt ilavesiyle temas
acisinda gozlenen bu artis, bitkisel ekstrelerde bulunan
aromatik ve fenolik yapili bilesenlerin fiber yiizeyinin
ylzey enerjisini modifiye etmesi ile iliskilendirilebilir. Her
iki ekstrenin birlikte kullanildigi Fiber 3 numunesinde
temas acisi degeri 118,40° olarak belirlenmis olup tim
gruplar arasinda en yiksek degere ulasiimistir. Temas
acisi degerleri agisindan numuneler arasinda istatistiksel
olarak anlamh fark oldugu belirlenmistir (p<0,05). Bu
durum, cift ekstrakt ilavesinin ylzey 6zellikleri tizerindeki
etkisinin tek ekstrakth sistemlere kiyasla daha belirgin
oldugunu gostermektedir (Huang vd., 2024). Genel
bitkisel PLA/jelatin
mikrofiberlerin anlamli

olarak, ekstre ilavesinin

yuzey ozelliklerini bicimde

degistirdigi ve temas acisinda artisa neden olarak

fiberlerin daha hidrofobik bir karakter kazandigini ortaya
koymaktadir (Ghasemi-Mobarakeh vd., 2008). Bununla
birlikte, bu ¢alismada ylizey kimyasina yonelik dogrudan
bir analiz yapilmamis olup, ylzey fonksiyonel gruplarinin
biyolojik etkilesimler (zerindeki roll ileri calismalar
kapsaminda degerlendirilmelidir.

P
S RY
P
h 118,40
116,72
Tg 115,15
o ,
[
=
@ 110 -
o
<
»
£
L |
e |
102,67
100 T T T T T T T
Fiber0 Fiber1 Fiber2 Fiber3

Sekil 3. Fiber O, Fiber 1, Fiber 2 ve Fiber 3 numunelerine ait
temas agisI goriintileri ve ortalama temas agisi degerleri.

3.4. Su absorplama kapasitesi

Fiber matlarin su absorplama kapasitesi Sekil 4A’da
verilmistir. Tum gruplarda 6zellikle ilk 20 dakika icinde
hizli bir sivi absorplama gergeklesmis olup, sonrasinda
daha kontrolli bir dengeye ulasildigl gézlenmistir. Fiber 0
numunesi, 120. dakikanin sonunda yaklasik %415 oranina
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ulasarak gruplar arasinda en yiiksek sivi absorbsiyonunu
gostermistir. Fiber
kapasitesi ylizdesi Fiber 0'a kiyasla daha diislk ve oldukga
kontrolli bir seyir izlemis olup, maksimum deger yaklasik
%250 civarinda Olglilmistir. Benzer sekilde, Fiber 3
numunesinde de su absorplama kapasitesi orani yaklasik

1 numunesinde su absorplama

%240 seviyesine ulastigi ve dengeli bir sivi alimi sergiledigi
gorllmastlr. Fiber 2 numunesi ise yaklasik %215-220
seviyelerinde kalarak en dusuk su absorplama kapasitesi
davranigini  gostermistir. Bu durum, yapiya eklenen
fiber hidrofilikligini  bir
azalttigini veya polimer ag yapisini daha siki hale getirerek
astiri sivi alimini sinirlandirdigini géstermektedir (Odili vd.,
2022; Wang vd., 2026). Su absorpsiyon kapasitesi
degerleri arasinda istatistiksel olarak anlaml fark oldugu
belirlenmistir (p<0,05). Genel olarak sonuglar, fiber
matlarin yara ortusi uygulamalari iin gerekli olan eksiida

ajanlarin yapisinin miktar

emilimini saglayacak yeterli sivi absorbsiyon kapasitesine
sahip oldugunu gostermektedir (Wang vd., 2026). Bu
durum, gelistirilen fiber matlarin sulu biyolojik ortamlarda
yapisal kararliligini
koymaktadir.

basariyla koruyabildigini ortaya

3.5. Su buhari gegirgenligi

Fiber matlarin su buhar gegcirgenligi (SBG) degerleri Sekil
4B’de sunulmustur. Fiber 0 numunesinin SBG degeri
yaklasik 900 g/m?2-giin olarak belirlenmis olup, PLA/jelatin
esasli mikrofiber matlarin yeterli nefes alabilirlige sahip
oldugunu gostermektedir. Zeytin yapragi ekstresi iceren
Fiber Fiber 2
numunelerinde SBG degerleri sirasiyla yaklasik 920

1 ve karamirver ekstresi iceren
g/m?giin ve 970 g/m?-giin olarak olgtlmustir. Ekstrakt
ilavesi ile birlikte SBG degerlerinde kademeli bir artis
gozlenmis olup, bu durum fiber matlarin poroz yapisinda
ve su buharn gecisine uygunlugunda artis meydana
geldigini gostermektedir. Her iki ekstrenin birlikte
kullanildigi Fiber 3 numunesinde SBG degeri yaklasik 990
g/m?glin olarak bulunmus ve tim gruplar arasinda en
ylksek deger elde edilmistir. Bu sonug, cift ekstrakt iceren
fiber yapisinin daha acik ve diflizyona elverisli bir mikro
yap! sundugunu gostermektedir (Song vd., 2014). Genel
olarak tiim fiber gruplarinin SBG degerlerinin, yara ortisi

uygulamalari igin literatiirde 6nerilen aralikta yer aldig

Cizelge 3. PLA/jelatin esash mikrofiber matlarin mekanik 6zellikleri.

gorilmektedir. Bu durum, gelistirilen mikrofiber matlarin
yaranin nem dengesinin korunmasina ve uygun bir
iyilesme ortaminin saglanmasina katki sunabilecek fiziksel
ozelliklere sahip oldugunu ortaya koymaktadir.

3.6. Mekanik ozellikler

Cekme testleri, fiber matlarin mekanik dayanimini ve
uygulama sirasinda maruz kalabilecekleri gerilmelere
karsi gosterdikleri davranisi degerlendirmek amaciyla
gerceklestirilmistir. Gerilim—gerinim egrileri
incelendiginde, tim fiber gruplarinda tipik bir elastik—
plastik davranisin gozlendigi belirlenmistir (Sekil 5).
Cizelge 3’te sunulan sonuclara gore, saf PLA/jelatin
yapisini temsil eden Fiber O numunesi, cekme dayanimi,
kopma uzamasi ve Young modlli bakimindan tim
gruplar arasinda en yiiksek degerlere sahip olup referans
yapi olarak degerlendirilmistir. Bu durum, PLA ve jelatinin

birlikte olusturdugu polimer matrisinin  mekanik
bitlinlUginin korundugunu géstermektedir.
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Fiber 0 Fiber 1 Fiber 2 Fiber 3
Sekil 4. Fiber O, Fiber 1, Fiber 2 ve Fiber 3 numunelerinin A) PBS
ortaminda zamana bagli su absorplama kapasitesi davranislari,

B) su buhari gegirgenlik (SBG) degerleri.

Fiber Maksimum Kuvvet (N) Cekme Dayanimi (o) (N/mm?) Uzama (g) (%) Young Modiilii (MPa)
Fiber0 2,21+0,18 3,60 £ 0,25 13,64+ 1,12 13,91+1,04
Fiberl 0,65 £ 0,09 0,90+0,11 6,85 10,73 6,89 £ 0,62
Fiber2 1,57 +£0,14 1,47 £0,16 8,17 £ 0,85 10,37 £ 0,91
Fiber3 0,57 £ 0,07 1,26 £ 0,13 8,02+0,78 8,16 £ 0,70

Veriler ortalama + standart sapma olarak sunulmustur (n = 3).
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Zeytin yapragl ekstresi iceren Fiber 1 numunesinde,
¢ekme dayanimi ve Young modill degerlerinde belirgin
bir dists gozlenmistir. Mekanik 6zellikler agisindan

numuneler arasinda istatistiksel olarak anlaml fark
oldugu belirlenmistir (p<0,05). Bitkisel ekstreler genellikle
fenolik bilesikler, flavonoidler ve organik asitler gibi duisiik
molekdl agirlikli bilesenler igerir. Bu tir bilegenlerin
polimer matrisi icerisinde plastiklestirici benzeri bir etki
olusturarak polimer zincirleri arasindaki etkilesimleri

zayiflatabildigi ve bunun sonucunda mekanik dayanim ile

rijitlikte azalma meydana gelebilecegi literatiirde
bildirilmistir. Ozellikle polifenollerin elektro-egirilmis
polimer fiberlere ilavesinin ¢ekme dayanimini

azaltabildigi ve kopma uzamasini artirabildigi
edilmistir (Glnal-Kéroglu vd., 2025).

rapor

Benzer sekilde, bitki ekstrakti iceren PLA esasli elektro-
egirilmis fiber sistemlerinde ekstraktin polimer matrisi ile
etkilesiminin fiberlerin fiziksel ve mekanik ozelliklerini
degistirebildigi gosterilmistir. Ornegin PLA igerisine
Portulaca oleracea bitki ekstrakti eklenerek hazirlanan
elektrospun fiberlerde ekstraktin fiber morfolojisi ve
mekanik 6zellikler Gzerinde belirgin etkiler olusturdugu
rapor edilmistir (Stoyanova, Spasova, vd., 2023).

Bununla birlikte, literatiir incelendiginde elektro-egirilmis
PLA/jelatin fiber sistemlerinde zeytin yapragi (Olea
europaea) ekstresi veya karamurver (Sambucus nigra)
ekstresi  kullaniminin  mekanik o6zellikler Gzerindeki
etkilerini dogrudan inceleyen galismalarin oldukga sinirh
oldugu gorilmektedir. Bu nedenle elde edilen sonuglarin
literatlirdeki benzer bitki ekstrakti iceren elektro-egirilmis

sistemler izerinden yorumlanmasi gerekli olmustur.

4,0 -
—— Fiber 0
3,54 Fiber 1
Fiber 2
3,0 Fiber 3|
2,5
g
= 2,0
=}
1,5
1,0
0,5
0,0
0 2 4 6 8 10 12 14

(%)
Sekil 5. Fiber O, Fiber 1, Fiber 2 ve Fiber 3 numunelerine ait tipik
gerilim—gerinim egrileri.

Bu baglamda zeytin yapragi ekstresinin icerdigi fenolik ve
asidik karakterli bilesenlerin PLA/jelatin matrisi icerisinde
zincirler arasi olabilecegi
fiber vyapisi

icerisinde homojen dagilmamasi durumunda gerilme

etkilesimleri  zayiflatmis

dustndlmektedir. Ayrica ekstraktlarin

aktariminin  sinirlanabilecegi ve bunun da mekanik

dayanimda azalmaya neden olabilecegi belirtilmektedir.

Karamurver ekstresi igeren Fiber 2 numunesinde ise Fiber
1’e kiyasla daha yiiksek cekme dayanimive Young modulii
degerleri elde edilmistir. Bu durum karamirver
ekstresinde bulunan fenolik ve flavonoid bilesiklerin
jelatin  matrisi ile  hidrojen bag etkilesimleri
olusturabilmesi ve polimer fazlari arasinda daha uyumlu
bir araylzey etkilesimi saglayabilmesi ile iligskilendirilebilir.
Benzer sekilde polifenol iceren dogal ekstraktlarin PLA
esasli elektro-egirilmis fiberlerde matrise belirli oranlarda
eklenmesinin fiberlerin yiizey o6zelliklerini ve mekanik
davranisini degistirebildigi rapor edilmistir (Zadeh vd.,
2019). Her iki ekstrenin birlikte kullanildigi Fiber 3
numunesinde mekanik 6zelliklerin, tek basina zeytin
yapragl ekstresi iceren Fiber 1’e kiyasla iyilestigi ancak
karamirver ekstresi iceren Fiber 2 seviyesine ulagamadigl
gorulmdistir. Bu durum farkh kimyasal bilesime sahip
ekstraktlarin polimer matrisi icerisindeki etkilesimlerinin
birbirini
etkilesimlerin

gostermektedir.

ancak zincirler arasi
edilemedigini

kismen dengeledigini

tamamen restore

Genel olarak gerilim—gerinim egrilerinin elastik bdlge
egimleri ile Young modillu degerleri arasindaki uyum,
bitkisel ekstre ilavesinin fiber matlarin rijitligini azalttigini
dogrulamaktadir. Bu sonuglar bitki ekstraktlarinin icerdigi
dusik molekdl agirhklh ve polar bilesenlerin polimer
zincirleri arasina girerek zincirler arasi etkilesimleri
zayiflatmasi ve lif yapisi igerisinde gerilme aktarimini

sinirlamasi ile agiklanabilir.
3.7. Termal o6zellikler

Fiber matlarin termal davranislari TGA ve DSC analizleriile
degerlendirilmis olup elde edilen sonuglar Sekil 6’da
sunulmustur. TGA egrileri incelendiginde (Sekil 6B), Fiber
0 numunesinin diger tim gruplara kiyasla daha yilksek
sicakliklarda bozunmaya basladigl acgik¢a gorilmektedir.
Fiber bitkisel ekstrakt
bulunmamasi ve termal olarak daha kararli olan PLA

Bu durum, 0 vyapisinda
fazinin matris davranisina daha baskin sekilde hakim
olmasi ile iliskilendirilebilir. PLA’nin jelatine kiyasla daha
ylksek kristalin yapiya ve daha stabil ester baglarina sahip
bozunma degerlere
Fiber 0

numunesinin daha yliksek termal kararlilik gostermesini

olmasi, sicakhginin daha ileri

kaymasina neden olmakta ve boylece
acitklamaktadir. Buna karsilik, zeytin yaprag ve/veya
karamurver ekstresi iceren Fiber 1, Fiber 2 ve Fiber 3
numunelerinde bozunmanin daha distk sicakliklarda
basladigi goézlenmistir. Bu durum, bitkisel ekstrelerin
yapisinda bulunan disiik molekil agirlikli ve termal olarak
daha hassas bilesenlerin, polimer matrisinin bozunma
siirecini hizlandirmasi ile aciklanabilir. Bununla birlikte,

tim gruplarda bozunma profillerinin benzer karakteristik
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egilimler gostermesi, ekstrakt ilavesinin fiber matlarin
genel termal butinlGgUnl  bozmadigini  ortaya
koymaktadir. DSC egrileri degerlendirildiginde (Sekil 6A),

[——Fiber 0

Fiber 1—— Fiber 2 Fiber 3|

A 100
80
60 {

£
=1

Is1 Akisi (mW)
)

100 200 300 400 500 600
Sicaklik (°C)

[—— Fiber 0—— Fiber 1—— Fiber 2—— Fiber 3

100 200 300 400 500 600
Sicaklik (°C)

Sekil 6. Fiber O, Fiber 1, Fiber 2 ve Fiber 3 numunelerine ait (A)

DSC ve (B) TGA egrileri.

Fiber 0 numunesinin DSC egrisinde vyaklasik 90 °C
civarinda gozlenen endotermik pik, jelatin fazina bagh

fiziksel olarak bagli suyun uzaklasmasi ve jelatin
zincirlerinin kismi heliks—coil dontsimi ile
iliskilendirilebilir. Jelatin iceren sistemlerde bu tir

endotermik olaylarin genellikle 70-120 °C araliginda
gozlendigi literatlirde rapor edilmistir (Ciarfaglia vd.,
2021; Garcia-Valderrama vd., 2022; Yan vd., 2010). Buna
karsilk, bitkisel ekstrakt iceren Fiber 1-3 numunelerinde
fenolik bilesiklerin jelatin zincirleri ile kurdugu hidrojen
bagi ve diger ikincil etkilesimler jelatin ag yapisini
modifiye ederek bu termal gegisin zayiflamasina veya DSC
egrisinde ayirt edilemez hale gelmesine neden olmus
olabilir (Dhandayuthapani vd., 2010; Fallah vd., 2016).
Fiber 0 numunesinde PLA/jelatin matrisine ait 1sil
gecislerin daha belirgin ve keskin oldugu gorilmektedir.
Bu durum, daha dizenli ve stabil bir polimer yapisina
isaret etmektedir. Ekstrakt iceren Fiber 1, Fiber 2 ve Fiber
3 numunelerinde ise ayni isil gegislerin korundugu, ancak
pik siddetlerinde ve konumlarinda kismi degisimlerin
meydana geldigi gozlenmistir. Bu degisimler, bitkisel
ekstrelerin polimer zincirleri arasindaki etkilesimleri
kismen modifiye ederek zincir hareketliligini artirdigini ve
matrisin termal cevabini etkiledigini godstermektedir.
Ozellikle Fiber 3 numunesinin DSC profilinin diger ekstrakt
iceren gruplarla uyumlu olmasi, cift ekstraktli sistemin
bir yapi sundugunu ortaya

termal acidan dengeli

koymaktadir. Genel olarak hem TGA hem de DSC sonuglari
birlikte degerlendirildiginde, Fiber 0 numunesinin tim
gruplar arasinda en yiiksek termal kararliliga sahip oldugu,
bitkisel ekstre ilavesiyle bozunma sicakliklarinda bir
miktar disiis gbzlenmesine ragmen fiber matlarin temel
termal butinlGglinin korundugu anlasilmaktadir. Bu
bulgular, gelistirilen tim fiber gruplarinin biyomedikal
uygulamalar igin yeterli termal stabiliteye sahip oldugunu
acikca gostermektedir (Mukta vd., 2024).

4. Sonuglar

Bu c¢alismada, Sambucus nigra ve Olea europaea
ekstreleri yukli PLA/jelatin bazli mikrofiber matlar
elektro-egirme yontemi ile Uretilmis ve yapilarin temel
ozellikleri sistematik olarak
FESEM fiber

gruplarinda diizglin, stirekli ve boncuksuz bir morfolojinin

fizikokimyasal

degerlendirilmistir. analizleri, tim
basariyla elde edildigini ortaya koymus, ekstrakt ilavesinin
ise fiber capi ve dagilimi (zerinde belirgin etkiler
olusturdugunu gostermistir. Ekstrakt iceren gruplarda
gozlenen fiber capi azalmasi ve dagilim genislemesi,
¢Ozelti reolojisinin  ve jet stabilitesinin  modifiye
edilmesiyle iliskilendirilebilir. Elde edilen bu sonuglar,
bitkisel ekstrakt elektro-egirilmis nanofiber

sistemlerde %1-3 konsantrasyon araliginin lif morfolojisi

iceren

ve stabilite agisindan uygun oldugunu bildiren literatir ile
uyumludur (Q. Liu vd., 2024; Stoyanova, Nachev, vd.,
2023; Uddin vd., 2024). FT-IR sonuglari, bitkisel ekstrelerin
polimer matrisine yeni bir kimyasal bag olusumu
olmaksizin, agirlikli olarak fiziksel etkilesimler yoluyla
dahil edildigine isaret etmektedir (Kesente vd., 2017). Bu
durum, ekstrelerin polimer yapinin kimyasal bitanlGgiunu
fiber

gostermektedir. Temas agisi 6lciimleri, ekstrakt ilavesi ile

bozmadan matrisi  icerisinde tutulabildigini
fiber ylizey ozelliklerinin belirgin sekilde degistigini ve
ylizeyin daha hidrofobik bir karakter kazandigini ortaya
koymustur. Chen ve arkadaslari tarafindan vyapilan
calismalar da paralellik géstermistir. (Chen vd., 2021). Bu
degisim, bitkisel ekstrelerin ylzey enerjisi Uzerinde etkili
olabildigini gostermekte olup, ylizey kimyasinin daha
ayrintill olarak ortaya konulabilmesi icin ileri ylizey
analizlerine
buhari

gelistirilen mikrofiber matlarin yiksek sivi absorbsiyon

ihtiyac oldugunu dusindidrmektedir. Su

gecirgenlik  sonuclart  degerlendirildiginde,
kapasitesine ve uygun su buhari gecirgenligine sahip
oldugu gorilmektedir (Song vd., 2014). Bu 6zellikler, fiber
matlarin nem dengesinin korunmasinin énemli oldugu
uygulamalar igin fiziksel agidan potansiyel olarak uygun
isaret etmektedir. Bununla

bir yapi sunabilecegine

birlikte, s6z konusu sonuglar vyalnizca fiziksel ve

fonksiyonel 6zellikler agisindan bir degerlendirme niteligi
tasimakta olup, biyolojik performansin dogrudan kaniti
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olarak yorumlanmamalidir. Mekanik test sonuglari,
bitkisel fiber
ozelliklerini etkiledigini ve genel olarak rijitlikte azalmaya
yol agtigini
gruplarinin,

ekstre ilavesinin matlarin  mekanik

gbstermistir. Buna ragmen tim fiber

mikrofiber matlarin kullaniminda
karsilasilabilecek mekanik zorlanmalara karsi yapisal
bltlinlGgunu koruyabilecek seviyede dayanim sergiledigi
2025). Mekanik

dayanimin eklenen ekstreler ile degistigi gorilmustir.

gorilmektedir (Glnal-Kéroglu vd.,
Ozellikle karamiirver ekstresi iceren Fiber 2 numunesinde,
cekme dayanimi (1,47 N/mm?2) ve Young moddli (10,37
MPa) degerlerinin, zeytin yapragi ekstresi iceren Fiber 1
numunesine gore daha yiiksek oldugu; buna karsin kopma
(%8,17)
belirlenmistir. Bu sonug, karamurver ekstresinin mekanik

uzamasinin tamamen kaybolmadigi
ozellikler Gzerindeki olumsuz etkiyi sinirlayarak, rijitlik ve
deformasyon kabiliyeti arasinda daha uygun bir denge
sagladigini gostermektedir. Bu yoniile literatiirde verilen
¢alismalara pozitif yonde
konulmustur. TGA ve DSC analizleri, ekstrakt ilavesiyle
birlikte bozunma sicakliklarinda sinirli diistisler meydana
gelse de, fiber matlarin genel termal bitinlGginin

korundugunu ortaya koymustur. Bu sonuglar, gelistirilen

gore degistigi ortaya

yapilarin isleme ve kullanim kosullari agisindan uygun bir
stabilite
gostermektedir. Numuneler arasinda gozlenen farklarin

termal araliginda  degerlendirilebilecegini
istatistiksel olarak anlamli oldugu belirlenmis (p<0,05) ve
bu durum ekstrakt iceriginin sistem ozellikleri tizerinde bir

etkisi oldugunu gostermistir.

Genel olarak bu c¢alisma, Sambucus nigra ve Olea
europaea ekstreleri iceren PLA/jelatin bazli mikrofiber
matlarin morfolojik, kimyasal, ylizey, mekanik ve termal
ozelliklerini bicimde koyan bir

kapsamli ortaya

karakterizasyon calismasi niteligindedir.

Elde edilen bulgular, bu sistemlerin yara ortisi gibi
biyomedikal uygulamalara yonelik malzeme gelistirme
calismalarinda potansiyel olarak degerlendirilebilecek bir
platform sundugunu gostermektedir. Bununla birlikte,
biyouyumluluk, sitotoksisite ve antibakteriyel etkinlik gibi
biyolojik performans parametrelerinin ortaya konulmasi,
sistemin gercek biyomedikal kullanim potansiyelinin
belirlenebilmesi icin ileri c¢alismalar kapsaminda ele
alinabilir.

Etik Standartlar Bildirgesi
Yazarlar tim etik standartlara uyduklarini beyan ederler.

Yazarlik Katki Beyani
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Oz

Deprem kataloglari, sismik tehlike calismalarinin temel verisidir.
Farkli buyuklik olgekleri ve ayni deprem igin farkh buytkluk
hesaplamalan gibi parametrik farkliliklar nedeniyle sismik
tehlike  calismalarinda  tekil  bir  buytkluk  olgegiyle
homojenlestirilmis katalog kullanimini gerekli kilmaktadir. Bu
¢alismada, 30.10.2020 Sisam Depremi (Mw 7.0) ile blyulk hasar
gdren izmir'in sismik tehlike analizlerinde kullanilabilecek aletsel
doneme (1900'den glinimuze) ait homojenlestirilmis bir
deprem katalogu olusturulmustur. Ortogonal regresyon
analiziyle buyuklik olgekleri arasinda iliskiler belirlenmis ve
eslenik moment buyuiklikleri (Mw*) hesaplanmistir. Yaklasik
208.000 deprem igeren katalog kullanilarak Gutenberg—Richter
kiimilatif frekans—buyuklik iliskisi belirlenmistir. Katalogun
tamlik degeri 2.4, b-degeri 1.03 ve a-degeri ise 7.34 olarak
hesaplanarak c¢alisma alani igin gilncel sismik tehlike
degerlendirmesi yapilmistir. Elde edilen sonuglar 50 yil igerisinde
Mw*26 olan bir depremin meydana gelme olasiliginin %100'e
yakin oldugunu gostermistir. Bu biyiklikteki yikici bir depremin
tekrarlanma araligi ortalama 20 yil ve bu donem iginde olma
olasiigi %70 olarak hesaplanmistir. Katalogdaki ayni
blyklikteki depremlerin 20 yillik araliklarla frekans dagilimi da
bu olasiligin gerceklestigini dogrulamaktadir. Gegmiste yikici
depremlerden etkilenen izmir ve cevresi, bélgenin aktif tektonik
yapisi nedeniyle orta ve uzun vadede olabilecek yikici depremler
tarafindan tehdit edilecektir. Bu nedenle sehirdeki yapi
stogunun iyilestirilmesi, giincel yerbilimleri ve deprem
mihendisligi calismalarinin sonuglan dikkate alinarak yikici
depremlere dayanikli (Mw=26) yapi tasarimina 6nem verilmesi
gerekmektedir.

Anahtar Kelimeler: Bati Anadolu; Deprem; Gutenberg—Richter iliskisi,
Homojen deprem katalogu; izmir; Sismik tehlike

Abstract

Earthquake catalogues are the fundamental data for seismic
hazard studies. Parametric differences, such as different
magnitude scales and multiple magnitude estimates for the
same earthquake, necessitate the use of a homogenized
catalogue with a single, unified magnitude scale in seismic
hazard analyses. In this study, a homogenized earthquake
catalogue for the instrumental period (1900-present) was
constructed for izmir, which suffered severe damage during the
30.10.2020 Samos Earthquake (Mw 7.0), for use in seismic
hazard analyses. Relationships among different magnitude
scales were determined using orthogonal regression analysis,
and equivalent moment magnitudes (Mw*) were calculated.
Using the catalogue, which contains approximately 208,000
earthquakes, the Gutenberg—Richter cumulative frequency-
magnitude relationship was established. The completeness
magnitude is 2.4. The b-value and a-value are 1.03 and 7.34,
respectively. A seismic hazard assessment was done with these
results. The results indicate that the probability of an
earthquake with a magnitude of Mw*>6 occurring within the
next 50 years is close to 100%. The mean recurrence interval for
such a destructive earthquake is 20 years with a probability of
70%. The frequency distribution of earthquakes of the same
magnitude in the catalogue over 20-year intervals also confirms
the realization of this probability. izmir and its surroundings will
remain threatened by damaging earthquakes in the medium
and long-term due to the region's active tectonics. Therefore, it
is essential to improve the city's existing building stock and to
prioritize structural design for resisting destructive earthquakes
(Mw=6), taking into account the findings of recent earth
sciences and earthquake engineering studies.

Keywords: Earthquake; Gutenberg—Richter relation;, Homogenous
earthquake catalogue; izmir; Seismic hazard; Western Anatolia

1. Giris

Sismoloji calismalarinda deprem kataloglarini, sismolojik
gozlemlerin temel veri tabani olarak tanimlayabiliriz. Bir
katalog depremlerin baslangic zamani, episantir
koordinati ve odak derinligi gibi temel parametreleri
icerir. Depremin blyliklGgl (magnitiit) ise agiga ¢ikan
enerjinin bir gdstergesi olmasi nedeniyle katalog icin bir

diger 6nemli parametredir. Depremin blyuklGga, farkl

sismik dalga fazlarina ve hesaplama yaklasimlarina bagli
olarak lokal, sire, cisim dalgasi, ylizey dalgasi, sismik
moment gibi farkl olcekler kullanilarak tanimlanir ve
kataloglar bir deprem icin tim bayakluk tarlerini
raporlamayabilir. Bununla beraber tek deprem icin farkh
kurumlar birden fazla buyuklik degeri belirleyerek
Ancak

calismalari gibi sistematik enerji hesaplamasina dayanan

kataloglara dahil edebilirler. sismik tehlike
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analizlerde tekil bir buytklik dlgeginin kullaniimasi kritik

6neme sahiptir ve hesaplamalarda satiirasyona
ugramayan sismik moment blyiklugi (Mw) tercih edilir.
Tam depremler icin Mw hesaplanamadigi icin istatistiksel
yontemlerle bir yaklasim uygulanir. Depreme dayanikli
bina stogunun yaninda kopriler, gli¢c santrallari ve kritik
muihendislik yapilarinin tasariminda, yerel veya bolgesel
tek tip buyuklik olgegine sahip homojenlestirilmis bir
katalogun kullanimi zorunlu hale gelmektedir. Ozellikle
2000'li yillardan beri sismik tehlike azaltma yaklagiminin
onem kazanmasi, raporlanan deprem buyukliklerinin
birlestirilmesi ve analiz edilerek gelistirilmis kataloglarin
Uretilmesine yonelik ¢alismalari 6ne ¢ikarmaktadir (6rn.
Grinthal vd. 2009, Leptokaropoulos vd. 2013, Rovida vd.

2020, Tan 2021).

izmir ve cevresinin icinde bulundugu Ege Bélgesi
Tarkiye'nin kuglk depremler (Mw < 4) acidan en aktif
kesimidir. Hem kuzey — giiney yonll genisleme hem de
Anadolu Levhasinin batiya dogru hareketi, kiiglik ve orta
blylklikte depremlerle karakterize yogun bir kitasal
deformasyona neden olurken zaman zaman biyik yikic
depremler (Mw 2 6) bolgeyi tehdit etmektedir. Bélgedeki
yikici  tarihsel depremlerin dagilimi da bu tehdidi
kanitlamaktadir (Sekil 1). Bu depremler Bati Anadolu'nun
belirgin neotektonik unsurlari olan dogu-bati uzanimli
Simav, Gediz, Kigik Menderes, Biyik Menderes ve
Gokova gibi grabenleri sinirlayan aktif normal faylarla ve
Ege Denizi igindeki oblik ve dogrultu atiml faylarla
iliskilidir.

25° 26° 27° 28° 29° 30°

Sekil 1. izmir ve genis cevresinde meydana gelmis tarihsel
depremler. Tan vd. (2008) ve Tepe vd. (2021)'den derlenmistir.
Aktif faylar kirmizi gizgilerle gosterilmistir (Emre vd., 2018).

2. Materyal ve Metot

2.1 Katalog analizi

izmir ve cevresine ait homojen deprem katalogunun
olusturulmasinda, 2020 yilinda tamamen yenilenen the

Bulletin of the International Seismological Centre
(Storchak vd. 2017, ISC 2020) veri tabani ve uluslararasi
makalelerde yayinlanmis deprem aktivitesi verileri
kullaniimistir. ISC katalogu diger kataloglardan farkl ve
karmasik bir yapiya sahiptir. IASPEI Sismik Formati'nda
hazirlanmis ve her deprem igin farkli kurumlardan gelen
farkl tipteki parametrik verilerin ve agiklamalarin oldugu
alt veri bloklarindan olusan 06zel bir yapidadir. Veri
dosyalarinin  satirlarinda hangi  parametrik verinin
olduguna ve format sekline dair bir belirte¢ olmadigindan,
bu veri yapisinin analiz edilmesi basit bir bilgisayar
programiyla yapilamamaktadir. Her bir veri satiri blogunu
bilgisayar tarafindan anlasilip igindeki veri pargalarinin
¢ikarilmasi  yorumlayici  (parser) adh

programciklarla yapilabilmektedir (Tan 2021).

karmagik alt

Bu ¢alismada, TURHEC (Turkish Homogenized Earthquake
Catalogue) katalogunun olusturulmasi ig¢in Tan (2021)
tarafindan yazilan ve bu yorumlayicilar kullanarak tim
veri tabanini edebilen FORTRAN vyazilimi
kullanilmistir. Yazilim belirli bir sistematik akis semasina
gore tim diinyadaki depremleri iceren veri tabanini analiz
edebilmektedir. Veri tabani igerisinde bir depreme ait
bilgilerin basladiginin belirlenmesi igin ilk olarak "event

analiz

parser" yorumlayicisi kullanihr.

ISC, depremler icin kendisi tarafindan (mumkiinse)
belirlenen olus zamani, lokasyon, derinlik ve buyuklik gibi
farkli
raporladigi degerleri de verir. Bu nedenle bir deprem igin

parametre degerlerinin yaninda kurumlarin

hangi  kurumun verilerinin  kullanilacagina  karar
verilmelidir. Yazihm, ISC tarafindan bir kuruma ait olus
parametrelerini (bir alt satirda) 6zel olarak "PRIME"
terimiyle birincil veri olarak bayraklandiriimissa bu
degerleri secer. Bir deprem icin ISC tarafindan belirlenen
olus parametreleri var ise bunlar her zaman "PRIME"
olarak tanimlanir. Ancak bircok lokal deprem igin "PRIME"
bayragi bulunmaz. Bu durumda Tan (2021) tarafindan
gelistirilen yazilim depremin meydana geldigi bolgeye
gére bir kurum onceliklendirmesi kullanir. Ornegin
Tirkiye'de meydana gelen bir deprem icin 6nce Kandilli

Rasathanesi (ISK) parametreleri aranir, eger yoksa AFAD

(DDA) tarafindan verilen parametreler kullanilir.
Yunanistan sinirlari icindeki bir deprem icin ise oncelik
Atina Rasathanesi'ndedir (ATH). Deprem incelenen

bolgenin icinde ise bir sonraki adimda farkli biyaklik
olgeklerinin (ML, Mw, Ms vb.) ayri ayri derlenmesine
gecilir. Bir bayukluk tipinde birden fazla raporlanmis
deger var ise bunlarin ortalamasi ve standart sapmasi
hesaplanir.

TURHEC veri tabanina ek olarak izmir ve vyakin

cevresindeki deprem aktivitesiyle ilgili yayinlanmis yliksek
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¢6ziiniirliikli deprem verileri de izmir ve cevresi Homojen (2014) ve 2020 Sisam Depremi artgilarini

iceren

Deprem Kataloguna dahil edilmistir. Karaburun- Karakostas vd. (2021) yayinlarindaki veriler de kataloga

Seferihisar civarindaki deprem aktivitesi iceren Tan eklenmistir (Sekil 2b).
(2013), Sisam Adasi ve Kusadasi aktivitesini iceren Tan vd.

39°

38°

37°

25° 26° ar 28° 29° 30°

b)

38.5°

38.0°
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Sekil 2. a) izmir igin olusturulan homojenlestiriimis katalogundaki depremlerin dagilimi (1900 — Agustos 2025). Mw*>6.0 depremler
kirmizi daireyle gosterilmistir. Kirmizi gizgiler Sesetyan vd. (2018) tarafindan verilen ve bu ¢alismada glincellenen sismik kaynak
alanlarnini gosterir. b) Kataloga dahil edilmis diger galismalarda verilen depremlerin dagilimi. Yesil: Tan (2013) ve Tan vd. (2014),
Turuncu: Karakostas vd. (2021). Faylar Caputo ve Pavlides (2013) ve Emre vd. (2018)'den alinmistir.
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2.2 Eslenik moment
(Homojenlestirme)

biiyiikliigii (Mw¥*) hesabi
izmir icin olusturulan katalog biyiikliik anlaminda
homojenlestirilmis bir katalogdur ve deprem miihendisligi
calismalarinda kullanilabilecek sekilde tasarlanmistir. Bu
¢ahsmalarda temel girdi olarak kullanilacak eslenik
moment blyudklGgu (Mw*), regresyon analizleri sonrasi
belirlenen formillerle hesaplanmistir. Regresyon analizi
oncesinde, Tan (2021)'de detaylar verildigi sekilde veri
tabani sistematik bir filtreden gegirilmistir. Guvenilir
buyuklik tamhgini (Mc) belirlemek icin art¢i depremlerin
cikariimasi gerektiginden, ilk olarak Reasenberg'in (1985)
ikinci dereceden moment yaklasimi kullanilarak
kiimelerden arindirma (declustering) islemi yapilmistir.
Elde edilen glvenilir buyuklik ciftlerinin dagilimi Sekil
3'de gosterilmistir. Sismik moment bayukligi (Mw)
donisum esitlikleri  i¢in  genellestirilmis
regresyon (GOR) analizi kullanilmistir (Castellaro vd. 2006,
Das vd. 2014). GOR egrisinin egimi (a) ve yatay ekseni

kestigi deger (b), y = ax + b formunda olacak sekilde
Sp-nSg+ [(SF-nsp+ansgy

a = (1)

2Sxy

ortogonal

b=Y,—aX, 2)

formiilleriyle hesaplanir. Burada S2 , S2 and SZ, sirasiyla
X, Y ve X-Y'nin kovaryanslaridir. X, ve Y, ortalama
degerlerdir. Oklid uzakhg 7 = 1 olarak alinmistir. Elde
edilen esitliklerin  belirsizlik araligi ise bootstrap
yontemiyle belirlenmistir. Bu yontemde, her seferinde
blylklik ciftlerinin yarisi rastgele secilmis ve tekrar
regresyona sokulmustur. Toplam 1000 tekrar sonrasi elde
edilen a ve b katsayillarinin normal dagihmi ile %95

olasilikla belirsizlik araligi elde edilmistir.

8 Lo 8 P T T R '
74 N=312 3 7- N=568 3
6 6 I
5 5 I

E E
4 4 I
3 - 34 |
2 - 2 +
1 —TT—T 1 — T

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
my M.
8 1 1 | 1 1 1 8 1 L 1 L
71 N=487 I 74 N=265
6 - 3 6 -
5 - } I

z 3
4+ I 24- B L
3 o 3 -
24 H 2 4 L
1 T T T T T T 1 T T T T T T

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
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Sekil 3. Regresyon analizlerinde kullanilan Mw ile diger bliytkliik
tipleri arasindaki dagilim.

2.3 Katalog tamligi ve Gutenberg-Richter iliskisi

Bir deprem katalogunun dnemli parametrelerinden biri
tamhk bayuklGgidar (Mc). Mc, bir esik blyUkligu ifade
eder ve ¢alisma alaninda Mc’den daha biyldk tim
depremlerin  bolgedeki  sismoloji ag1  tarafindan
kaydedildigini gosterir (Aki 1965, Utsu 1965). Daha kiglik
depremlerin ise ag tarafindan tim bolge
gelir. istatistik
c¢alismalarda Mc degerinin altindaki  buyUklikler
kullanilmaz. Mc, Gutenberg—Richter (1954) kumdlatif
frekans—buyuklik iliskisi (GR) kullanilarak belirlenir. GR
iliskisi basit ancak gii¢lii bir yaklasimdir ve log(N) =a - b-M

icinde

gozlemlenemeyecegi anlamina

seklinde ifade edilir; burada N, buyukligi M’ye esit veya
daha biylik olan depremlerin kiimulatif sayisidir. Bu
denklemdeki en 6nemli parametre b-degeridir (egim). b-
degeri, tektonik olarak aktif bolgelerde genellikle 1
civarindadir. GR iliskisinin a ve b parametreleri sismik
tehlike hesaplamasinda kullanilan temel parametrelerdir.

GR iliskisinin hesaplanmasinda ve Mc kestiriminde
maksimum egrilik yontemi (Wyss vd. 1999, Wiemer 2001)
kullanilmistir. Mc tamlik degerinin yillara bagh degisimi
katalogun zamansal degisimi ve sismoloji aginin goézlem
gliciinlin anlasilmasi igin 6nemlidir. Bu analiz i¢in her biri
1000 deprem iceren ve %10 ortlismeli bir kayan zaman
penceresi secilmistir. Her zaman penceresi icin Mc degeri
ayni yontemle hesaplanmistir. Bu parametreler, yetersiz
ornekleme ve homojen olmayan alt deprem kiimeleri
nedeniyle b-degeri ve Mc igin hatali istatistiksel sonuglarin
olusmasini 6nlemek agisindan yeterlidir (Amorese vd.
2010, Kagan 2010). Her bir
hesaplanan ortalama Mc degerinin belirsizligi 200 adet

zaman penceresinde

tekrardan olusan bootstrap orneklemesi ile belirlenmistir
(Wiemer 2001).

2.4 Sismik tehlike tahmini

Sismolojide sismik tehlike tahmininin hesaplanmasi GR
iliskisine dayanir. Bir bolgeye ait homojenlestirilmis
deprem katalogundan elde edilen a ve b-degerlerinden
yararlanilarak belirli bir M buyaklugine esit veya daha
blylk bir depremin T siresi icinde meydana gelme

olasihgi (R)

R(M)=1-eMT (3)
seklinde ylzde (%) olarak ifade edilir. Burada n(M),
bilylklGgi = M olan bir depremin hesaplanan (kiimdlatif)

olus sayisidir. Bu biyiklikteki bir depremin yil olarak
tekrarlanma periyodu (Q) ise su sekilde hesaplanir:

Q=1/n(M) (4)
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3. Bulgular
3.1 Eslenik moment biiyiikliigii (Mw*) esitlikleri

izmir ve cevresi icin sismik moment buyikligi (Mw)
mevcut olan depremler kullanilarak siire (mg), yerel (M),
cisim (mp) ve ylzey dalgasi (M) biyukliklerinden Mw*
hesaplamasi i¢in elde edilen GOR analizleri Sekil 4'de
esitlikler ise Cizelge 1'de verilmistir.

Stire blyukligi (mg) ve moment bliyukliglu mevcut olan
belirli bir
yogunlagmasinin diger iliskilere goére daha az oldugu

toplam 312 depremin dogru (zerinde
goriilmektedir (Sekil 4). Bu nedenle elde edilen R? iliski
katsayisi da gorece daha kuglktir (0.79). Buna karsin
rapor
edildiginden 3.0 ile 4.0 arasinda yogunlasma mevcuttur.

ozellikle lokal depremler igin M, bilyUklGgi
Sekil 4'de gorildugi gibi M = 6'dan sonra, M, artisi ile Mw
artisinin dogrusalligi bozulmaktadir. Bunun temel nedeni
M, blyikliginin bu sinir degerden sonra satiirasyona
ulagmasidir. Cisim dalgasi (mjy) blyUkliklerinde ise her ne
kadar 3-4 arasinda bir yogunlasma goziikse de bu aralikta
sagilma da fazladir. Bu nedenle GOR analizinde my > 4 olan
iliskisi hesabinda baskinligi goérilmektedir.
Verilen bu Ug iliskide egrilerin egimi ~1 civarindayken Ms
— Mw iliskisinde egim 0.65 gibi daha disiik bir deger
almaktadir. Sekil 3'de baskin ylizey dalgasi Gretmeyecek

verilerin

kiicuk depremler (3.0 — 4.0) icin de Ms degerinin rapor
edildigi etkiledigi
anlasiimaktadir. Benzer gorece diistik regresyon egim (a)

ve bunlarin hesaplamalari
degeri tim Tirkiye ve ¢evresiicin yapilan hesaplamada da
(Tan 2021).

hesaplanmasindaki temel eksikligin aletsel donemdeki

gorilmektedir Tim Mw iliskilerinin

6'dan biyik deprem sayisinin az olmasi séylenebilir.
3.2 izmir Homojen Deprem Katalogu

izmir icin olusturulan ve eslenik moment buyiikliiklerini
(Mw*)
depremlerin dagilimi Sekil 2a'da gosterilmistir. Katalog

iceren homojen deprem katalogundaki
1919 ile Agustos 2025 tarihleri arasinda izmir cevresinde
donemdeki toplam 208.254

depremiicermektedir. Katalogun deprem tehlike analizler

meydana gelen aletsel

ve deprem mihendisligi ¢alismalarinda kullanilabilmesi
icin izmir merkezli 200 km yaricapli bir alani kapsamasina
dikkat edilmistir. Bolgenin yiksek kabuksal deformasyonu
nedeniyle, yikici depremlerin (Mw* > 6) bolgenin farkli
yerlerinde olabilecegi gorilmektedir (Sekil 2a, Cizelge 2).
Bu depremlerin blylk bir kismi bolgedeki aktif faylarla
iliskilendirilebilirken, haritalanamamis gomdali faylarla
iliskili olanlar da mevcuttur. Diger yandan sismik tehlike
analizlerinin ana girdisi olan ve Sesetyan vd. (2018)
tarafindan verilen sismik kaynak alanlari da katalog ve
aktif faylar dikkate alinarak Sekil 2a'da kirmizi cizgilerle
gosterildigi sekilde glincellenmistir.

Cizelge 1. Eslenik moment biyuklik (Mw*) esitlikleri. Veri

sayilan Sekil 4'de verilmistir.

Esitlik (Mw*=)

at2c

b +2c

R2

amg+b
a-M_ +b
amp+b
aM;+b

+0.998 +0.025
+0.977 £0.015
+1.004 £0.015
+0.652 +0.035

+0.116 +0.102
+0.105 +0.059
+0.125 +0.072
+2.064 +0.164

0.79
0.87
0.85
0.90

R?=0.87

Mw* = +0.977*M_+0.105 |-

Mw" = +1.004'm,, +0.125 [-

Mw* = +0.652"M, +2.064 |-

/ R?=0.85 R?=0.90

2 e 2 e

2 3 4 5 6 7 8 2 3 4 5 6 7 8
m, Ms
Veri 3
Yogunluguy 5 4§ 8 10

Sekil 4. izmir ve cevresi icin elde edilen biyiklik ciftleri
yogunluk grafikleri ve Mw* donisim esitlikleri. Belirsizlik aralig
kesikli cizgilerle gosterilmistir. Gri gizgi y=x esitligini gosterir.

100000 1 1 1 1 ! 1 1 L 1 1 1
a

10000 { Tiam Depremler
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100

Deprem Adedi

10 o

1

1900 19]10 19‘20 19]30 1940 1950 19|60 1970 19|80 1990 20]00 20[10 20?0
200 f ! ! "
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Deprem Adedi
2 @

o o

! L

@
=)
1

0 Aell

T T T T T Uy
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

yil
Sekil 5. izmir homojenlestirilmis katalogundaki a) tim (Mw* > 0)
ve b) Mw* > 4.0 deprem miktarlarinin zamana gore dagilimi.

belirli

doénemlerde dogal olarak artis gostermektedir (Sekil 5a).

Katalogdaki zamana bagh deprem sayisi

Tim depremler géz 6ninde tutuldugunda 1970'lerden
2010'a kadar bir Bu
Tirkiye'deki deprem istasyon sayisinin artmasiyla
iliskilidir. 2010 yilindan sonra KRDAE ve AFAD tarafindan
isletilen istasyon aglarinin mikro depremleri (ML 1.0 —2.0)

kademeli artls mevcuttur.

gozlem seviyesine c¢ikmasi nedeniyle yapay artislar
gozlenmemektedir. Calisma alani icindeki Mw* > 4.0

depremlerin zamana bagli dagilimi belirli donemlerdeki
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artislar disinda 6nemli bir farkliik gostermemektedir
(Sekil 5b). Ornegin 1970 yil civarindaki yiiksek olus sayisi
25 Mart 1969 Demirci-Sindirgi (Mw* 6.1) ve 28 Mart 1969
Alasehir (Mw* 6.7) depremlerinin artgilariyla iliskilidir
(Sekil 2a). Histogramdaki 2025 yilina ait anomali inceleme
alani icinde kalan gilincel Sindirgi (Balikesir) deprem
aktivitesini gostermektedir.

Cizelge 2. Homojenlestirilmis katalogda bulunan Mw* > 6.0
depremlerin listesi

Tarih Saat w Enlem Boylam Derinlik
(gg-aa.yyyy) (UTC) () () (km)
18.11.1919 21:54 6.5 39.4976 26.5296 10
26.06.1926 19146 7.4 36.6810 26.7955 15
31.03.1928 00:29 6.3 38.2025 27.4943 10
23.04.1933 0557 6.6 36.7509 27.2922 15
22.09.1939 00:36 6.4 39.2092 27.1644 35
23.05.1941 19:51 6.0 37.2500 28.0000 35
06.10.1944 02:34 6.8 39.5016 26.5965 15
23.07.1949 15:03 6.5 38.7120 26.4468 15
18.03.1953 19:06 7.2 40.1752 27.6478 10
16.07.1955 07:07 6.6 37.6165 27.2841 15
09.07.1956 03:11 7.8 36.6637 25.9572 20
23.05.1961 02:45 6.4 36.6926 28.5938 35
06.10.1964 14:31 6.8 40.2491 28.2323 13
04.03.1967 17:58 6.6 39.0931 24.6492 12
19.02.1968 22:45 7.2 39.3654 24.9308 6
25.03.1969 13:21 6.1 39.2964 28.6378 10
28.03.1969 01:48 6.7 38.5323 28.5359 2
28.03.1970 21:02 6.9 39.1215 29.5732 17
19.04.1970 13:29 6.1 39.0144 29.7151 17
12.05.1971 06:25 6.1 37.5466 29.7821 23
27.03.1975 05:15 6.1 40.4211 26.1178 10
19.12.1981 14:10 6.8 39.2695 25.3256 16
27.12.1981 17:39 6.3 38.8845 24.9108 11
05.07.1983 12:01 6.1 40.3767 27.2869 10
06.08.1983 15:43 6.7 40.1611 24.8066 15
06.11.1992 19:08 6.1 38.1311 27.0114 14
14.11.1997 21:38 6.0 38.8442 25.7875 13
24.05.2014 09:25 6.8 40.2763 25.3698 8
12.06.2017 12:28 6.3 38.8846 26.3440 9
20.07.2017 22:31 6.6 36.9674 27.4232 10
30.10.2020 11:51 7.0 37.8973 26.7953 10

1

T T T T T T T T T
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

il
Sekil 6. Homojenlestirilmis katalogun tamlik biyuklGgiinin (Mc)
ylllara gore degisimi. Gri alan bootstap 6rneklemesiyle
belirlenen o belirsizlik araligidir.

Calisma alani icinde kalan depremlerin bolgedeki
sismolojik ag tarafindan algilanma esik buyUklGguni
gosteren Mc degerinin yillara gore degisimi Sekil 6'da
gosterilmistir. Bu calismada dretilen homojenlestirilmis

deprem katalogu 1900'lU yillarin basina kadar uzansa da

secilen parametreler igin veri sayisinin az olmasi
1975 oOncesi igin gergekgi

hesaplanamamistir. Bolgedeki sismoloji istasyon aginin

nedeniyle, Mc degeri
gelistirilmesi 2005 yilina kadar sinirli kaldigi, Mc'nin bu
yillar boyunca 2.9 — 3.0 araliginda sabit olmasindan
anlasiimaktadir. 17 Agustos ve 12 Kasim 1999’da Kocaeli
ve Diizce'de pes pese meydana gelen yikici depremlerden
(Mw > 7) sonra Turkiye'deki sismoloji istasyonlarinin sayisi
sinirli sayida artmaya baslamis, ancak Mc'nin diismesinde
dnemli bir katki saglamamistir (Tan 2021). Ozellikle Ege
bolgesinde 2007'de TURDEP Projesi (inan vd. 2007)
kapsaminda 31 yeni genis-bant deprem istasyonuyla
guclendirilen ag,
nedenidir (Tan 2013). Calisma alani igin glinimizde Mc

bu tarihten sonraki dislisin ana

degeri 1.5 civarina kadar dismiustiir ve mikro deprem
aktiviteleri tum bolgede takip edilebilmektedir.
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Sekil 7. Izmir ve c¢evresinin homojenlestiriimis deprem

katalogunun istatistiksel ozellikleri. a) Mw* buyuklGginin
frekans dagilimi. b) a ve b-degeri analizinde kullanilan
Gutenberg-Richter kimdlatif deprem histogrami. Katalogun
tamhgi Mc = 2.4'dlr. c) tim depremlerin ve d) Mw* > 2.9 olan
depremlerin glinlin saatlerine gore olus miktarlari.

4. Tartisma ve Sonuglar
4.1 Homojenlestirilmis katalog sonuglari

izmir ve cevresiicin elde edilen homojen deprem katalogu
hem bolgesel hem de lokal sismoloji aglarindan elde
edilen verilere dayanmaktadir. Eslenik moment
blyliklagi (Mw*) 0.2 ile 7.4 arasinda toplam 208.254
deprem icerir. Ege Bolgesi acilma tektonigi etkisinde
oldugu icin mikro deprem aktivitesi (Mw* = 1 — 3) daha
yogun gorilmektedir (Sekil 7a). Kimulatif deprem sayisi
dagilimindan elde edilen tiim kataloga ait b-degeri 1.03 ve
bu deger tektonik kokenli aktivitelerle uyumludur (Sekil
7b). Sekil 6'da goruldugu Gzere son 10 yilda Mc tamlik
degeri 1.5 civarinda olsa da onceki uzun dénemlik veri
grubunun baskin olmasi katalogun tamlik degerini 2.4'de
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sinirlamaktadir (Sekil 7b). GR iliskisinin a-degeri ise
7.34'dur. Kimulatif deprem sayisi frekans dagiliminda
6'dan biyuk depremler igin GR iliski dogrusundan
Mw*
hesaplamasindaki belirsizlik ve 6zellikle 1960'l1 yillar

farkhlasma  gorilmektedir. Bunun  nedeni

oncesinde kiglik ve orta buyuklikteki depremlerin
belirlenmesindeki yetersizliklerden kaynaklanabilir (Tan
2021).

Sekil 7c’de verilen depremlerin olus saati histogrami, gece
saatlerinde deprem sayisinin yiksek, sabah ve aksam
saatlerinde dusme egiliminde oldugunu gostermektedir.
Buna karsin glindiiz mesai saatlerinde belirgin bir sismik
etkinlik gorilmektedir. Deprem sayisindaki sabah ve
aksam saatlerindeki gorece disiiklik, trafik ve sanayi gibi
insan faaliyetlerinin ortam giriltii seviyesini artirmasinin
bir sonucu olarak kiiglik depremlerin belirlenememesidir
(Atef vd. 2009, Tan 2013). Mesai saatlerindeki belirgin
yuksek fark ise bolgedeki tas ve komir ocagl gibi biyik
yapay patlatmalarin ayirt edilememesi ve kataloglari
kirletmesidir. Sekil 7d segilen esik degerden (Mw* 2.9)
blylik depremlere ait histogrami géstermektedir ve saate
bagl degisimler belirgin sekilde gériilmemektedir. Glinlin
her saati benzer deprem olus sayisi dogal durumu
gostermektedir. Bu tas ve komur
patlatmalarinin 3 biyukligine kadar sismik enerjiye sahip

sonug, ocagl
olabilecegini ve deprem kayitlardan ayirt edilemedigini
isaret etmektedir.

Bu calisma kapsaminda, eldeki yogun deprem aktivitesi
bilgisi ve aktif faylari bir arada kullanarak bolgeye 6zel
sismik kaynak alanlari belirlenmistir (Sekil 2a). Temel
olarak 2018 Tirkiye Bina Deprem Yonetmeliginde (TBDY
2018) verilen alanlarla benzer olsa da izmir'in yakin
cevresinde son yillarda meydana gelen mikro deprem
aktiviteleriyle gorinir olan deprem kiimeleri dikkate
alinarak glincelleme yapilmistir.

Olusturulan homojen deprem katalogunun GR iliski
katsayilari kullanilarak izmir ve gevresi icin sismik tehlike
olasiigi farkh periyotlara goére hesaplanmistir. Mw*
blylkligu 5 ile 8 arasinda olabilecek depremler igin kisa
(10 — 20 yil), orta (40 — 50 yil) ve uzun (70 — 100) dénem
olasiliklar Sekil 8a'da verilmistir. Kisa donemde 6zellikle 6
blylkliginde yikici bir deprem olma olasiliginin %40-70
araliginda olmasi dikkat cekicidir. Turkiye'de yapilarin
tamamina yakininin betonarme olmasi ve 2018 TBDY gore
bu tip yapilarin 6mriniin 50 yil (6rn. Li vd. 2025) kabul
edilmesi orta donem sismik tehlike olasiigini 6n plana
cikarmaktadir. Blyukligu 6.5 ve daha blytk bir depremin
bolgeye ait GR iliskisine gore bu dénem icindeki olasilig
%50'den fazladir. Ulke genelindeki yapi kalitesindeki
problemler distintldigiinde sismik tehlike olasilig1 degeri

risk faktoriini ¢ok daha yliksek orana tasimaktadir. Uzun
dénemde ise Mw* > 7 buylkligiindeki deprem tehlikesi
%50 civarinda hesaplanirken Mw* > 6.0 araligindaki olasi
bir deprem icin %95'i asmaktadir.
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Sekil 8. Farkli periyotlara gore a) sismik tehlike olasiligi (R)
egrileri ve b) tekrarlanma periyodu (Q). c¢) Homojen katalogda
Mw*2 6 olan depremlerin 20 yillik araliklarla dagihmu.

Bolgedeki farkli biyiklikteki depremler icin hesaplanan
periyodu (Q) Sekil  8b'de
gorilmektedir. Yakin alandaki 5.5 buytkligtindeki bir

tekrarlanma egrisi
depremin yapi kalitesi géz 6niine alindiginda yikici olarak
nitelendirilebilecegini duslinirsek Mw* ~ 5.5 depremler
icin tekrarlanma periyodu 5 vyildan daha klgaktar.
BliyUkligu 6 ve daha fazla olan bir depremin tekrarlanma
araligi 20 yil (Sekil 8b) ve bu dénem igin olasihgi %70 (Sekil
Sekil
biyulklikteki depremlerin 20 yillik araliklarla gézlemsel

8a) olarak hesaplanmistir. 8c'de verilen ayni

frekans  dagilimi bu olasiligin gerceklestigini
dogrulamaktadir. Bolgedeki jeodezik gézlemlerden M>6
depremler icin elde edilen 70 yillik periyot (Eyubagil vd.
2020) sismolojik gbzlem sonuglarina gére oldukca yiksek
kalmaktadir. Tiryakioglu vd. (2019) Alasehir bolgesi icin
M>6 depremlerin tekrarlanmalarinin 40-100 yil oldugunu
belirtmistir. Jeodezik yontemlerden elde edilen bu
sonuglar Sekil 8'de verilen gozlemsel sismolojik verilerle
elde edilen histogramla uyumlu degildir. Jeodezik deprem

tekrarlanma periyotlari gozlemsel sismoloji verileriyle
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birlikte
artiracaktir.

degerlendirilmesi  sonuglarin  glvenirliligini
4.2 Tasarim spektrumu ve deprem tekrarlanma
periyodu

Bina tasarimi igin kullanilan spektral ivme egrileri, bir
binanin ekonomik émri iginde (50 yil) olasi bir deprem
etkisi altinda olmasi durumunda miihendislik performans
kriterlerine uygun bir davranis géstermesini saglamak igin
kullanilir. Gegmiste oldugu gibi glincel (TBDY 2018) bina-
deprem yonetmeliginde de verilen bu egriler olasiliksal
temelli deprem tehlike hesaplari kullanilarak olusturulur.
Yonetmelik farkl tip yapi siniflari igin s6z konusu yer
hareketi seviyelerinde hedeflenen vyapisal davranisi
saglamaya yonelik tasarim kriterleri ve yontemleri sunar.
Bu da kavramsal olarak yapisal performansa dayal
deprem tasarimi olarak adlandirilir. TBDY (2018) farkli
performans hedefleri icin dort tip yer hareketi diizeyi
belirlemistir. Kritik Gneme sahip yapilar icin DD1 ve diger
yapilar icin DD2 dizeyleri tanimlanmistir ve sirasiyla 50
yillik zaman araliginda spektral ivmelerin %2 (2475 yillik
tekrarlanma) ve %10 (475 vyillik tekrarlanma) asiima

olasiliklarina karsilik gelirler.

Belirli bir mantik agaci yapisi kullanilarak uygulanan
olasiliksal deprem tehlike analizlerinin temelinde deprem
katalogu ve haritalanmis aktif faylar yer alir. Deprem
tekrarlanma periyodu hesaplarinda bolgesel Gutenberg —
Richter (GR) iliskileri kullanilir. izmir 6zelinde, Yunanistan
kiyllarindan baslayarak i¢ Anadolu'ya uzanan ve Bati
Toroslari da igine alan ¢ok genis bir bolge icin belirlenen
GR parametreleri (Akkar vd., 2014) kullanildiginda Mw > 6
deprem icin tekrarlanma periyodu 116 yil olarak
hesaplanmaktadir. Mw > 7 blytklGgindeki bir deprem
icin ise 1100 yillik periyoddan bahsedilebilir. Bu deger,
izmir merkezli 200 km'lik bir yarigaph alandaki giincel
verilerle yapilan hesaplamadan (~20 yil) 5-6 kat daha
uzundur. Bu da sismik tehlike hesaplamasinda farkliliklara

yol agmaktadir.

Diger yandan, izmir'in sehir merkezi icinde yer alan
Bornova ve Bayrakliilgelerinde, Sisam Adasi Depremi (Mw
7.0) sirasinda meydana gelen hasarin (Sekil 9a) nedeninin,
30.10.2020 Sisam depremin yonetmelikte verilen DD2
dizeyinde bina performansini etkileyecek dizeyde
ivmeler (0.108 g) olusturmadigi halde konut olarak insa
edilen binalarin ingsaat malzeme ve yapim kalitesinin
saha
2020).

Havzasi icindeki kuvvetli yer hareketi istasyonlarindan

yonetmeliklerle uyumlu olmadigi gbzlem

raporlarinda verilmistir (Caglar vd., Bornova
elde edilen spektral ivme degerlerinin 1975 ve 2007 tarihli
yonetmeliklerde belirtilen tasarim spektrumlarinin
altinda kaldigi goralmustir (Akinci vd. 2021, Askan vd.

2022). Sekil 9b'de 2018 TDBY gore hesaplanan tasarim
spektrumlari, havza igerisinde ve cevresindeki segilen
istasyonlardaki ivme kayitlarinin spektral ivmeleriyle
karsilastirilmistir.  Hasarin  nedeni olan zemin-yapi
etkilesimini degerlendirmek igin, tasarim spektrumu
olarak tekrarlanma periyodu 475 vyila karsihk gelen,
standart tasarim deprem yer hareketi seviyesi (50 yil
icindeki asiima olasiigl %10) DD2 segilmistir. Bu yer
hareketi seviyesinde elde edilen tasarim spektrumlari, can
glvenligini  saglamak (zere bina tasiyici sistem
elemanlarinda ¢ok agir olmayan ve ¢ogunlukla onariimasi
mimkin olan kontrolli hasar (KH) performans diizeyinin
Sekil  9b’de

gozlemsel spektral ivme degerlerinin siki zeminlerde (ZA,

degerlendirilmesinde  kullaniimaktadir.
ZB) dusik, gevsek zeminlerde (ZC, ZD) ise daha yiksek
oldugu
spektrumun degerleri yilksek periyoda dogru artarak

gorilmektedir. Gevsek zeminlerde (ZD)
kaymaktadir. Genel olarak ZD sinifi zeminlerde 0.3-1.5 s

arasindan yiiksek ivme spektral ivmeler gorilmektedir.

Deprem sonrasi kullanimi gereken binalarin performans
hedefi olan DD3 (72 yillik tekrarlanma) ve DD4 (43 yillik
tekrarlanma) yer hareketi
periyotlarda ve oOzellikle alivyon zeminlerde asildig
gorilmektedir. TBDY-2018'e gbre DD3 yer hareketi
seviyesi icin elde edilen tasarim spektrumlari, bina tasiyici

dizeyleri i¢in duslk

sistem elemanlarinda sinirh diizeyde hasarin meydana
geldigi, diger bir deyisle dogrusal olmayan davranisin
kaldigi
degerlendirilmektedir.

sinirli hasar (SH) performans duzeyi olarak
DD4 vyer hareketi

spektrumlarinda,  bina

dizeyi ise
tasarim taslyici  sistem
elemanlarinda yapisal hasarin meydana gelmedigi veya
hasarin ihmal edilebilir 6lgiide kaldigi duruma kesintisiz
kullanim (KK) performans diizeyinin degerlendiriimesinde
kullaniimaktadir. 3514 istasyonunda spektral ivmeler 0.4
- 1.6 s arasinda maksimum 0.3 g, 3522 istasyonunda 0.9 -
3513 ve 3518

araliklarinda

1.7 s arasinda maksimum 0.25 g,
istasyonlarinda 0.5 - 1.7 s sirasiyla
maksimum 0.35 g ve 0.4 g oldugu ve DD3 tasarim yer
hareketi dizeylerini astigl gortilmektedir. Spektral ivme
degerlerinin asildig 0.4 - 1.7 s periyotlari, Cetin vd (2021)
tarafindan zemin blyitme

hesaplanan spektral

degerlerinin degisim araligiyla uyumludur.

Spektral ivme degerlerinin DD2 seviyesi tasarim

spektrumlarinin altinda olmasina ragmen, depremden 70
km uzaktaki Manavkuyu'da  (Bornova,  izmir)
yonetmeliklere uyumlu vyapilmadiklar icin  hasar
gordikleri yikildiklari belirtilmistir (Caglar vd., 2020). Buna
karsilik spektral ivmeler sik deprem yer hareketi seviyesi
DD3 (50 yilda asilma olasihgl %50) ve servis deprem yer
hareketi DD4 (30 yilda asilma olasiligi %50) tasarim
seviyelerini

gecmektedir. Bornova Havzasi'nin derin
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sedimanter yapisi yliksek periyotlu deprem dalgalarinin
gelismesine neden olmustur ve bunun etkisi spektral ivme
grafiklerinde  gorilmektedir.  30.10.2020
sonrasinda elde edilen sonuglar, izmir ve yakin ¢cevresinde
olasiligi yuksek kisa tekrarlanma periyotlu yikici
6.0-6.5) tehdidi, zayif yapisal
karakterli bina stogu lzerinde biyk risk olusturmaktadir.

depremi

>

depremlerin  (Mw

Deprem yonetmeliklerinde amag¢ deprem oncesi ve
sonrasinda, deprem tehlikesi durumunda yeni tasarlanan,
mevcut olan muihendislik yapilarinda risk yaratacak

durumlar 6n gérmek, belirlemek, onlemler almaktir.
Gulkan vd. (2023), kuvvetli yer hareketi istasyonlarinda
kaydedilen ivme verilerinin spektrumlari ile TBDY-2018
yonetmeligindeki tasarim spektrumlari arasindaki belirgin
uyumsuzluklara dikkat ¢ekmistir. Bornova Havzasi gibi
gevsek zeminlere (ZD, ZE) sahip derin havzalarda tasarim
spektrumunun sabit hiz ve daha uzun periyot taleplerini
bir vurgulamislardir.
Yonetmeligin bu kapsamda yeniden degerlendirilerek,
gelecekteki deprem
tehlikesinde risklerin azaltilmasina katki saglayacaktir.

tutarh bicimde yansitmadigini

eksikliklerinin giderilmesi

Hasar
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Sekil 9. a) 30 Ekim 2020 Sisam Adasi Depremi sonrasinda izmir il merkezinde meydana gelen hasar dagilimi. Bina hasar bilgileri, Cevre,
Sehircilik ve iklim Degisikligi Bakanligi — izmir Depremi Hasar Tespit Sorgulama sisteminden derlenmistir. b) Sert (ZB) ve yumusak (ZD)
zeminler Uizerinde segilmis kuvvetli yer hareketi istasyonlarinda gozlenen spektral ivme (Sae) degerleri ile bu noktalardaki tasarim

spektrumlarinin (TBDY 2018) karsilagtirmasi.

4.3 Oneriler
Tarihsel ve aletsel donem sismolojik veriler, gecmiste
yikici izmir

depremlerden etkilenen ve gevresinin

bolgenin dogal tektonik yapisi nedeniyle orta ve uzun

vadede vyikici depremler tarafindan tehdit edilecegini
gostermektedir. Sisam Adasi aciklarinda 30.10.2020'de
meydana gelen Mw 7 buyukligindeki depremden 70 km
uzaktaki Bornova Havzasi (izerinde kurulu izmir sehir
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merkezinde gorilen bilyik hasar, deprem kaynagi, derin
kabuk hiz modeli, sig§ zemin hiz yapisi, zemin biyltmesi ve

nimerik dalga simulasyonlarini iceren butinlesik
calismalara gereksinim oldugunu ortaya koymaktadir
(6rn. Karagoz vd. 2018, Karagdz 2022, Tan vd., 2023;
Karagoz ve Tan 2025). Deprem tehlike analizlerinin sadece
olasiliksal yontemle degil, 6érnegin Japonya'da zorunlu
tutulan deterministik yaklasimla da yapilmasi gerekliligi

ortaya gtkmaktadir.

Depreme direngli kentlerin olugmasi igin zeminlerin ve
yapilarin 6zelliklerinin miihendislik analizlerinin yapilarak
belirlenmesi, sehirlerdeki yapi stogunun iyilestirilmesi,

surdirilen yer bilimleri ve deprem mihendisligi

¢alismalarinin sonuglari dikkate alinarak olabildigince
yuksek katli yapilasmadan (10 kat ve Uzeri) kaginarak az
katli yapilagsmaya gidilmeye calisiimahdir.

Etik Standartlar Bildirgesi
Yazarlar tim etik standartlara uyduklarini beyan ederler.

Yazarhk Katki Beyani
Yazar 1: Kaynaklar, Arastirma, Yazma — orijinal taslak, Gorsellestirme
Yazar 2: Kaynaklar, Arastirma, Yazma — orijinal taslak, Gorsellestirme

Cikar Catigmasi Beyani
Yazarlarin bu makalenin igerigiyle ilgili olarak beyan edecekleri higbir
¢ikar gatismasi yoktur.

Verilerin Kullanilabilirligi
Bu ¢alisma sirasinda olusturulan veya analiz edilen tim veriler,
yayinlanan bu makaleye dahil edilmistir. Veriler yazarlardan talep
edilmesi halinde paylasilir.

Tesekkiir

Bu c¢alisma, 121Y252 numaral ve "30 Ekim 2020 Ege
Denizi Depreminden En Cok Etkilenen izmir Bornova
Havzasi'nin Yerbilimsel Ozelliklerinin Belirlenmesi" Projesi
(TUBITAK 1001 Programi, CAYDAG) ve 221M169 numarali
"izmir Bornova Baseninde Simiilasyon-Tabanli Deprem
Senaryolarinin  Yapisal Hasargérebilirlik Dagihmi  ve
Direncli Kentsel Planlama Uzerindeki Etkileri" (TUBITAK
1001 Programi, MAG) projeleriyle desteklenmistir.
Grafikler ve haritalar the Generic Mapping Tools (GMT,
Wessel ve Smith 1998) ile cizilmistir.
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Abstract

In the field of Additive Manufacturing (AM), various interlocking
methods are used for the detachable assembly of multi-
component materials. Although the T-Joint is a widely used
interlocking method, the appropriate geometric parameters for
this shape are unknown. In this study, the interlocking of multi-
component materials produced by AM using T-shaped
connecting elements and the optimization of the geometric
parameters that constitute them were performed using
Response Surface Methodology. A tensile test was simulated
using Ansys finite element software, and the von Mises
equivalent stress values at the interlocking interfaces of the
specimens were examined. Five input parameters and one
output parameter, the maximum von Mises equivalent stress
value, were determined for RSM optimization. Prior to RSM
optimization, a design of experiment was created, and the Box-
Benken experimental design method was selected. During the
RSM optimization process, the most effective parameters in
terms of maximum von Mises equivalent stress were found to
be M1P2, M1A1, M1P1, M1A2, and M1P3, respectively. This
study has identified more effective and stable geometric
interlocking mechanisms. This work provides an important
foundation for the optimization of future parametric connection
types. However, the findings should be validated through
experimental studies, and the optimization process should be
expanded to include different material combinations.

Keywords: Additive Manufacturing, Interlocking Geometry, Response
Surface Methodology, Optimization

Oz

Eklemeli imalat (Ei) alaninda, ¢ok bilesenli malzemelerin
sokillebilir ~ montaji  igin  ¢esitli  kilitleme  yontemleri
kullanilmaktadir. T baglanti elemani yaygin olarak kullanilan bir
kilitleme yontemi olmasina ragmen, bu sekil igin uygun
geometrik parametreler bilinmemektedir. Bu calismada, Ei ile
Uretilen ¢ok bilesenli malzemelerin T seklindeki baglanti

elemanlari kullanilarak kilittenmesi ve bunlari olusturan
geometrik parametrelerin  optimizasyonu, Tepki Yiizey
Metodolojisi  kullanilarak gergeklestirilmistir. Ansys sonlu

elemanlar yazilimi kullanilarak bir gekme testi simiile edilmis ve
numunelerin birbirine kenetlenme arayizlerindeki von Mises
esdeger gerilme degerleri incelenmistir. RSM optimizasyonu igin
bes giris parametresi ve bir ¢ikis parametresi, yani maksimum
von Mises esdeger gerilme degeri belirlenmistir. RSM
optimizasyonundan o6nce, bir deney tasarimi olusturulmus ve
Box-Benken deney tasarim yontemi segcilmistir. RSM
optimizasyon sireci sirasinda, maksimum von Mises esdeger
gerilimi agisindan en etkili parametrelerin sirasiyla M1P2, M1A1,
M1P1, M1A2 ve M1P3 oldugu bulunmustur. Bu g¢alisma, daha
etkili ve kararli geometrik kilitleme mekanizmalari belirlemistir.
Bu c¢alisma, gelecekteki parametrik baglanti tiplerinin
optimizasyonu igin onemli bir temel saglamaktadir. Ancak,
bulgular deneysel galismalarla dogrulanmali ve optimizasyon
sureci farkli malzeme kombinasyonlarini da icerecek sekilde
genisletilmelidir.

Anahtar Kelimeler: Eklemeli imalat, Birbirine Kenetlenen Geometri,
Tepki Yiizeyi Metodolojisi, Optimizasyon

1. Introduction

Additive manufacturing (AM) technology is a production
method that creates a three-dimensional (3D) physical
model by layering molten material based on a digital
model of an object. Unlike traditional manufacturing
methods, this technology is based on the principle of
adding material rather than removing it (e.g., machining).
The production process typically begins with the

conversion of a computer aided design (CAD) digital file
into a physical product using 3D printers (Singh et al.
2019, Karabiyik and Apak 2021, Abdulridha and Abbas
2023).

3D printers, the most common type of AM, are critically
important to the manufacturing industry today. In 3D
printer manufacturing, Fused Filament Fabrication (FFF),
the most common type of AM in fields such as
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automotive, aerospace, and defense, is used. This method
plays animportant role in industrial production due to the
advantages it offers in design flexibility and rapid
prototyping (Altunkaynak et al. 2020, Memis 2024).

FFF is an innovative manufacturing method used in part
production with 3D printers, where 3D parts are produced
by adding layers of molten material filaments at high
temperatures. This method is based on the principle of
melting thermoplastic polymers and depositing them in
layers, enabling the production of geometrically complex
objects. While biodegradable bioplastics produced from
renewable sources were commonly used in the early
days, today the range of applications has expanded with
the introduction of different materials (metal, composite,
etc.). Bioplastics, which are advantageous in terms of
environmental sustainability, contain components such
as Polylactic Acid (PLA), which is synthesized from various
bio-based raw materials, primarily corn starch and sugar
cane, and is the most widely used. Due to these
characteristics, components produced using the FFF
method exhibit sustainable qualities that are compatible
with ecological balance and have the potential to
compost in biological environments (Sirmen 2019,
Shanmugam et al. 2021, incesu 2023, Wang et al. 2023).
In this method, which is carried out using a 3D printer, the
internal and external structural geometries of the part can
be produced with the desired level of complexity.
Considering the mechanical strength values of the part,
the importance of the 3D printer's printing parameters
increases (Patan 2019, Wang et al. 2019, Karagoz et al.
Tuna 2021, Akbulut 2022).

Mechanical strength is a critical factor in the reliability of
structures and products. Examining how materials behave
within specified boundary conditions and desired
parameters is of great importance in evaluating their
performance. The mechanical properties of a workpiece
under load, such as deformation, fracture, and fatigue,
can be measured and analyzed using various strength
tests. The data obtained from these tests guides
optimization and quality control processes, while
simulations performed prior to testing using the Finite
Element Method (FEM) enable predictions to be made.
FEM is a method that provides numerical analysis and
solutions to engineering problems and has been applied
in many fields since the mid-20th century, particularly in
machinery, automotive, aerospace, and space industries.
This method, which reduces the need for experimental
testing and helps obtain results close to real-world
conditions in a digital environment, is a critical tool that

enables evaluations based on analysis results and

optimization steps (Ay 2019, Eser 2021, Turan et al. 2022,
Ozden and Gékge 2023).

In recent years, when mechanical and functional
optimization has been targeted in manufactured parts,
the production of multi-material parts using AM methods
has become widespread. In this regard, multi-material
additive manufacturing (MMAM) has brought numerous
topological,

Although weight reduction and durability have often been

mechanical, and physical advantages.
the criteria in many studies since the introduction of the
MMAM method, its importance has been increasing with
its use in areas such as biomedical applications and tissue
engineering. FFF, the most common method used in
MMAM, allows the production of materials with different
properties or different geometries. Today, 3D printers
enable the application of this method through flexible
production processes such as single nozzle or multi-nozzle

printing (Ribeiro et al. 2019, Mustafa and Kwok 2022).

This new technology, MMAM,, is currently being tested for
various types of multi-part prints with optimization goals
in mind, and research and development activities are
ongoing. The main connection types used for the
interlocking of multiple parts produced with MMAM and
the optimization of these interlocking interfaces are U,
Dovetail, and T (Mihalache et al. 2022, Altuntas 2024, Liu
et al. 2024). When examining studies on interlocking
interface geometries, the advantages of T and Dovetail
connections over others stand out in many aspects. In
their study on U, T, and Dovetail interface interlockings in
the MMAM field, Ribeiro et al. (2019) evaluated their
performance under mechanical behaviors such as Young's
modulus, fracture strength, and fracture strain, revealing
that the T
performance compared to the others. Frascio et al. (2024)

interface  geometry exhibited superior

compared T and Mickey-Mouse interface geometries in
similar studies and observed that the T interface
geometry exhibited better mechanical behavior.

To maximize the mechanical performance of multi-
material or interlocking connection interfaces produced
using additive manufacturing technologies, FEM-based
numerical simulations and parametric optimization
processes are widely used (Peralta Marino et al. 2022).
This simulation-based parametric optimization, combined
the mathematical

with DOE approaches, enables

modeling (e.g., using second-degree polynomial
equations, machine learning) of the relationships
between production geometric parameters and
mechanical strength (stress, deformation, etc.)

(Mihalache et al. 2022). This analytical framework, which
allows for the detailed investigation of linear or non-linear
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mechanical behavior under boundary conditions,
provides a rational and scientific basis for determining the
optimal interface design that maximizes macroscopic
locking between different polymer pairs with weak

chemical affinity (Frascio et al. 2024).

While studies comparing the geometries of interlocking
interfaces exist in literature, there are no studies on the
parameters that constitute geometry. In fact, it is thought
that the parameters that form geometry play an active
role in the joints. In this study, the optimization of the
parameters that form the T-shape, one of the joint
interfaces used in the MMAM field, was performed in the
ANSYS Workbench 2025 R1 program and the mechanical
effects of the parameters on the joined parts were
revealed. Additionally, it is intended to determine the
most suitable geometric parameters that target the
maximum stress generated in the bonding interface for
this purpose and to statistically examine the correlations
between the input and output parameters.

2. Materials and Methods
2.1 Material Selection

PLA, a rigid biodegradable thermoplastic polymer with
isotropic elasticity properties, was used as the material
for the optimization process.

Table 1. PLA General Material Properties

Feature Unit Value
Density kg/m3 1250
Young's Modulus MPa 3450
Poisson Ratio - 0,39
Volume Module MPa 5220
Shear Modulus MPa 1240

2.2 T-Shaped Connection Geometry

Among the many connection shapes with interlocking
interface geometries used in the MMAM field, the T-
shaped connection was selected due to its mechanical
performance advantage. The ASTM D638-14 Type |l
sample was used (Test Method for Tensile Properties of
Plastics 2014). The geometric parameters of the T-shaped
connection are shown in Figure 1.

The T-shape geometry of the test sample is formed by the
interlocking of M1 (material 1 - male part) and M2
(material 2 - female part). It consists of the parameters
M1P1 (material 1 parameter 1), M1P2, M1P3, M1A1l
(material and M1A2. Changing these
parameters automatically updates the parameters of the

1 angle 1),

female form belonging to material 2. Changing the angle

values of M1A1 and M1A2 changes the geometric form of
the T-shape connection to a certain extent.

X
A=) PLA M2

PLA M1

M1P1
{
%,

5X
Figure 1. T-shape geometry and parameters

2.3 T-Shaped Connection Parameters and RSM

The boundary conditions for the five parameters of the T-
shaped connection have been determined. The values
were examined at three levels with equal total
increments. The parameters and their corresponding
levels are shown in Table 2. The lower and upper values
of the geometric parameters selected in the study were
determined by considering production constraints, weak
geometric forms, stress concentrations, etc., during the
formation of the interlocking interfaces of the partsin the

MMAM field.

Table 2. T-Shaped Connection Parameter Boundary Conditions

Parameter L1 L2 L3

M1P1 (mm) 2 3 4

M1P2 (mm) 4 7 10

M1P3 (mm) 1,5 3 4,5

M1A1 (°) 90 112,5 135

M1A2 (°) 90 112,5 135
L-Level

In this study, stress values formed on the clamping
interface geometry were determined as output based on
the input parameters specified in Table 2. Within this
(DOE -
Experiments) were created in the ANSYS RSM module to

scope, experimental designs Design of
establish statistical relationships between parameters.
There are many DOE types within ANSYS RSM.
Considering the large number of parameters in our study
and the limited number of experiments, the Box-Behnken
DOE type was selected. A Box-Behnken DOE design with
5 input and 1 output parameters, consisting of 42

experiments, is shown in Table 3.
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Table 3. Box-Behnken experimental design input and output parameters

TestNo MI1AL1(°) M1A2(°) M1P1(mm) M1P3(mm) M1P2(mm) von-Mises Stress(MPa)
1 90 90 4 3,2 9 89,82
2 112,5 112,5 3 3 7 68,59
3 90 90 3 3 7 81,17
4 135 90 3 3 7 72,26
5 90 135 3 3 7 73,69
6 135 135 3 3 7 66,42
7 112,5 112,5 2 15 7 68,08
8 112,5 112,5 4 15 7 94,67
9 112,5 112,5 2 4,5 7 61,61
10 112,5 112,5 4 45 7 77,61
11 112,5 90 3 3 4 72,86
12 112,5 135 3 3 4 78,14
13 112,5 90 3 3 10 72,71
14 112,5 135 3 3 10 74,34
15 90 112,5 2 3 7 69,54
16 135 112,5 2 3 7 65,12
17 90 112,5 4 3 7 77,73
18 135 112,5 4 3 7 74,15
19 112,5 112,5 3 15 4 78,44
20 112,5 112,5 3 4,5 4 72,60
21 112,5 112,5 3 15 10 84,30
22 112,5 112,5 3 4,5 10 63,50
23 112,5 90 2 3 7 76,15
24 112,5 135 2 3 7 67,01
25 112,5 90 4 3 7 85,18
26 112,5 135 4 3 7 81,48
27 90 112,5 3 1,5 7 89,11
28 135 112,5 3 1,5 7 69,50
29 90 112,5 3 4,5 7 65,37
30 135 112,5 3 4,5 7 62,21
31 112,5 112,5 2 3 4 68,78
32 112,5 112,5 4 3 4 86,57
33 112,5 112,5 2 3 10 74,05
34 112,5 112,5 4 3 10 82,06
35 90 112,5 3 3 4 74,15
36 135 112,5 3 3 4 73,14
37 90 112,5 3 3 10 74,02
38 135 112,5 3 3 10 66,04
39 112,5 90 3 1,5 7 100,63
40 112,5 135 3 1,5 7 83,58
41 112,5 90 3 4,5 7 68,67
42 112,5 135 3 4,5 7 64,56
43* 118,74 90,45 4,00 1,50 9,82 96,66
44* 122,40 90,17 4,00 1,50 9,70 109,05
45* 119,19 90,75 3,99 1,51 10,00 100,04
46* 125,13 90,09 4,00 1,51 9,85 103,57

*Generated from optimization
2.4 FEM Boundary Conditions and Analysis

The connection regions formed at the bonding interface
of two PLA materials are comprehensively defined by a
three-stage boundary condition; specifically, Contacts 1,
2, and 3 are defined as distinct friction surfaces with
varying friction coefficients of 0.01, 0.3, and 0.3,
respectively (Figure 2.) (Pawlak et al. 2019). This nuanced

contact formulation is essential for accurately capturing
the mechanical behavior during the physical interaction.
The localized region inside the sphere with a 25 mm
radius, which covers the clamping interface area used for
the tensile test simulation, is refined to have a mesh size
of 1 mm, while the remaining global regions of the sample
piece have a coarser mesh size of 2 mm to optimize
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Contact 1 ’M
N

Contact 2

Figure 2. Contact types at the clamping interface

computational efficiency. The specific mesh body method
applied throughout the geometry is Quad Dominant
(Quadrilateral Weighted), and the elements are
mathematically defined as tetl0 (ten-node parabolic
quadrilateral) structures. Consequently, the final
discretized model of the mesh consists of 122,862 nodes
and 83,871 elements. The overall structural integrity is

confirmed, as the mesh element quality has an average of
81.4%, indicating a highly robust discretization. The final
visual appearance of the test specimen after the complete
mesh application is clearly illustrated and shown in Figure
3a.
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Figure 3. The mesh structure (a) and boundary conditions (b) of the sample
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Figure 4. a) von Mises equivalent stress values on the specimen according to the results of the static tensile test performed with FEM,
(b) Sensitivity of the parameters used in RSM optimization on the von Mises equivalent stress formed on the part, (c) Accuracy of the
response surface model (R2 graph - Goodness of Fit)

In accordance with the working principle of the tensile B surface) was held stationary, and the other end (Figure
testing machine, one end of the test specimen (Figure 3b-  3b — A surface) was subjected to a displacement of 0.35
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mm in the axial direction. Furthermore, during the
analysis, the axial movement of the part was free, while
movements in the other coordinates (x and y) were
constrained. The defined boundary conditions are shown
in Figure 3b. During the analysis, the parts were modeled
as homogeneous, isotropic, and linearly elastic (EIHassan
et al. 2024).

3. Results

Based on the preliminary static analysis results obtained
prior to RSM optimization, the maximum von Mises stress
value was determined to be 66.771 MPa (Figure 4a). The
geometric parameter values used in the analysis were

(a)
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taken as averages (Table 2-L2). Looking at the results
obtained, it can be seen that stress concentration occurs
at sharp corners where stresses in opposite directions are
present at the bonding interfaces. The static analysis
result shows where stress concentrations occur and
where damage will occur in the later stages of the tensile
test process. In addition, the stress values obtained from
the static analysis results were used for comparison
purposes during the optimization process. Each T-shaped
connection parameter has different sensitivity on stress.
Figure 4b shows the sensitivity of these parameters on
von Mises equivalent stress.
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Figure5. 3D graphs showing the relationships between the equivalent stress values of the parameters on the sample
according to FEM results (a) M1P2-M1P1, (b) M1P2-M1P3, (c) M1P2-M1A1, (d) M1P2-M1A2, and (e) M1A2-M1A1

Looking at the graph, it can be seen that the parameter
with the highest sensitivity is M1P2, and that it has a

positive effect on stress. Itis understood that as the M1P2

value increases, the stress value also increases. The other
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sensitivity ratios are listed in descending order as M1A1,
M1P1, M1A2, and M1P3. While the M1P1 and M1P2
parameters have a positive effect on the stress value, the
M1P3, M1A1, and M1A2 parameters have a negative
effect. The predictive capability of the response surface
model constructed using deterministic data sets obtained
from FEM analysis has been validated using goodness-of-

fit metrics. Due to the nature of computer-aided
engineering simulations not containing random
measurement errors, the model's coefficient of

determination (R?) was calculated as 1.0, indicating
perfect fit, and it was demonstrated that lossless
interpolation was achieved in the design space (Figure
4c). According to the RSM results, 3D graphs showing the
effects of M1P2, the parameter with the highest activity
level on equivalent stress, together with other
parameters on stress are shown in Figure 5. It was
observed that the equivalent stress value increased with
the positive increase of the M1P2 and M1P1 parameters
(Figure 5a). It was seen that the stress value increased
with the increase in the M1P2 parameter and the
decrease in the M1P3 parameter (Figure 5b). Here, it was
observed that the M1P3 parameter had a negative effect
on the stress value. It was seen that the stress value
increased with the increase in the M1P2 parameter and
the decrease in the M1A1 parameter (Figure 5c), an
increase in the M1P2 parameter and a decrease in the
M1A2 parameter resulted in an increase in the stress
value (Figure 5d), and a decrease in the M1A1 parameter
and a decrease in the M1A2 parameter resulted in an
increase in the stress value (Figure 5e) were obtained
from the graphs.

When considering the stress changes resulting from the
interactions between the parameters used in RSM
optimization according to their sensitivity, it is observed
that the importance levels of all parameters are close to
each other.

4. Discussion and Conclusion

In this study, the optimization of geometric parameters
in the detachable
assemblies of multi-part structures produced by AM was

on T-shaped connections used

performed. The results of the study revealed that the
M1P2 parameter has a greater effect than the other
parameters when considering the stress distributions
formed on the clamping surfaces (Figure 4b). A detailed
examination of Figure 4b shows that all five input
parameters have high sensitivity. Trade-off is a decision
support process that systematically shows how much to
compromise on which objectives in complex engineering

decisions, evaluating both simulation and production
constraints together. In the optimization process carried
out in this study, 3D Trade-off graphs were created to
observe the interaction between geometric parameters
and equivalent von Mises stress (Figure 6). The green
areas on the graph indicate regions or design points
suitable for design. The blue points indicate areas with
high stress, while the red points indicate areas with low
stress values. Evaluations using trade-off graphs allow for
design-oriented interpretations as well as assessments of
safety conditions, cost, manufacturability, etc. In the
graph in Figure 6a, the M1P2 parameter can be any value
between 9.55 and 9.95 mm for a suitable design.
However, Figures 6b-d, Upon
examination, it is evident that not all values within this

in the graphs in

range can be selected for an appropriate design.
Considering all graphs, it has been determined that the
9.75-9.95 mm value range can be selected for appropriate
design points. When considering the M1A1 and M1A2
angle parameters, the most appropriate design points
occur when approaching the 90° value (Figure 6e). It has
been determined that the von Mises stress values on all
graphs vary within a very narrow band (~1 MPa variation).
This specific behavior proves that the parameters
examined have a similar sensitivity to the maximum stress
response and that the developed model exhibits high
stability
tolerances or dimensional deviations. The correlations

structural against possible manufacturing
between the input parameters that form the geometric
interlocking with the help of RSM and the output
parameters that occur on the interlocking and are called
equivalent stress are examined in Figure 4b, Figure 5, and

Figure 6.

In the study, the Multi-Objective Genetic Algorithm
(MOGA) method was used in the RSM optimization
process to determine the most suitable parameters based
on the maximum equivalent von-Mises stress value
formed on the geometric interlocking. The study was
examined in a sample space of 5000, and 3 candidate
design points were determined after 20 iterations (Figure
7). Looking at this candidate list, it can be seen that the
values of the angle parameters M1A1 and M1A2 are close
to 90°. It is understood that the M1P1 parameter is close
to 3.99 mm, M1P2 is close to 9.95 mm, and the M1P3
parameter is close to 1.5 mm. When data close to the
values in the candidate list were entered as input
parameters, the equivalent stress was observed to be at
its maximum (=116 MPa).
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Figure 6. 3D Trade-off graphs of geometric parameters based on von-Mises equivalent stress values formed on the sample; (a) M1P2-
M1P1, (b) M1P2-M1P3, (c) M1P2-M1A1, (d) M1P2-M1A2, and (e) M1A2-M1A1

did 1 did 1 (verified) did 2 | Candidate Point 2 (verified) = Candidate Point 3 did 3 (verified)
P1- ZXPlane.M1A1 (degree) 90,552 90,147 91,459
P2 - ZXPlane M1A2 (degree) 90,209 90,105 90,398
P3 - ZxPlane.M1P1 (mm) 3,9964 3,986 3,9975
P4 - ZiPlane.M1P3 (mm) 1,5056 1,5091 1,5132
PS5 - ZxPlane.M1P2 (mm) 9,991 9,9493 9,9459
P11 - Equivalent Stress Maximum (MPa) *** 116,86 *** 129,59 *** *** ***

Figure 7. Candidate list determined based on the maximum equivalent von Mises stress value, which is the output parameter

resulting from RSM optimization
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In the field of AM, numerous methods and geometric
models have been tested in the literature for interlocking
different geometric parts (Mihalache et al. 2022, Frascio
et al. 2024). These studies have indicated that the T-
connection method is superior to other geometric forms.
However, the optimizations of the geometric forms
themselves and the correlations between the parameters
have not been addressed parametrically in this studies.
This study aims to address this gap and determine the
method. This optimization method, which is addressed
supported by applied and
experimental studies in the future.

theoretically, will be

Declaration of Ethical Standards
The authors declare that they comply with all ethical standards.

Credit Authorship Contribution Statement

Author-1: Supervision, Conceptualization, Methodology / Study Design,
Formal Analysis, Validation, Investigation, Resources, Data
Curation, Visualization

Author-2: Methodology / Study design, Software, Validation, Formal
Analysis, Investigation, Resources, Data Curation, Writing —
Original Draft, Writing — Review and Editing,

Author-3 Conceptualization, Investigation, Resources, Data Curation,
Funding Acquisition

Declaration of Competing Interest

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to

influence the work reported in this paper.

Data Availability Statement
All data generated or analyzed during this study are included in this
published article.

Acknowledgement

The authors thank the Rapid Prototyping Laboratory of the Afyon
Kocatepe University, Faculty of Technology, Department of Mechanical
Engineering for providing their research facilities.

5. References

Abdulridha, H.H. and Abbas, T.F., 2023. Analysis and
Investigation the Effect of the Printing Parameters
on the Mechanical and Physical Properties of PLA
Parts Fabricated via FDM Printing. Advances in
Science and Technology Research Journal, 17(6), 49—
62.
https://doi.org/10.12913/22998624/173562

Akbulut, E., 2022. 3 eksenli 3 boyutlu yazici tasarimi ve
uygulamasi. Yuksek Lisans Tezi, Erzurum Teknik
Universitesi Sosyal Bilimler Enstitiisti, Erzurum, 72.

Altunkaynak, D., Duman, B. and Cetinkaya, K., 2020. 5
Eksen 3b  Yazict Tasarimi  ve Uygulamasi.
International Journal of 3D Printing Technologies
and Digital Industry, 4(2), 124-138.
https://doi.org/10.46519/ij3dptdi.746857

Altuntas, U., 2024. Fracture mechanics-based
investigation of bioinspired soft-hard interfaces
fabricated by multi-material additive

manufacturing. Yiksek Lisans Tezi, Orta Dogu Teknik
Universitesi Fen Bilimleri Enstitiisii, Ankara, 139.

Ay, E., 2019. Plastik malzemeden (retilmis otomotiv
aydinlatma pargalarinin modal analizi ve sonlu
elemanlar modelinin glincellenmesi. Yiksek Lisans
Tezi, Bursa Uludag Universitesi Fen Bilimleri
Enstitlsl, Bursa, 91.

ElHassan, A., Ahmed, W., and Zaneldin, E., 2024. A
Comparative Investigation of the Reliability of
Biodegradable Components Produced through
Additive Manufacturing Technology. Polymers,
16(5), 615.
https://doi.org/10.3390/polym16050615

Eser, M.A., 2021. Topology optimization of slider-crank
mechanism under dynamic loading. Yuksek Lisans
Tezi, Hacettepe Universitesi Fen Bilimleri Enstitiisii,
Ankara, 98.

Frascio, M., Zafferani, A., Monti, M. and Avalle, M., 2024.
Investigating enhanced interfacial adhesion in multi-
material filament 3D printing: a comparative study
of t and Mickey Mouse geometries. Progress in
additive manufacturing, 9(6), 2113-2122.
https://doi.org/10.1007/s40964-024-00570-8

incesu, R., 2023. FDM tipi 3 boyutlu yazic Uretim
parametrelerinin hibrit biyokompozit malzemelerin
karakteristik ©zelliklerine etkilerinin incelenmesi.
Yiiksek Lisans Tezi, izmir Bakircay Universitesi
Lisansustii Egitim Enstitiisi, izmir, 183.

Karabiyik, O. and Apak, K., 2021. Eklemeli imalat
yontemiyle PLA malzemesinden dretilen Urilinlerin
mekanik 6zelliklerinin incelenmesi. Uluslararasi
Teknolojik Bilimler Dergisi, 13(2), 62—68.

Karagéz, I., Danis Bekdemir, A. and Tuna, 0., 2021. 3B
Yazici Teknolojilerindeki Kullanilan Yontemler ve
Gelismeler Uzerine Bir Derleme. Diizce Universitesi
Bilim ve Teknoloji Dergisi, 9(4), 1186—1213.
https://doi.org/10.29130/dubited.877423

Liu, B., 2024. Cooperative enhancement of multi-material
interface strength by mechanical interlocking
structures and FDM path planning. The International
Journal of Advanced Manufacturing Technology,
134(9-10), 4099-4115.
https://doi.org/10.1007/s00170-024-14398-7

Memis, M., 2024. FDM teknolojisinde kullanilan Fe tozu
takviyeli kompozit filamentin Uretim
parametrelerinin, mekanik ve mikroyapi
ozelliklerinin  belirlenmesi. Yiksek Lisans Tezi,
istanbul Aydin Universitesi Lisansiistii  Egitim
Enstitls, istanbul, 55.

Mihalache, A. M., Ermolai, V., Sover, A., Nagit, G., Boca,
M. A., Slatineanu, L. and Ripanu, M. I., 2022. Tensile
behavior of joints of strip ends made of polymeric
materials. Polymers, 14(22), 4990.
https://doi.org/10.3390/polym14224990

1011


https://doi.org/10.12913/22998624/173562
https://doi.org/10.46519/ij3dptdi.746857
https://doi.org/10.3390/polym16050615
https://doi.org/10.1007/s40964-024-00570-8
https://doi.org/10.29130/dubited.877423
https://doi.org/10.1007/s00170-024-14398-7
https://doi.org/10.3390/polym14224990

Optimization of the T-Joint Used in the Interlocking Interface Geometry of Multi-Part Materials Produced..., VERIM et al.

Mustafa, I. and Kwok, T., 2022. Interlacing Infills for Multi-
Material Fused Filament Fabrication Using Layered
Depth Material Images. Micromachines, 13(5), 773.
https://doi.org/10.3390/mi13050773

Ozden, 0.B. and Gokge, B., 2023. Sonlu Elemanlar
Yontemi ve Taguchi Metodu Kullanilarak Bir Kara
Aracinin Parametrik Olarak Optimum Tasariminin
Gelistirilmesi. DUMF Miihendislik Dergisi, 14(2), 305-
313
https://doi.org/10.24012/dumf.1203178

Patan, Z.Y., 2019. Karbon fiber takviyeli ABS kompozitlerin
FDM 3B yazici ile liretimi ve ANSYS ile modellenmesi.
Yuksek Lisans Tezi, Canakkale Onsekiz Mart
Universitesi Fen Bilimleri Enstitiisii, Canakkale, 94.

Pawlak, W., Wieleba, W. and Wrdblewski, R., 2019.
Research Of Tribological Properties Of Polylactide
(P1a) In The 3d Printing Process In Comparison To
The Injection Process. Tribologia, 283(1), 25-28.
https://doi.org/10.5604/01.3001.0013.1432

Peralta Marino, G., De la Pierre, S., Salvo, M., Diaz
Lantada, A. and Ferraris, M., 2022. Modelling,
additive layer manufacturing and testing of
interlocking structures for joined components.
Scientific Reports, 12(1), 2526.
https://doi.org/10.1038/s41598-022-06521-z

Ribeiro, M., Sousa Carneiro, O. and Ferreira da Silva, A.,
2019. Interface geometries in 3D multi-material
prints by fused filament fabrication. Rapid
Prototyping Journal, 25(1), 38-46.
https://doi.org/10.1108/RPJ-05-2017-0107

Shanmugam, V., 2021. Fatigue behaviour of FDM-3D
printed polymers, polymeric composites and
architected cellular materials. International Journal
of Fatigue, 143, 106007.
https://doi.org/10.1016/].ijfatigue.2020.106007

Singh, R., 2019. Multi-Material Additive Manufacturing of
Sustainable Innovative Materials and Structures.
Polymers, 11(1), 62.
https://doi.org/10.3390/polym11010062

Sirmen, H.K., 2019. Eklemeli imalat (3B Baski):
Teknolojiler ve Uygulamalar. Uludag University
Journal of The Faculty of Engineering, 24(2), 373—
392.
https://doi.org/10.17482/uumfd.519147

Test Method for Tensile Properties of Plastics 2014. West
Conshohocken, PA: ASTM International.
https://doi.org/10.1520/D0638-14

Turan, S.R., 2022. Stereolithografi Eklemeli imalat
Yéntemiyle Farkh Doluluk Oranlarinda Uretilen
Numunelerin Mekanik Ozelliklerinin incelenmesi.
International Journal of 3D Printing Technologies
and Digital Industry, 6(3), 399-407.
https://doi.org/10.46519/ij3dptdi.1138450

Wang, X., 2019. Effect of Porosity on Mechanical
Properties of 3D Printed Polymers: Experiments and
Micromechanical Modeling Based on X-ray
Computed Tomography Analysis. Polymers, 11(7),
1154.
https://doi.org/10.3390/polym11071154

Wang, Z., Yin, X. and Wang, L., 2023. An experimental
investigation on the tensile properties of PEEK-PEI
sandwich structures prepared via fused filament
fabrication. High Performance Polymers, 35(3), 276—
294,
https://doi.org/10.1177/09540083221126623

1012


https://doi.org/10.3390/mi13050773
https://doi.org/10.24012/dumf.1203178
https://doi.org/10.5604/01.3001.0013.1432
https://doi.org/10.1038/s41598-022-06521-z
https://doi.org/10.1108/RPJ-05-2017-0107
https://doi.org/10.1016/j.ijfatigue.2020.106007
https://doi.org/10.3390/polym11010062
https://doi.org/10.17482/uumfd.519147
https://doi.org/10.1520/D0638-14
https://doi.org/10.46519/ij3dptdi.1138450
https://doi.org/10.3390/polym11071154
https://doi.org/10.1177/09540083221126623

P-iePE
x.m

o,
x,
=
ol
>
o

P 0N oY

-
£
w
~
'
&
~

&

Afyon Kocatepe Universitesi Fen ve Miihendislik Bilimleri Dergisi

Afyon Kocatepe University - Journal of Science and Engineering
https://dergipark.org.tr/tr/pub/akufemubid

e-ISSN: 2149-3367

Arastirma Makalesi / Research Article
DOI: https://doi.org/10.35414/akufemubid.1882492

CITE: Afyon Kocatepe University Journal of Science and Engineering. 26(4) (2026) 1013-1023

Stiren Akrilonitril ile Polietilen Tereftalatin Mekanik
ve Termal iletkenlik Ozelliklerinin Gelistirilmesi

*Makale Bilgisi / Article Info
Alindi/Received: 05.02.2026
Kabul/Accepted: 03.06.2026
Yayimlandi/Published: 03.08.2026

Enhancement of The Mechanical and Thermal Conductivity
Properties of Polyethylene Terephthalate with Styrene

Acrylonitrile

Yunus KARTAL"

Kirikkale Universitesi, Miihendislik ve Doga Bilimleri Fakiiltesi, Makine Miihendisligi Béliimii, Kirikkale, Tiirkiye

© 2026 The Authors | Creative Commons Attribution-Noncommercial 4.0 (CC BY-NC) International License

Oz

Bu ¢alismada, polietilen tereftalat (PET) polimerinin 6zelliklerini
gelistirmek amaciyla PET matrisine stiren akrilonitril (SAN)
takviyesi eklenmistir. Agirlikga dort farkli takviye oraninda (2%,
4%, 6% ve 8%) hazirlanan karisim, ¢ift vidali ekstruder
kullanilarak kompozit filamentlere ekstriide edilmistir. Kompozit
filamentlerden standartlara uygun nesneler Gretmek igin eriyik
biriktirme  modelleme (EBM)  yontemi  kullanilmistir.
Kompozitlerin  mekanik, termal iletkenlik, kristalografik
karakterizasyonlari ve taramali elektron mikroskobu (SEM)
kullanilarak yiizey analizleri gercgeklestirilmistir. Mekanik
karakterizasyon igin, saf PET ve PET/SAN kompozitlerine cekme
ve darbe dayanimi testleri ile yilzey sertligi testleri
gerceklestirilmistir. Kristalografik karakterizasyon igin X-isini
dagilimi (XRD) analizleri yapilmistir. Calismada sonunda, SAN
takviyesinin numunelerin ¢cekme dayanimini saf PET'e kiyasla
ortalama %13,97, darbe dayanimini ise ortalama %25,81
artirdigi  belirlenmistir. Shore-D yiizey sertligi o6lgimleri,
kompozitlerin saf PET'e nazaran %4,44 daha yiiksek degere
sahip oldugunu ortaya koymustur. Ayrica PET/SAN
kompozitlerin daha yliksek kristallik derecesine sahip oldugu
belirlenmistir. SEM analizi ile vyapilan yilzey morfolojisi
incelemeleri, PET/SAN kompozitlerin kirlma yuzeylerinin saf
PET'e gore daha piriizsiiz oldugunu ortaya koymustur.

Anahtar Kelimeler: PET bazli kompozit, Katmanliimalat, Eriyik biriktirme
modelleme, Mekanik 6zellikler, Termal 6zellikler, Taramali elektron
mikroskobu

Abstract

In this study, styrene acrylonitrile (SAN) reinforcement was
added to the polyethylene terephthalate (PET) matrix to
improve the properties of the PET polymer. The mixture,
prepared with four different reinforcement ratios by weight
(2%, 4%, 6%, and 8%), was extruded into composite filaments
using a twin-screw extruder. The fused deposition modeling
(FDM) method was used to produce objects from the composite
filaments. The mechanical, thermal and crystallographic
characterizations of the composites and surface analyses using
scanning electron microscopy (SEM) were carried out. For
mechanical characterization, tensile and impact strength tests
and surface hardness tests were carried out on pure PET and
PET/SAN composites. X-ray diffraction (XRD) analyses were
carried out to investigate the degree of crystallization of the
samples. The study was determined that SAN reinforcement
increased the tensile strength of the samples by an average of
13.97% and the impact strength by an average of 25.81%
compared to pure PET. Shore-D surface hardness
measurements revealed that the composites had a 4.44% higher
surface hardness than pure PET. It has also been determined
that PET/SAN composites had a higher crystallinity. Surface
morphology investigations carried out by SEM analysis revealed
that the fracture surfaces of PET/SAN composites were
smoother compared to pure PET.

Keywords: PET-based composite, Additive manufacturing, Fused
deposition modeling, Mechanical properties, Thermal properties,
Scanning electron microscopy

1. Giris

imalat endstrisinde kullanilan teknolojiler geleneksel ve
geleneksel olmayan olmak (zere iki gruba ayrilabilir.
Tornalama, frezeleme gibi talash imalat islemleri
geleneksel imalat yontemleri grubuna dahil iken, eklemeli
olmayan imalat

imalat yontemleri ise geleneksel

yontemlerine dahil edilebilir.

Nesnelerin katman katman dretildigi eklemeli imalat, son
on vyilda ozellikle ilgi cekici bir imalat yontemi haline

gelmistir.  Eklemeli imalat yonteminde nesneler
tretmenin ilk adimi Gi¢ boyutlu tasarimdir. U¢ boyutlu
tasarimlardan, uygun dilimleme yazilimi kullanilarak
tiretim icin gerekli G kodlari olusturulur. Uretilen G kodlar
lic boyutlu eklemeli imalat cihazi (3B yazici) tarafindan
okunur ve nesneler katman katman dretilir. Bu yontem
genellikle dislik atik, yiksek boyutsal dogruluk ve distk
Giretim maliyetleri gibi 6nemli avantajlar sunar (Prasad et
al. 2024, Laureijs et al. 2017, Thomas et al. 2014, Campell

et al. 2012).
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Eriyik biriktirme modelleme (EBM) ydnteminde, PET
(Cevik 2025, Darsin et al. 2024, Kartal 2025), ABS (Veidt et
al. 2007, Goédek et al. 2023), TPU (Yadavalli et al. 2024,
Wang et al. 2020), PLA (Mohan et al. 2020, Yanar et al.
2025), ASA (Rakshit et al. 2023, Zsiopol et al. 2024, Kartal
and Kantik et al. 2026) ve PP (Wang et al. 2018, Sodefian
et al. 2019, Kartal 2025) polimerleri yaygin olarak
kullanilmaktadir.

Bu polimerler arasinda PET, su siseleri, ambalaj endUstrisi
ve kozmetik sektoriinde yilik milyonlarca ton
tiiketilmektedir (Mohajan 2025, Tsironi et al. 2022). PET,
canli yapilarla uyumlu bir polimerdir ve ayrica yiksek
termal dayaniklilk ve UV direncine sahiptir (Swar et al.
2017, Nair et al. 2020). Hem PET hem de diger polimerler,
yuksek UV direnci ve boyutsal dayanikhlik gibi Ustln
Ozelliklere sahiptir, ancak dusik mekanik o6zellikleri,
kullanimlarini sinirlayan en 6nemli faktordir (Beniak et al.
2018).

Polimerlerin disiik mekanik ozelliklerini gelistirmek
amaciyla genellikle kompozitlendirilerek kullanilir. Bu
dezavantajini ortadan kaldirmak igin kullanilan kompozit
turlerinden birisi de, polimer matrisli ve polimer takviyeli

kompozitlerdir [Mi et al. 2023, George et al. 2025).

PET matrisli ve polimer takviyeli kompozitlerin yanisira; CF
(Raja et al. 2021, Kartal 2025) ve PP (Haung et al. 2021)
gibi lifler ile SiC (Risad et al. 2024, Kartal 2025), Al,0s
(Bhimaraj et al. 2005) ve BN (Sheikh et al. 2024) gibi
nanopartikiller de katki olarak kullaniimaktadir.

PET matrisli kompozitlerin kullanim amaci genellikle, PET
polimerinin mekanik (Jasaym 2019, Gavali et al. 2020) ve
termal iletkenlik (Olcun et al. 2022, ibrahim et al. 2020)
ozelliklerini iyilestirmektir.

Literatirde PET bazl kompozitlerin yer aldigi calismalar
incelendiginde, PET matrisine genellikle elyaf ve
nanopartikillerin eklendigi ve {retilen kompozitlerin
dzelliklerinin  incelendigi  anlasiimaktadir. ~ Uretilen
kompozitlerin amaci PET’'in mekanik ve termal iletkenlik
dzelliklerinin  gelistirilmesidir.  Uretilen kompozitler
genellikle eklemeli imalat yontemlerinden EBM yontemi

ile nesnelere donustlralmastar.

Ancak, PET ozelliklerini iyilestirmek icin PET matrise

eklenen polimerlerin etkisine yonelik arastirmalar
sinirhdir. Bu durum, eklemeli imalatta PET matrisi ve
polimer takviyeli kompozitlerin mekanik, termal iletkenlik
ve kristalografik yapisinin arastirilmasi ihtiyacini ortaya

cikarmaktadir.

Bu nedenle, bu calismada PET matrisli ve polimer takviyeli
kompozitler Gretilmistir. Matris olarak PET’in kullanildig
calismada takviye polimer olarak stiren akrilonitril (SAN)

kullaniimistir. SAN takviyeli kompozitin mekanik, termal
ve kristalografik karakterizasyonu gergeklestirilmistir. Bu
¢alisma, eklemeli imalatta PET matris ve polimer takviyeli
kompozitler icin rehber gorevi gorebilecek bir kaynak
olusturmayi amaglamaktadir.

Calismada SAN polimeri, agirlikga dort farkli oranda (%2,
%4, %6 ve %8) PET matrisine takviye edilmistir. Saf PET ve
kompoziti UGzerinde mekanik, termal iletkenlik ve
kristalografik analizler gergeklestirilmistir. Mekanik
karakterizasyon igin, her bir malzeme grubunda ¢ekme
testi, darbe dayanimi testi ve ylzey sertligi testi
yapiimistir. Calismanin  sonunda, polimer takviyeli
kompozitlerin basariyla {Uretildigi ve PET'in mekanik
ozelliklerinin iyilestirildigi belirlenmistir.

2. Materyal ve Metot
2.1. Malzeme

PET grandlleri (yogunluk: 1,38 g/cm?) Filameon, Tirkiye
firmasindan tedarik edilmistir. SAN grandlleri (yogunluk:
1,33 g/cm3®) Filameon, Tirkiye firmasindan tedarik
edilmistir. PET [Alyamag-Seydibeyoglu 2004] ve SAN
[Krause et al. 2021] polimerinin kimyasal yapisi Sekil 1'de
verilmistir.

H+0 : 0 n m
(o} O—CH,-CH,+0H Nl

n

Sekil 1. PET [Alyamag-Seydibeyoglu 2004] ve SAN [Krause et al.
2021] polimerinin kimyasal yapisi

SAN grandilleri, PET matrisine agirlikga dort farkli oranda
eklenmistir (%2, %4, %6 ve %8). Kompozitler, PET
matrisindeki SAN miktarina gore isimlendirilmistir. Cizelge
1, kompozit icerigini ve isimlendirmesini gostermektedir.

Cizelge 1. Kompozitin bilesimi ve isimlendirilmesi

Grup Matris malzemesi SAN igerigi (%) Kodu

1 PET 0 PSO

2 PET 2 PS2

3 PET 4 PS4

4 PET 6 PS6

5 PET 8 PS8
2.2. Yontem

Kompozitlerin tretimi iki asamada gerceklestirilmistir. ilk
asamada cift vidali ekstruder kullanilmistir. Savsan marka
EX30 model cift vidali ekstruderde gerceklestirilen bu
asamada PET ve SAN grandilleri karistirilmistir. Karistirma
isleminin  sonunda vyaklasik 4-5 mm uzunlugunda
kompozit graniiller iretilmistir. Uretilen kompozitler 80

°C'de 8 saat sireyle kurutulmustur. Kullanilan gift vidali
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ekstriiderin  icinde dort farkh  sicaklik  bélgesi
olusturulmustur. Bu bolgeler sunlardir: besleme bolgesi,
eritme bolgesi, Ol¢iim bolgesi ve kaliplama bolgesi.
Besleme bolgesi, eritme bolgesi, Ol¢im bolgesi ve
kaliplama bolgesinin sicakliklari sirasiyla 280, 295, 300 ve
300 °C'dir. ikinci asamada, Uretilen PET/SAN grandilleri
yeniden ekstriide edilerek 1,75 mm capinda filamentlere
donustiralmustir. Ekstrider icinde isitilan ve 1,75 mm
capinda Uretilen filamentler, 80 °C sicakliktaki sudan
gegirilerek sogutulmustur. Sudan gegen kompozitin gapini
Olgmek icin Beta 3010 marka ve model lazer destekli
dlgiim cihazi kullanildi. Uretilen filamentler daha sonra 80

°C'de 8 saat bekletilmistir.

Daha sonra, 1,75 mm capindaki PET/SAN kompozitler,
Elegoo marka Neptune 4 pro model 3B vyazic ile
nesnelerin Uretiminde kullaniimigtir. Cizelge 2, 3B yazic
ile nesnelerin Uretiminde kullanilan sabit parametreleri
gostermektedir.

Cizelge 2. Uretimdeki degismeyen degerler

Parametre Derecesi
Nozul sicakhgi (°C) 260
Tabla sicakligi (°C) 80
Uretim deseni Kiibik
Yazdirma hizi (mm/sn) 150
Kabuk kalinligi (mm) 1,2
Doluluk orani 100
Katman kalinlhigi (mm) 0,12

Calisma kapsaminda kompozitlerin mekanik, termal
iletkenlik ve kristalografik o©zellikleri incelenmistir.
Mekanik ozellikleri incelemek icin ¢ekme testi, darbe
dayanimi testi ve ylzey sertligi testi yapilmistir. Cekme
testi numunesi ASTM D638 Tip IV standardina uygun
olarak Uretilmistir. Kompozitlerin cekme mukavemeti, 5
mm/dk capraz ¢ene hizinda gerceklestirilen ve 5 kez
tekrarlanan testlerin aritmetik ortalamasi alinarak
belirlenmistir. Darbe dayanimi numunesi TS EN ISO 179-1
standardina uygun olarak dretilmistir. Kompozitin darbe
dayanimi, 16 joule enerijili TERCO marka darbe dayanimi
cihazinda gergeklestirilen testlerin sonucu olarak
belirlenmistir. Darbe dayanimi belirlenirken, her test ayni
parametreler altinda 5 kez tekrarlanmistir. Numunenin
darbe dayanimi degeri, tekrarlanan testler sonucunda
Olcllen darbe dayanimi degerlerinin aritmetik ortalamasi
alinarak belirlenmistir. Ylzey sertlik testleri Shore D
sertlik test cihazi kullanilarak gercgeklestirilmistir. Yiizey
sertlik degerleri, hem ¢cekme numunesinde hem de darbe
dayanimi numunesinde yapilan 5 ayri 6lcimden elde
edilen 10 o&lgimin aritmetik ortalamasi alinarak
belirlenmistir. Kompozitlerin kristalografik yapisi XRD
analizi ile belirlenmistir. XRD testleri, 3-90° araliginda
2°/dk tarama hizinda gergeklestirilen X-1sini taramalari ile

belirlenmistir. Kompozitlerin kirilma davranisi, ¢ekme

testi numunesinin kirik ylzeyinde gergeklestirilen
taramali elektron mikroskobu (SEM) testleri kullanilarak
incelenmistir. Kirilma davranigi, kirik yizeylerin 35X
blylutme oraninda genel goriintlisii ve 1000X buylitme
oraninda ayrintili goriintlisi incelenerek belirlenmistir.
Kompozitlerin termal iletkenlik davranisini incelemek igin
FOX marka 50 model termal iletkenlik 6lglim cihazi
kullaniimistir. Termal iletkenlik 6zelligini incelemek igin 4
mm kalinhginda ve 30 mm ¢apinda numuneler
Uretilmistir. Sekil 2, ¢ekme, darbe dayanimi ve termal

iletkenlik test numunelerini géstermektedir.

Sekil 2. a) Darbe dayanimi test numunesi b) Cekme dayanimi
test numunesi c) Isil iletkenlik test numunesi

3. Bulgular

Kompozitlerin mekanik, termal iletkenlik ve kristalografik
karakterizasyonlari gerceklestirilmistir. Mekanik
karakterizasyon testleri cekme, darbe dayanimi ve yiizey
testlerinden olusmustur. Sekil 3, mekanik

kullanilan numunelerin gorintdlerini

sertligi
testlerde
gostermektedir.

Sekil 3. a) Darbe dayanimi testinde kirilan test numunesi b)
Cekme testinde kirilan test numunesi

3.1. XRD deseni

Saf PET ve kompozitlerinin kristalografik yapisini
incelemek icin XRD analizi yapilmistir. Genel olarak kristal
polimerler genellikle XRD analizinde birka¢ tepe noktasi
gosterirken, amorf polimerler nispeten genis tepe
noktalar gosterir. Saf PET'in XRD paterni Sekil 4'te
gosterilmektedir. Saf PET, 17,83°, 22,89° ve 26,07°'de
tepe noktalari gostermistir. Olgiilen bu degerler
literatlrle uyumludur. Gupta, S., Park, S., Zhang, H. ve
Agrawal, S. calismalarinda benzer sonuglar bulmuslardir
(Gupta et al. 2010, Park et al. 2021, Zhang et al. 2013,

Agrawal et al. 2018). PSO polimerinden farkli olarak PS2,
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PS4, PS6 ve PS8 kompozitleri 25-30° degerlerinde yeni
pikler sergilemistir. Bu pikler literatlirdeki degerler ile de
uyumludur (Liao et al. 2018). Bu yeni piklerin sebebi PET
matrisine ilave edilen SAN kompozitlerinin etkinliginin
artmasidir. PET polimerinde SAN takviyesi ile tepe
noktalarinin azaldigi gbzlemlenmistir. PS8 kompozitinde
neredeyse hig¢ tepe noktasi olusmamistir. Bunun nedeni,
XRD PET'in azalmasidir.
Numunelerin kristallik derecesi, SAN takviye oraninin

analizlerinde etkinliginin
artmasiyla birlikte artmistir. Kristallik derecesinin artmasi,
matris polimerinin takviye polimeriyle uyumlu bir yapi
Galismada  kristallik
derecesi Esitlik 1’e gore hesaplanmistir (Papajani 2015).

olusturdugunu gostermektedir.

Kristal pik
biitin pikler

Kristallik (%) = (1)

Genel olarak kristallik derecesinin artmasi nedeniyle
mekanik 6zelliklerde de bir artis gézlenir. Buna gore, en
yuksek mekanik ozelliklerin PS8 polimerinde, ardindan
siraslyla PS6, PS4 ve PS2 polimerlerinde gézlemlenmesi
beklenmektedir. PS8 kompozitine ek olarak, saf PET'te de
gozlemlenen kristal pikler diger kompozitlerde de
gorilmektedir; ancak bu piklerin degeri takviye oraninin
artmasiyla azalmaktadir. Bunun nedeni, PET polimerini

cevreleyen  SAN  polimerinin  etkisini  yeterince
gosterememesidir (Sekil 4).
80000 ——Pss8
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Sekil 4. Saf PET ve kompozitlerinin XRD deseni

Yogunluk

3.2. Mekanik ézellikler

Dixit M. ve ark., gére kompozit polimerlerin mekanik

ozellikleri  uyumluluk  derecesine, bilesimine ve

kristallesme derecesine baglidir. Matris polimeri ile
takviye polimeri arasindaki uyumluluk neticesinde, glicli
bir ara ylzey bag mekanik 6zellikleri iyilestirir (Dixit et
al.2009). Sekil 5, kompozitlerin cekme mukavemeti, darbe
dayanimi ve yizey sertligi degerlerini gdstermektedir.
Sekil 5'te de gibi,
uyumluluk sonucunda mekanik 6zellikler iyilesmistir.

kompozit polimerler arasindaki

Mekanik 6zelliklerin artmasinin bir baska nedeni de Song
F. ve ark. (Song et al. 2016) tarafindan bildirildigi gibi

kristallesme derecesinin artmasidir. Saf PET'in ¢ekme
mukavemeti 50 MPa'dir ve bu sonug literatirdeki
sonuglarla da uygundur (Korycki et al. 2022) (Sekil 5a).
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Sekil 5. a) Saf PET ve kompozitlerin gekme mukavemeti, b) darbe

mukavemeti, c) ylzey sertligi

PS2, PS4, PS6 ve PS8 kompozitlerinin ¢ekme
mukavemetleri sirasiyla 51,17, 54,21, 59,14 ve 61,41
olarak olcUlmustir. Diger bir deyisle, saf PET ile
karsilastirildiginda, PS2, PS4, PS6 ve PS8 kompozitlerinin
cekme mukavemeti sirasiyla %2,34, %8,42, %18,28 ve
%26,82 daha ylksektir. Cekme mukavemetindeki bu
artisin, literatirde belirtildigi gibi (Antor et al. 2025),
polimer matris ve polimer takviyesinin uyumlulugundan
kaynaklandigi  dustnilmektedir. Saf PET'in  darbe
mukavemeti 4,404 kJ/m? olarak élgtilmustiir. Literatiirde,
Bocz K. ve ark. ile Gabriel S.A. ve ark. da saf PET'in darbe
mukavemetinin yaklasik 4 kJ/m? oldugunu bildirmistir
(Sekil 5b) (Sousa et al. 2023, Bocz et al. 2021). SAN
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takviyesi, saf PET'in darbe dayanimini artirmistir. En
yuksek darbe dayanimi 6zelligi PS8 kompozitinde (6,01
klJ/m?) bulunmustur. SAN takviyesinin artmasiyla, saf
PET'in darbe dayanimi da artmistir. PS2 kompozitinde
5,124 kJ/m? (yizde 16,39 artisla), PS4 kompozit 5,426
kl/m? (yiizde 23,21 artisla), PS6 kompozit 5,6 ki/m? (yiizde
27,16 artisla) ve PS2 kompozit 6,01 kJ/m? (yiizde 36,47
artisla) degerlerine sahiptir. Darbe dayanimindaki bu
artis, Kajornprai, T. ve ark. tarafindan belirtildigi gibi,
kristallesme derecesindeki artistan kaynaklanmaktadir
(Kajornprai et al. 2021). Kompozitlerde olgllen yizey
Sekil Sekil 5'te
gosterildigi gibi, saf PET'in ylzey sertligi 72,43 Shore D'dir.

sertligi degerleri 5c'de verilmistir.
Literatiirden, polimerlerin ylzey sertliginin 50 ila 85
arasinda degistigi bilinmektedir (Mizera et al. 2012,
Teymoorzadeh et al. 2015, Abd Razak et al. 2020), Yizey
sertligi, SAN polimer takviyesi ile hafifce artmistir. En
yuksek ylzey sertligi degeri PS8 kompozitte bulunmustur.
Bu kompozit, saf PET'e kiyasla %5,92 daha yiksek sertlik
degerine sahiptir. Sertlik degerindeki artis, polimerlerin
uyumlulugu ve kristallesme derecesindeki artistan

kaynaklanmaktadir.

Saf PET ve SAN ile takviye edilmis kompozitlerde
gerceklestirilen mekanik testlerde olgllen degerler
Cizelge 3'te verilmistir.

Cizelge 3. Saf PET ve PET/SAN bazli kompozitlerin mekanik
ozellikleri

Parametre Malzeme
Birim PSO PS2 PS4 PS6 PS8

Gekme MPa 5002 51,17 5421 59,14 6341
dayanimi
Darbe ki/m? 4404 5126 5426 56 601
dayanimi
Ylzey Shore

o 72,43 74,43 75,29 76,14 76,71
sertligi D

Ayni parametre degerlerinde gerceklestirilen 5 testin
aritmetik ortalamasi alinarak belirlenen 6zelliklerin

standart sapma degerleri Cizelge 4’te verilmistir.

Cizelge 4. Saf PET ve PET/SAN bazli kompozitlerde 6lgilen
standart sapma degerleri

Standart sapma degeri

Malzeme Cekme Darbe Yiizey
Dayanimi dayanimi Sertligi
PSO 1,50 0,52 2,08
PS2 2,00 1,02 3,92
PS4 2,00 1,06 1,15
PS6 2,30 1,21 3,70
PS8 2,30 1,10 2,08

3.3.Taramali elektron mikroskobu (SEM) Analizi

Saf PET ve kompozitlerinin cekme testi sonrasinda kirilma
SEM  kullanilarak
ylzeylerinin SEM goruntileri Sekil 6'da ve Sekil 7'de

ylzeyi analiz edilmistir. Kirilma

gosterilmektedir. Numuneler SEM analizinden dnce ylizey
kontaminasyonlarini gidermek amaciyla temizlenmistir.
Elektriksel
iyilestirmek amaciyla numuneler ince bir altin (Au)

iletkenligi artirmak ve gorintl kalitesini

kaplama ile kaplanmistir. Goriintiler
(35X) genel
buyiitmede (1000X) mikro yapi analizi igin alinmistir. Sekil
6'da ve Sekil 7'de gosterildigi gibi, saf PET ve

kompozitlerin SEM gorintiileri arasinda 6nemli farkliliklar

hem disik

buylitmede morfoloji hem de yiksek

vardir. Saf PET'in kirik ylzeyi son derece karmasik ve
purdzlidir. Ancak, PET matrisine SAN polimer takviyesi
eklenmesiyle yiizey nispeten plirlizsiiz hale gelmistir.

Ozellikle PS8 kompozitin kirik yiizeyi son derece
plrizsizdir. Hem saf hem de kompozit malzemelerde
mikro bogluklar gozlemlenmistir. Bu bosluklar, eklemeli
Uretim sirecinden kaynaklanmaktadir (Anoop et al.
2019). Eklemeli Uretim yontemleri kullanilarak nesneler
%100 yogunlukta Uretilse bile, yine de bosluklar
olusmaktadir (Rehmani et al. 2020 Ficzere et al. 2019).
Sekil 6a, 35X biliyitmede saf PET'in ylzey morfolojisini
gosterirken, Sekil 7a, SEM analizinde 1000X biyitmede
saf PET'in ylzey morfolojisini gostermektedir. Saf PET'in
kirik ylizeyi cogu polimere kiyasla pirizsiz olsa da, PET
kompozitlere kiyasla karmasik ve piirizlidir. MirceaR. ve
arkadaslan da cgalismalarinda saf PET'in kirik ylzeyinin
benzer oldugunu tespit etmislerdir (Rusu et al. 2019).

PS2 kompozitin kirik ylizey morfolojisinin ayrintili ve genel
Sekil 6b ve Sekil 7b'de
gosterilmektedir. Sekil 6b, kompozitin kirik ylzeyinin saf

gorinimia  sirasiyla
PET'in etkisiyle plrizli oldugunu gostermektedir. Bu,
PET'in PS2 kompozitin kirilma davranisinda hala etkili
gostermektedir. PS4, PS6 ve PS8
kompozitlerinin

oldugunu

kirlma davranisi  benzer ozellikler
gostermistir. Hem 35X hem de 1000X blylitmede kirilma
PET ve SAN

polimerlerinin uyumlu karisimi nedeniyle, kompozitin

ylzeyleri son derece plrizstzdir.
kirlma ylizeyi son derece plrizsiuzdir. Lago D. ve
digerleri, polimerlerin uyumlulugunun mekanik ve diger

ozellikleri iyilestirdigini belirtmistir (Lago et al. 2019).
3.4. Termal iletkenlik katsayisi

Polimerlerin distk termal iletkenlik katsayisi onemli
dezavantajlarindan biridir. Polimerin kullanim alanina
bagh olarak, termal iletkenlikteki kiclk bir fark bile
6nemli sonuglara yol acabilir. Bu nedenle, bu calismanin
amagclarindan biri, PET'in termal iletkenligini, az da olsa
iyilestirmektir. Literatlirde, PET'in termal iletkenligi oda
sicakliginda 0,19 W/mK olarak belirtilmektedir (Lopes et
al. 2004). Ayrica, saf SAN polimerinin termal iletkenlik
katsayisi oda sicakliginda 0,19-0,20 W/mK araligindadir
(Mathur et al. 2016).
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: 100 pm

100 pm

Sekil 6. Saf PET ve kompozitlerinin 35X blylUtmede goruntileri
a) PS0'in 35X bliylitmesi b) PS2'nin 35X biyutilmis gérintist c)
PS4'lin 35X buytttlmis géruntlst d) PS6'nin 35X buyltulmus
gorintisi e) PS8'in 35X blyutllmus géruntisu

s R T n
10 pm

10 pm

Sekil 7. Saf PET ve kompozitlerinin 35X biyltmede gorintileri
a) PSO'In 1000X blyltmesi b) PS2'nin 1000X buyittlmis
goriintlsl c) PS4'Gn 1000X buyutulmis gorintust d) PS6'nin
1000X buyutllmus gorintist e) PS8'in 1000X buyutilmus
gorintusi
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Literatirden anlasilabilecegi gibi, katki oranina bagl
olarak, saf PET'e takviye olarak SAN polimerinin

eklenmesiyle termal iletkenlik degerinin artmasi

beklenmektedir.

Bu calismada, saf PET'in isil iletkenligi, FOX marka 50
model isil iletkenlik cihazi ile yapilan 5 6lglimiin aritmetik
ortalamasi ile belirlenmistir. Buna gore, saf PET'in 1sil
iletkenligi 0,1785 W/mK'dir. Bu sonug literatirle
uyumludur (Lopes et al. 2004, Olenka et al 2001). Saf
PET'e SAN ilavesiyle, katki maddesi oranina bagli olarak
termal iletkenlik hafifce artmistir. PS8 kompozitin termal
iletkenligi, saf PET'inkinden %3,5 daha yuksektir (PS8
kompozitin termal iletkenlik katsayisi: 0,1847 W/mK).
PS2, PS4, PS6 ve PS8 kompozitlerinin termal iletkenligi
sirasiyla 0,18074, 0,181175, 0,181775 ve 0,18475 W/mK
olarak olglilmustlr. Bu degerlere gore, PS2, PS4, PS6 ve
PS8 kompozitlerinin termal iletkenligi, saf PET'inkinden
sirasiyla %1,26, %1,49, %1,83 ve %3,50 daha ylksektir.
Olgiilen tim degerler, saf PET ve saf SAN polimerinin
termal iletkenlik degeri sinirlari igindedir ve beklendigi
gibi, SAN polimer katki orani arttikca kompozitin termal
iletkenligi de artmistir (Sekil 8).
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Sekil 8. Saf PET ve kompozitlerin termal iletkenlik 6zellikleri

4. Sonuglar ve Tartisma

Bu calismada, PET polimerinin mekanik ve termal
iletkenlik o6zelliklerini iyilestirmek icin SAN takviyesi
dort farkl

kompozitler Uretilmis ve standartlara uygun olarak

yapilmistir.  Agirlikca takviye oraninda
cekme, darbe dayanimi ve termal iletkenlik numuneleri
uretilmistir. Uretilen kompozitlerin mekanik, termal
iletkenlik, kristalografik ve kirilma ylizey morfolojileri
deneysel olarak incelenmistir. Uretimde eriyik biriktirme
modelleme yontemi kullaniimistir. Bu ¢alismada, SAN ile
takviye edilmis PET polimerin mekanik o6zellikleri, saf
PET'e kiyasla iyilesmistir. Takviye oraninin artmasiyla

mekanik ozelliklerdeki artis daha yiiksek olmustur. En

yuksek SAN takviyesine sahip PS8 polimerinin gerilme
mukavemeti, saf PET'ten %26,82 daha yiiksektir. Bu
ozellik, PS6, PS4 ve PS2 polimerlerinde sirasiyla saf
PET'ten %18,28, %8,42 ve %2,34 daha ylksektir. Ayrica,
PS8, PS6, PS4 ve PS2 kompozitlerinin darbe dayanimi, saf
PET'e gore sirasiyla %36,47, %27,15, %23,21 ve %16,39
daha yiiksektir. Ornekler iizerinde yapilan yiizey sertlik
analizleri, PET kompozitlerin yilzey sertlik degerinin saf
PET'e gore ortalama %5 daha yiksek oldugunu
gostermistir. PET/SAN kompozitlerin yuiksek kristallesme
derecesinin mekanik testlerdeki bu artisin nedeni oldugu
diisiinilmekte olup, bu durum yapilan XRD analizi ile
dogrulanmigtir. Ayrica, ol¢imler kompozitlerin saf PET'e
gore ortalama %2,02 daha yiiksek termal iletkenlige sahip
PET'e SAN
takviyesinin eklenmesinin termal iletkenligini artirdigini

oldugunu gostermistir.  Sonuglar, saf
gostermistir. PET/SAN kompozitlerinde gozlenen termal
iletkenlik artis oranlarini (%1-3,5) gorece sinirlidir. Ancak

bu artislar, polimer esasli malzemelerin dogasi g6z 6nline

alindiginda uygulama agisindan anlamhdir. Nitekim
polimerlerin intrinsik olarak dusik termal iletkenlik
katsayilarina sahip olmasi nedeniyle, kigik oran

iyilesmeler dahi isi transfer performansinda dikkate deger
farklar olusturabilmektedir. Bu baglamda, elde edilen
%3,5’e varan artis, ozellikle eklemeli imalat ile Gretilen
numunelerde katmanlar arasi 1si birikiminin azaltiimasi,
termal gerilmelerin distrilmesi ve boyutsal kararlihigin
iyilestirilmesi agisindan 6nem arz etmektedir. Ayrica bu
ancak sistematik elektronik

tir  sinirhi artislar,

muhafazalar, disiik glic yogunluklu 1s1  yayihm
uygulamalari ve 1si birikiminin kritik oldugu polimer
bilesenlerde performans iyilestirmesi saglayabilmektedir.
Gelistirilen kompozitin, mekanik ve termal ozellikler
PET'in

kullanilabilecegi séylenebilir.

acisindan  saf yeterli olmadigi alanlarda

Etik Standartlar Bildirgesi
Yazar tiim etik standartlara uydugunu beyan eder.

Yazarlik Katki Beyani
Yazar 1: Kaynaklar, Arastirma, Deney, Yazma — orijinal taslak

Cikar Catismasi Beyani
Yazarlarin bu makalenin igerigiyle ilgili olarak beyan edecekleri higbir
¢ikar gatismasi yoktur.

Verilerin Kullanilabilirligi
Bu c¢alisma sirasinda olusturulan veya analiz edilen tim veriler,
yayinlanan bu makaleye dahil edilmistir.
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