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Anahtar kelimeler:

Borik asit

C6 hucreleri

Glutamat eksitotoksisitesi
Oksidatif stres

Bu galisma, borik asidin (BA) glutamat ile indUklenen eksitotoksisiteye karsi glial hiicrelerde
meydana gelen oksidan/antioksidan sistem degisikliklerini biyokimyasal olarak incelemek
amaciyla tasarlanmistir. Bu galismada C6 glial hicreleri kullaniimistir. Hicreler kontrol,
glutamat (10mM), glutamat+BA(0,23; 0,46; 0,93; 1,87 ve 3,75 pg/mL) ve BA (0,23; 0,46;
0,93; 1,87 ve 3,75 pg/ml) olmak Uzere 4 gruba ayrilmistir. Kontrol grubuna herhangi bir
tedavi yapilmamigstir. Glutamat grubundaki hiicreler 24 saat boyunca 10 mM glutamat ile
muamele edilmistir. BA ise glutamat eklenmeden 1 saat 6nce verildi ve 24 saat boyunca
inkiibe edilmistir. Hlicre canlihgi XTT testi ile olglimUstir. Biyokimyasal analizler igin ticari
kitler kullanilmistir. Anlamlilik 0.05’ten kiigiik olarak kabul edilmistir. Biyokimyasal analiz ile
glutamat grubunda malondialdehit (MDA), nitrik oksit (NO), induklenmis nitrik oksit sentaz
(iNOS), noronal nitrik oksit sentaz (nNOS) ve toplam oksidant (TOS) seviyelerinin kontrol
grubuna gore arttigi (p<0,05), BA 6n tedavisi ile glutamat grubuna gore istatistiksel olarak
azaldigi tespit edilmistir (p<0,05). SOD ve TAS seviyesi glutamat grubunda azalirken BA
on tedavisi ile artmistir (p<0,05). BA, glial hiicreler Gizerinde glutamat maruziyetine karsi
koruyucu etkiler gostermistir. Bu néroprotektif etkiyi antioksidan savunma mekanizmasini
artirarak, oksidatif ve nitrozatif stresi azaltarak olusturmustur.

The role of oxidative stress in the protective effect of boric acid against
glutamate excitotoxicity in C6 glioma cells
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This study designed to investigate the biochemical changes in glial cells' oxidant/antioxidant
systems in response to glutamate-induced excitotoxicity of boric acid (BA). The present
study employed C6 glial cells. For the study, cells were separated into 4 groups as control,
glutamate (10mM), glutamate+BA (0,23; 0,46; 0,93; 1,87 and 3,75 pg/mL), and BA (0,23;
0,46; 0,93; 1,87 and 3,75 pg/mL). The control group was not treated. The cells in the
glutamate group were treated with 10 mM glutamate for 24 hours. BA was administered one
hour prior to the addition of glutamate and incubated for 24 hours. The viability of the cells
was evaluated using an XTT assay. Commercial kits were used for biochemical analyses.
Significance was set at less than 0.05. The biochemical analysis revealed that the levels of
malondialdehyde (MDA), nitric oxide (NO), inducible nitric oxide snythase (iNOS), neuronal
nitric oxide synthase (nNOS), and total oxidant status (TOS) were elevated in the glutamate
group compared to the control group (p<0.05). It was detemined that BA treatment resulted
in a statistically significant reduction in these levels compared to the glutamate group.
(p<0.05). The levels of SOD and TAS were found to decrease in the glutamate group and
to increase with BA pretreatment (p<0.05). The results demonstrated that BA exhibited
protective effects on glial cells against glutamate exposure. Furthermore, BA was observed
to exert its neuroprotective effect by increasing the antioxidant defense mechanism and
reducing oxidative and nitrosative stress.

1. Girig (Introduction)

Glutamat merkezi sinir sisteminde uyarici etkiye sahip
bir nérotransmitterdir. Glutamat, iyonotropik ve/veya
metabotropik glutamat reseptorlerini aktive ederek

noralfizyolojik stireclerde anahtarroloynar. Bunakarsin
glutamatin asiri miktari eksitotoksisite denen toksik bir
strece neden olur [1]. Eksitotoksisite, ekstraselltler
alanda yuksek konsantrasyonda bulunan glutamatin,
glutamat reseptorleri araciiiyla Ca?'nin  hicre
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disindan hucre igine buylk bir akisl olarak tanimlanir.
Bunu hicre ici depolardan Ca?* salinimi takip eder ve
sonucta sitozolik serbest Ca?* konsantrasyonu fazla
miktarda artar [2]. Bu durum reaktif oksijen tirlerinin
(ROS) olugsmasina ve mitokondriyal hasara neden
olarak néronal 8lum sureglerini baslatir [1,3].

Glutamat eksitotoksisitesi noronal, oligodendroglial,
astroglial ve retinal ganglion hucreleri dahil olmak
Uzere cesitli hilcre hatlarinda gosterilmistir [4,5].
Astrositler, 6zellikle amino asit alim metabolizmasina
katilarak yapisal, metabolik, trofik ve antioksidan
savunma saglayarak néronlarla etkilesime girerler [6].
Astroglial hiicreler ayrica beynin ana antioksidani olan
glutatyon (GSH) seviyelerini korumak igin de gereklidir
[7,8]. Bu nedenle C6 hiicre hatti, hiicresel fonksiyonlari
ve hicre sinyallesmesini incelemek icin astroglial bir
model olarak kullaniimaktadir [9,10].

Oksidatif stres (OS), reaktif oksijen ve/veya nitrojen
turlerinin (RNS) asiri Uretiminin bir sonucudur; bu da
protein ve DNA oksidasyonu ve/veya nitrasyonuna
ayni zamanda lipid peroksidasyonuna yol agmaktadir
[11,12]. Lipid peroksidasyonu ve serbest oksijen
radikallerinin olusumunu, lipid peroksidasyon Urinu
olan nitrik oksit (NO) ve malondialdehit (MDA)
konsantrasyonunun artmasina neden olur [13].
ROS'un agsiri Uretimi nedeniyle membran ve enzim
fonksiyonu zarar gorebilir. Glutatyon peroksidaz
(GPx), katalaz (CAT) ve slperoksit dismutaz (SOD)
gibi antioksidanlar ROS’u detoksifiye eder [14].
OS’in artmasi ise GSH, CAT ve SOD gibi antioksidan
enzimlerin tikenmesine neden olur [15]. Bu sonuglarla
birlikte OS’in norodejeneratif hastaliklar ve merkezi
sinir sistemi (MSS) bozukluklarinda énemli bir risk
faktori oldugu gosterilmistir [16,17].

Bor, memelilerde dusuk toksisiteye sahip eser
bir elementtir [18]. Bu nedenle borun fizyolojik ve
biyokimyasal roll genis ¢apta arastirilmaktadir. Uygun
miktardaki borun hicrelerde farklilagsma ve ¢odalmasi
gibi koruyucu ve tedavi edici etkileri bulunmaktadir
[19]. Yapilan in vitro ve in vivo ¢alismalarinin cogunda
bor kaynaginin borik asit veya boraks oldugu tespit
edilmistir [20]. Zayif bir Lewis asidi olan borik asit (BA),
suda ¢6zunurligl nedeniyle biyolojik sistemlerde
en fazla bulunan bor tarevidir [21]. BA, oksidatif ve
inflamatuar sureclerin yani sira mitokondriyal membran
potansiyelini dlzenleyerek apoptotik sureclerde
koruyucu bir ajan olarak gérev yapar [22]. ince ve
ark. tarafindan yapilan bir arastirma diyete eklenen
bor takviyesi (100 mg/kg) ile lipit peroksidasyonunun

azaldigini, antioksidan savunma mekanizmasinin
arttirdigini gostermislerdir  [23]. Ancak mevcut
calismalarda BA'nin  ndrodejeneratif hastaliklar

Uzerindeki noroprotektif etkilerini degerlendiren ¢ok az
saylida arastirma bulunmaktadir. Bu g¢alisma oksidatif
ve nitrozatif strese karsi koruyucu ézelliklere sahip olan
BA'nin in vitro model sistem olan astroglial hiicrelerde
glutamat ile indiklenen nérodejeneratif hasara karsi
olasi néroprotektif etkilerini belirlemeyi amaclamistir.

2. Malzemeler ve Yontemler (Materials and Methods)
2.1. Hiicre Kiiltiirti (Cell Culture)

C6 Glioma (CRL107) hucre hatti glutamat kaynakli
sitotoksisiteye sahip oldugu igcin bu arastirmada
kullanildi [4]. C6 hucreleri Amerikan Tipi Kultur
Koleksiyonundan (ATCC, ABD) satin alindi. Hucreler
%10 fetal sigir serumu (FBS), %1 L-glutamin ve
%1 penisilin/streptomisin iceren DMEM'de (Thermo
Fisher Scientific, ABD) kiiltive edildi. FBS, L-glutamin
ve penisilin/streptomisin  Sigma-Aldrich firmasindan
(ABD) temin edildi. Hucreler %5 CO, igeren nemli
ortamda 37°C'de inkube edildi

2.2. [lag Uygulamasi (Drug Administration)

Tedavi 6ncesinde BA ve glutamat DMEM igerisinde
cOzulerek stok gozeltiler hazirlandi. Borik asit (%99.5)
ve glutamat Sigma-Aldrich (ABD) firmasindan temin
edildi.

2.3. Glutamat Eksitotoksisitesi (Glutamate
Excitotoxicity)

Borik asitin glutamat kaynakli sitotoksisite Uzerindeki
etkisini incelemek i¢in doért hicre grubu olusturuldu.
Kontrol grubuna herhangi bir tedavi uygulanmadi.
Glutamat grubunun hicrelerine 24 saat boyunca
10 mM glutamat verildi. Literatire goére glial
hicrelerin %50'sinin 6limine neden olan glutamat
konsantrasyonu (10 mM) secildi [24]. Bu c¢alisma
yapilmadan ©énce bir pilot deney gergeklestirildi.
Buna gore borik asit konsantrasyonlari segildi. Borik
asit grubundaki hicrelere 24 saat boyunca cesitli
konsantrasyonlarda (0,23; 0,46; 0,93; 1,87 ve 3,75 ug/
mL) borik asit verildi. Borik asit + glutamat grubunun
hicreleri, 24 saat boyunca 10 mM glutamata
maruz birakilmadan 6nce 1 saat boyunca cesitli
konsantrasyonlarda borik asit (0,23; 0,46; 0,93; 1,87
ve 3,75 pg/mL) ile 6n igleme tabi tutuldu.

2.4. Hiicre Canliligi (Cell Viability)

Hucre canliligini belirlemek icin XTT tahlil kiti kullanildi
(Roche Diagnostic, ABD). 100 yL DMEM'de, C6 Glioma
hicreleri, 96 kuyulu plakalara oyuk basina 1x10*
hicre yogunlugunda ekildi ve borik asit ile isleme tabi
tutulmadan énce gece boyunca inkiibatorde bekletildi.
Glutamatin neden oldugu sitotoksisite proseduri daha
onceki calismalar referans alinarak gergeklestirildi
[25,26]. 24 saatlik inkibasyonun ardindan besi yeri
uzaklastirildi ve tim kuyucuklar, fosfat tamponlu salin
(PBS) ile iki kez yikandi. Son asamada her kuyucuga
100 pL fenol kirmizisi icermeyen DMEM ve 50 puL
XTT karigim sollsyonu eklenerek plakalar 37°C'de 4
saat bekletildi. Plakalar ELISA mikroplaka okuyucusu
(Thermo Fisher Scientific, ABD) kullanilarak 450
nm'de o6l¢lldu. Testlerin timu Ug¢ kez tekrarlandi ve
hicre canlihdi, kontrole gdre canli hlcrelerin ylzdesi
olarak hesaplandi.
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2.5. Hiicre @ Homojenatlarinin  Hazirlanmasi

(Preparation of Cell Homogenates)

Her grubun hicreleri steril tiplerde toplandi. Hucreler
10 dakika boyunca 2000 rpm'de santrifijlendi ve
sonrasinda sUpernatanlar  ¢ikarildi.  Taplerdeki
hicreler, hiicre stispansiyonunun PBS (pH: 7.4) ile
yaklasik 1 milyon/ml'lik bir hiicre yogunluguna kadar
seyreltiimesiyle stispanse edildi. i¢ bilesenlerin digari
¢ikmasini saglamak igin hiicreler tekrarlanan donma-
¢ozulme dongduleriyle patlatildi. Ardindan 4°C sicaklikta
4000 rpm’de 10 dakika santrifuj islemi yapildi. Daha
sonra suUpernatanlar toplandi ve biyokimyasal analize
tabi tutuldu. Numunelerdeki toplam protein seviyeleri
Bradford protein tahlil kiti (Merck Millipore, Alimanya)
kullanilarak belirlendi [27].

2.6. Hiicrelerdek!: iNOS, NO, nNOS, MDA, SOD ve
CAT Seviyeleri Olgiimii (Measurement of iNOS, NO,
nNOS, MDA, SOD and CAT Levels in Cells)

Her grup icin hicrelerin sipernatanlarindaki iNOS(kat.
no: SL0365Ra), NO (kat. no: QS0531Ra), nNOS (kat.
no: SL1065Ra), MDA (kat. no: SL0475Ra), SOD (kat.
no: SL0O664Ra) ve CAT (kat. no: SL1084Ra) seviyeleri,
ELISA ticari kitleri (Sunlong Biotech, Cin) kullanilarak
Olguldi. Uygulama prosedirleri i¢in  Ureticinin
yonergeleri takip edildi. Kisaca, standart ve hicre
numuneleri plakalara yerlestirildi ve 37°C'de 60 dakika
inkibe edildi. Hicreler yikandi ve ardindan boyama
solusyonlari eklenerek 37°C'de 15 dakika bekletildi.
Absorbans, durdurma sollUsyonu eklendikten sonra
bir ELISA mikroplaka okuyucusu kullanilarak 450
nm'de o6l¢lldi. Numunelerin degerini belirlemek igin
standart egriler ¢izildi. Plakalarin i¢cinde ve arasindaki
varyasyon katsayilari %10'dan azdi.

2.7. TAS ve TOS Seviyelerinin Degerlendirilmesi
(Assessment of TAS and TOS Levels)

Hucre slpernatantlarindaki TAS ve TOS seviyeleri,
Erel tarafindan tasarlanan otomatik bir test yontemi
kullanilarak belirlendi [28]. Olgiim hidrojen peroksit ile
kalibre edilir ve sonuglar pmol H,O, esd/mg protein
olarak ifade edilir. Numunelerdeki toplam protein
seviyeleri, bir Bradford protein tahlil kiti (Merck
Millipore, Almanya) kullanilarak belirlendi [29,30].
TAS seviyesi, hidrojen peroksit varliginda 2,2-azino-
bis(3-etilbenzotiyazolin-6-silfonik asit (ABTS)
molekulinin ABTS* molekuliine okside olmasindan
kaynaklanmaktadir. Antioksidan varligina gére ABTS
radikali yesil ve mavi rengini kaybeder. Mevcut
renk degisimi, 660 nm dalga boyunda olgllerek
degerlendirilebilmektedir. Orneklerdeki antioksidan
konsantrasyonlariyla orantili olarak renk acilimi
hizlanmaktadir. Sonuglar pmol Trolox Esdegeri/mg
protein cinsinden ifade edilir. TOS seviyesi tayini,
orneklerdeki oksitleyici maddeler tarafindan Fe?*-o-
dianisidin kompleksinin Fe3* iyonuna oksidasyonuna
dayanmaktadir. Asidik bir ortamda, Fe®** iyonu ksilanol
ile renkli bir kompleks olusturur. Renk degisimi
orneklerdeki oksitleyici molekullerin konsantrasyonuna

orantihdir ve spektrofotometrik olarak o6lculebilir.
Renk degisimi, 530 nm dalga boyunda olgllerek
degerlendirilir.

2.8. Istatistiksel Analiz (Statistical Analysis)

Calisma sonucunda elde  edilen verilerin
degerlendiriimesinde IBM SPSS 23.0 for Windows
(IBM, Armonk, NY, USA) paket programi kullanildi.
Veriler ortalama * SH olarak sunuldu ve tek yonli
bir varyans analizi (tek yonli ANOVA) kullanilarak
analiz edildi. Anlamli farkhliklar elde edildiginde post-
hoc Tukey testi kullanilarak kargilagtirmalar yapildi.
Sonuglardan p<0,05 olan degerler anlamli kabul edildi.

3. Bulgular (Results)

3.1. Borik Asidin C6 Hiicre Hattinda Glutamat
Toksisitesi Uzerine Etkisi (Effect of Boric Acid on
Glutamate Toxicity in C6 Cell Line)

XTT kiti, C6 hicrelerinde glutamat tarafindan
indUklenen toksisiteye karsi borik asidin néroprotektif
Ozelliklerini  degerlendirmek icin  kullanildi.  Bu
arastirmada, ilacin hem kontrol hem de glutamatla
tedavi edilen C6 hiicrelerinde hiicre canhligi Gzerindeki
etkisini test etmek icin farkli konsantrasyonlarda
(0,23-3,75 pg/mL) uygulandi. Hucreler ilk 6nce 1 saat
boyunca cesitli konsantrasyonlarda borik asit (0,23-
3,75 pg/mL) ile muamele edildi, ardindan 24 saat
daha 10 mM glutamat ile ya da glutamatsiz inklbe
edildi. C6 hdcrelerinin 24 saat boyunca glutamat
uygulanmasi, tedavi edilmemis kontrol hicreleriyle
karsilastinldiginda hucre hayatta sag kalimini dnemli
dlclide azaltti (p<0,001; Sekil 1). Ote yandan 0,23;
0,46; 0,93 ve 1,87 pg/mL konsantrasyonlardaki
borik asit, glutamatla muamele edilen hucrelerle
karsilastinildiginda C6 hucrelerinde hiicre canhligini
arttirdi (p<0,05; Sekil 1).

Ayrica tedavi edilmemis kontrol hlcreleriyle
karsilastinldiginda borik asitin tek basina herhangi

120- XTT

|
l

Hiicre Canhligi
(% kontrole gore)
(2}
<

Borik Asit (ug/mi)| - - 3,75 | 1,87 | 0,93 | 0,46 | 0,23 | 3,75 | 1,87 | 0,93 | 0,46 | 0,23

Glutamat (1omm)| - + + + + + +
[IKontrol ~ E= Glutamat (10 mM)  [] Glutamat + Borik Asit 2] Borik Asit
Sekil 1. BAnin, glutamatin neden oldugu sitotoksisiteden
sonra C6 hucrelerinde, hlcre sag kalimi tzerindeki etkisi.
Veriler, ortalama + standart hata ortalamasi olarak ifade
edilmigtir. *p<0,05 tedavi edilmemis kontrol grubu ile
karsilastiriidiginda; #p<0,05; ## p<0,01 glutamat ile tedavi
edilene kiyasla (Effect of BA on cell viability in C6 cells after
glutamate-induced cytotoxicity. Data are expressed as mean %
standard error of the mean. *p<0.05 compared with untreated control
group; #p<0.05; ## p<0.01 compared with glutamate-treated).
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bir konsantrasyonda C6 hiicrelerinin canliligi tGzerine
higbir etkisi bulunmadi (p>0,05; Sekil 1).

3.2. Borik Asitin C6 Hiicre Hattinda Glutamatin
Toksisitesi Sonrasi TAS ve TOS Diizeylerine Etkisi
(Effect of Boric Acid on TAS and TOS Levels After
Glutamate Toxicity in C6 Cell Line)

Hucreler 1 saat boyunca etkin konsatrasyon olarak
belirlenen 0,23 pg/mL borik asit ile muamele edildi,
sonrasinda hucreler 10 mM glutamat ile ya da
glutamatsiz inkiibe edildi ve ticari kitler kullanilarak
TAS-TOS dizeyleri saptandi.

Sadece glutamat uygulanan C6 hiicreleri, kontrol
grubuna kiyasla TAS dlzeyleri 6nemli dl¢iide azaldi
(p<0,05; Sekil 2a). Ote yandan hicreler 0,23 ug/
mL konsantrasyondaki borik asit ile 1 saat énceden
muamele edilmesi hicrelerdeki TAS seviyesini
glutamat grubu hucrelerine gore artirdi (p<0,05; Sekil
2a).

C6 hucrelerini glutamat ile 24 saat boyunca 6nceden
inkibe edildiginde kontrol grubuna kiyasla TOS
seviyelerini 6nemli dlgtide artirdi (p<0,05; Sekil 2b).
Buna kargin 0,23 pg/mL konsantrasyondaki borik asit
ile 6n uygulama, glutamatla tedavi edilen hicrelere
kiyasla C6 hucrelerinde TOS seviyelerini 6nemli
Olcude dusirdu (p<0,05; Sekil 2b). Tek basina 0,23 pg/
mL konsantrasyonundaki borik asit, kontrole kiyasla
C6 hiicrelerinde TAS ve TOS diizeylerinde 6énemli bir
degisiklige neden olmadi (p>0.05; Sekil 2a ve b).
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Il Kontrol ~ [&5] Glutamat (10 mM) ] Glutamat + Borik Asit [=-] Borik Asit (0,23 ug/ml)
Sekil 2. C6 hicrelerinde glutamatin neden oldugu
sitotoksisiteden sonra 0,23 pug/ml BA'nin TAS (a) ve TOS (b)
seviyeleri Uzerindeki etkisi. Veriler, ortalama * standart hata
ortalamasi olarak ifade edilmistir *p<0,05 tedavi edilmemis
kontrol grubu ile karsilastirildiginda; #p<0,05; ## p<0,01
glutamat ile tedavi edilene kiyasla. (Effect of 0.23 ug/ml BA on
TAS (a) and TOS (b) levels after glutamate-induced cytotoxicity in
C6 cells. Data are expressed as mean * standard error of the mean.
*p<0.05 compared with untreated control group; #p<0.05; ## p<0.01

compared with glutamate-treated).

3.3. Borik Asitin C6 Hiicre Hattinda Glutamatin
Toksisitesi Sonrasi MDA, SOD ve CAT Diizeylerine
Etkisi (Effect of Boric Acid on MDA, SOD and CAT
Levels After Glutamate Toxicity in C6 Cell Line)

C6 hiicrelerine BA eklendi ve 1 saat sonra 10 mM
glutamat ile ya da glutamatsiz olarak hicreler 24 saat
boyunca inkiibe edildi. MDA, SOD ve CAT duzeyleri
ELISA Kiti ile belirlendi.

Tek basina glutamat uygulanan hicrelerde MDA
diizeyi kontrol grubu hicrelerine gére anlamli bir artis
gosterdi (p<0,05; Sekil 3a). Borik asit ile 6n muamele
edilen hicrelerde ise MDA seviyesi glutamat grubuna
g6re azaldi (p<0,05; Sekil 3a).

C6 hicrelerine 24 saat suresince glutamat
uygulanmasi, hcrelerin SOD seviyesinde anlamli
derecede azalmaya neden olmustur (p<0,05; Sekil 3b).
Ancak hicrelere 1 saat énce BA uygulanmasi SOD
seviyesini glutamat gruba goére artirmistir (p<0,05;
Sekil 3b).
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Ml Kontrol [ Glutamat (10 mM) ] Glutamat + Borik Asit [] Borik Asit (0,23 pg/ml)
Sekil 3. C6 hucrelerinde glutamatin neden oldugu
sitotoksisiteden sonra 0,23 pg/ml BAnin MDA (a),
SOD (b) ve CAT (c) seviyeleri Uzerindeki etkisi. Veriler,
ortalama * standart hata ortalamasi olarak ifade edilmigtir.
*p<0,05; **p<0,01 tedavi edilmemis kontrol grubu ile
karsilastiriidiginda; #p<0,05; ## p<0,01 glutamat ile tedavi
edilene kiyasla (Effect of 0.23 pg/ml BA on MDA (a), SOD (b)
and CAT (c) levels after glutamate-induced cytotoxicity in C6 cells.
Data are expressed as mean + standard error of the mean. *p<0.05;
**p<0.01 compared with untreated control group; #p<0.05; ##

p<0.01 compared with glutamate-treated).

CAT
(ng/g protein)




Oztiirk A. et. al. /BORON 10(1), 1 -9, 2025

Tek basina BA uygulamasi ile SOD seviyesinde kontrol
grubuna goére herhangi bir degisiklik olusturmamistir
(p>0,05; Sekil 3b).

Glutamat ile muamele edilen hiicrelerin CAT seviyeleri
kontrol grubuna gore azaldigi saptanmistir (p<0,05;
Sekil 3¢). Bununla birlikte 0,23 pg/mL BAile 6n isleme
tabi tutulan hacrelerde glutamat grubuna kiyasla
CAT seviyesindeki artis istatistiksel olarak anlamli
bulunmamistir (p>0,05; Sekil 3c).

3.4. Borik Asitin C6 Hiicre Hattinda Glutamatin
Toksisitesi Sonrasi NO, iNOS ve nNOS Diizeylerine
Etkisi (Effect of Boric Acid on NO, iNOS and nNOS
Levels After Glutamate Toxicity in C6 Cell Line)

BA uygulanan hucrelerin glutamatl ya da glutamatsiz
NO, iINOS ve nNOS seviyelerini biyokimyasal olarak
analiz etmek amaciyla ELISA testi kullanildi.

ELISA testi sonuglarina gére C6 hiicrelerinde sadece
glutamata maruz kalan hticrelerin NO seviyesi kontrol
grubuna gore istatistiksel agidan anlamli olarak artis
gOsterirken hcrelerin 1 saat 6nce BA muamele
edilmesi NO seviyesini azaltmistir (p<0.05; Sekil 4a).
Ancak sadece BA uygulanan hucrelerin NO seviyesi
kontrol grubuna godre degisiklik gostermemistir
(p>0,05; Sekil 4c¢).

Hucrelerin glutamat ile 24 saat boyunca Onceden
inkibe edilmesi kontrol grubuna kiyasla iNOS
seviyesini 6nemli dlglde artirmistir (p<0.05; Sekil 4b).
BA ile 1 saat 6n muamele edilen C6 hucrelerinde ise
iINOS dizeyi glutamat grubuna goére arttigi saptanmistir
(p<0,05; Sekil 4b).

nNOS seviyesi tek basina glutamat uygulanan grupta
kontrole kiyasla anlamli derecede artmistir (p<0,05;
Sekil 4c). Buna karsin 0,23 pg/mL BA ile 6n isleme tabi
tutulan hicrelerde nNOS seviyesi glutamat grubuna
kiyasla istatistiksel olarak anlaml dizeyde azalmistir
(p>0,05; Sekil 4c).

4. Tartigma (Discussion)

Bu calisma, BA 6n uygulamasinin, C6 astroglial
hicrelerinde glutamatin neden oldugu sitotoksisiteye
karsi antioksidan etkiler gosterdigini ortaya koyan ilk
calismadir. C6 hlcre hattinda, BA 6n uygulamasi ile
glutamat kaynakl sitotoksisitede hicre sag kalimi
artmistir. Veriler, BA'nin glial hucrelerin glutamat
kaynakl sitotoksisite sonrasi hicre o6lumind ve
oksidatif ve nitrozatif stresi azalttigini gostermistir.
Calismanin sonucunda borik asit 6n uygulamasi
iINOS, nNOS, NO, MDA ve TOS duzeylerini distrmas,
TAS, CAT ve SOD duizeylerini ise artirmigtir. Boylelikle
glutamatin neden oldugu sitotoksisiteye karsi BA'nin
antioksidan 6zellikler gdsterdigi tespit edilmigstir.

Bor iceren bilesikler, noronal sureglerin
diizenlenmesinde noroprotektif etkilere sahiptir. Bunlar
arasinda noronal atesleme, norotrofik faktorlerin
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Il Kontrol  [5] Glutamat (10 mM) [ Glutamat + Borik Asit -] Borik Asit (0,23 pg/ml)

Sekil 4. C6 hicrelerinde glutamatin neden oldugu
sitotoksisiteden sonra 0,23 pg/ml BAnin NO (a), iNOS
(b) ve nNOS (c) seviyeleri Uzerindeki etkisi. Veriler,
ortalama + standart hata ortalamasi olarak ifade edilmistir.
*p<0,05; **p<0,01 tedavi edilmemis kontrol grubu ile
karsilastirildiginda; #p<0,05; ## p<0,01 glutamat ile tedavi
edilene kiyasla (Effect of 0.23 pg/ml BA on NO (a), iNOS (b),
nNOS (c) and levels after glutamate-induced cytotoxicity in C6
cells. Data are expressed as mean + standard error of the mean.
*p<0.05; **p<0.01 compared with untreated control group; #p<0.05;
## p<0.01 compared with glutamate-treated).

uretimi, oksidatif belirteglerin kontrolli ve davranissal
kontrol mekanizmalari bulunur. Bor bu etkilerini, iyon
kanallari, G-proteinine bagl reseptoérler veya néronal
davranis Uzerinde degisiklik yapan diger reseptorler
aracihgiyla gerceklestirmektedir [31-33]. Ayrica,
inflamasyon veya oksidatif stireclerin modulasyonunda
da etkilidir [20].

BA'nin noéroprotektif etkileri Uzerine yapilan bir
calismada, sicanlarda aluminyum klorid enjeksiyonu

ile hasar olusturulan beyin dokusunun degisen
seviyelerde BA konsantrasyonlarina nasil tepki
verdigi arastinimistir. Deney sonucunda, disuk

dozdaki BA'nin (3,25 mg/kg) noéronlarda koruyucu
etkisinin oldugu, yuksek dozlarin (36 ve 58,5 mg/
kg) ise beyin dokusunda daha fazla hasara yol actigi
gOsterilmistir [34]. BA ve C6 glioblastoma hicrelerinin
etkilesimine dair yapilan bir ¢galismada BA'in yiksek
konsantrasyonlarda (0,39-25 mM) ferroptoz, apoptoz
ve semaforin sinyal yolunu duzenleyerek tumor
ilerlemesini 6nledigine dair kanit saglamigtir [35].
Kizilay ve ark. ise yaptiklari aragtirmada, siyatik sinir
yaralanmasini takiben siganlara 100 mg/kg dozunda
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borik asit verilmesinin miyelin ve aksonlardaki
hasari 6nemli 6l¢lide azalttigini ve yaralanan sinirin
elektriksel fonksiyonunu iyilestirdigini gostermistir.
Oksidatif parametrelerden biri olan NF-kB seviyesinin
siyatik sinir yaralanmasi sonucu arttigi buna karsin BA
uygulamasi ile azaldigi immunohistokimyasal boyama
yontemi ile belirlenmigtir. Bu iyilesme muhtemelen
oksidatif  stres  reaksiyonlarinin  azalmasindan
kaynaklanmaktadir [36].

Noérodejeneratif hastaliklar, psikiyatrik bozukluklar ve
sinir dokusu yaralanmalarinda gdézlemlenen yaygin
bir bulgu, ROS ve serbest radikallerin neden oldugu
oksidatif strestir. Enzimler, kofaktorler ve peptitler gibi
hicre antioksidan mekanizmalarindaki degisiklikler,
ROS ve serbest radikallerin stabilize edilmesini
oldukca zor hale getirir. Noronlar ve glial hlcreler
icindeki artan olumsuz sureg, proteinler, lipitler
ve nukleik asitlerle etkilesime girmeye basladikca
oksidanlarin miktarinda daha fazla bir artisa yol
agar ve bu durum hicrelerde fonksiyon bozuklugu
ve 6limle sonuglanir. Bu baglamda, antioksidan etki
gOsterebilecek bir mekanizmaya sahip bor igeren bir
bilesik olmasa da, besin maddesi olarak borun c¢esitli
hucre tiplerinde sistemik oksidatif stresi iyilestirdigine
dair kanitlar mevcuttur [37-39]. Ozellikle BAnNIn
lipid peroksidasyonu, oksidatif stres ve bu oksidatif
sureclerle ilgili inflamatuar yanita karsi etkili oldugu
kanitlanmistir[40,41]. Ataizi ve ark. kapali kafa travmasi
geciren siganlarin beyin dokularindaki CAT ve MDA
aktivitesindeki dedisiklikleri ve ayrica bu siganlarda
BA'in potansiyel noroprotektif etkisini incelemiglerdir.
Calismanin sonucunda travmali si¢anlarin beyin
dokusunda CAT dizeyi azalirken BA uygulamasi ile
arttigi, MDA duzeyi artarken BA arttigi tespit edilmistir
[42]. Yavuz ve ark., Wistar-albino siganlarda yaptiklari
Parkinson modelinde BA ve kuersetinin oksidatif stres
belirtecleri ve davranis testleri lzerine olan etkilerini
arastirmiglardir. Bu ¢calismada beyin doku drneklerinde
glutatyon, MDA ve ayni zamanda TAS seviyelerini
incelenmistir. Calismanin sonugclari BA ve kuersetin
kombine olarak uygulandiginda lipid peroksidasyon
seviyelerinin azaldigi ileri surtGlmustir. Bu sonug
BA'nin gida takviyesi olarak kullanilabilecegini anlaml
kilmaktadir [43]. Benzer sekilde ndronal hucrelerin
uzun sureli glutamata maruz kalmasi ile oksidatif
stresin arttigi bildirilmistir [44]. Literattrle uyumlu
olarak ¢alismamizda, glutamat uygulanan grupta MDA
seviyesinin arttigi, CAT ve SOD seviyesinin azaldigi,
BA 6n uygulamasi ile artan MDA seviyesinin azaldigi,
CAT ve SOD seviyesinin ise arttigi bulunmustur. Bu
sonuglar bozulan antioksidan mekanizmanin BA
uygulamasi ile duzelebilecegini gdstermektedir.

ROS olusumu ve lipit peroksidasyonu (LP), uyarici
glutamat ve aspartatin salinmasina, hiicreye kalsiyum
akisina yol acar. Bu durum hicre zari gegirgenligini
bozar ve ikincil hiicre hasarina neden olur. Cesitli
calismalar oksijensiz radikallerin ikincil hasarlarda
anahtar rol oynadigini ve nérotoksisiteye yol agtigini
géstermistir  [26,45-47]. ikincil beyin hasarinin
onemli bir kismi, antioksidan mekanizmalar, ROS

seviyeleri ve RNS arasindaki dengenin bozulmasi
ve bunun sonucunda LP'nin ortaya c¢ikmasindan
kaynaklanmaktadir. Antioksidanlarin MSS (izerinde
olumlu etkisi daha 6nce gosterilmistir[48,49]. Sahin
ve ark. bir besin takviyesi olarak BA'in, oksidatif
strese karsi ana hiicre mekanizmalarindan biri olan
Nrf2 yolunu aktive ettigini ileri sirmuglerdir. Bu yolun
aktivasyonu antioksidan 6zelliklere sahip proteinlerin
ekspresyonuna yol agmaktadir [50]. Hazman ve ark.
siganlardasisplatin toksikasyonu sonrasi artan oksidatif
stres, inflamasyon ve apoptozun farkli dozlarda BA ve
boraks tedavileri ile azaltilabilecegi bildirmislerdir [51].
Benzer olarak bizim galismamizda glutamat sonrasi
artan TOS seviyesinin BA 6n uygulamasi ile azaldig,
azalan TAS seviyesinin ise BA uygulamasi sonrasi
arttigi bulunmustur. Hacioglu ve ark. néronal iletim
ve norodejeneratif slreglerin arastiriimasinda ex vivo
model sistem olan sinaptozomlar Uzerinde AB1-42
kaynakli nérodejeneratif hasara kargi BA ve kurkuminin
koruyucu etkilerini incelemislerdir. Deney verilerinde
BA tedavisinin LP, MDA ve NO dizeylerini azalttigini
tespit etmiglerdir [52]. Calismamizin sonuglari BA
uygulamasi ile glutamat kaynakli nitrozatif stresi inhibe
ederek iINOS, nNOS ve NO seviyelerini azalttigini
goOsteren dnceki galismalarla tutarlidir.

5. Sonuglar (Conclusions)

BA'nin oksidatif ve nitrozatif slreclerde etkili olan
proteinler Gzerinde ¢ok yonli etkisi oldugu bulunmustur.
Bu bakimdan BA takviyesi nérodejeneratif hastaliklar
Uzerinde Onleyici bir role sahip olabilir. Ayrica,
bor atomunun roli, 6zellikleri ve kimyasal yapisal
cekirdeklerin  tanimlanmasi,  ndérodejenerasyona
karsi yenilik¢i bor iceren aktif ilaglar igin potansiyel
farmakoforlar olarak segilebilir ve dnerilebilir.
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In this study, boron nitride quantum dots (BNQDs) and polymethyl methacrylate
(PMMA) nanocomposite films were produced to be used as a metal sensing material.
BNQDs were synthesized from boric acid and urea using the hydrothermal method.
The selectivity of PMMA/BNQDs nanocomposite films as fluorescent sensing platforms
was tested for different metal ions (Fe®*, Na* Zn?*, Mg?*, and Ca?*). The morphological,
structural, and chemical properties of the produced films were determined by scanning
electron microscope (SEM), high-resolution transmission electron microscopy
(HRTEM), Fourier transform infrared (FT-IR) spectroscopy, and atomic force
microscopy (AFM) analyses. The optical properties of the films were determined by
ultraviolet-visible spectrophotometer (UV-Vis). Fluorescence and sensing properties
were determined using photoluminescence (PL) spectroscopy analysis. SEM and
transmission electron microscopy (TEM) analyses confirmed the strong bonding
and homogeneous distribution between the BNQDs and the PMMA. FT-IR and TEM
analyses proved the formation of BNQDs. PMMA-BNQDs nanocomposite film showed
selective fluorescence quenching properties for Fe** ions. The fluorescence intensity
of the nanocomposite films showed a good linear relationship between 0-60 yM
for Fe®*. In addition, it showed good sensitivity to detect Fe3* ions in drinking water.
Thus, this fluorescent sensing platform can be selective and sensitive in the 0-60 uM

concentration range with a limit of detection (LOD) of 4.06 pM.

1. Introduction

The growth in the industrial area and the rapid increase
in the population bring about water pollution [1]. Heavy
metal ions in water negatively impact the environment
and human health [2]. As it is known, it is impossible to
live without water consumption, and for this reason, so
much research is carried out to ensure that the water
is clean and does not threaten human health. Polluted
water can contain a wide variety of ions such as Cu?,
Cd?, Co?', Niz*, AP¥*, Pb?*, Hg?*, Fe*, Fe?*, and these
ions can combine to form more dangerous compounds
[3]. These highly toxic compounds cannot decompose
and, as a result, continue accumulating on the earth,
causing harm to the human body [4]. This situation
has encouraged researchers to find new materials to
remove and sense metal ions.

Quantum dots are used not only in bio-imaging or
solar cells but also frequently in chemical sensor
applications [5]. Boron nitride quantum dots (BNQDs)
are promising sensor materials, especially in detecting
fluorescent-based metal ions or gases, due to
their photoluminescence emission, good solution
dispersion, tunable band gap, and biocompatibility

[6]. There are several studies in the literature in which
BNQDs are used as metal ion-selective in solution
form. However, BNQDs, unlike carbon quantum dots,
are still open to development as metal sensors, as
they are newly discovered. Huo et al. used BNQDs,
which were produced by hydrothermal synthesis
methods using boric acid and melamine to detect
ferric ions in aqueous solutions. They concluded that
prepared quantum dots could be effectively used
as a valuable fluorochrome [7]. Liu et al. similarly
used BNQDs produced by hydrothermal synthesis
to detect different concentrations of Fe* and Fe®*
ions in the aqueous medium. In their study, they also
simulated hydrothermal reaction and fluorescence
properties using density simulated functional theory
(DFT). They concluded that as the concentration of
Fe?* and Fe* increased, the fluorescence intensity
of BNQDs was quenched [8]. Peng et al. exfoliated
hexagonal boron nitride treated with hydrazine (N,H,)
in an ethanol-water mixture and then obtained BNQDs
by hydrothermal synthesis. The obtained BNQDs-
based sensor material shows potential for selectively
detecting 2,4,6-trinitrophenol in natural water without

*Corresponding author: duygu.gokdai@bilecik.edu.tr
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any pretreatment process [9]. Wang et al. used
hexagonal boron nitride quantum dot probes for the
detection of Hg?* ions. In the presence of Hg? ions in
the medium, BNQDs created a peak at 560 nm under
280 nm excitation [10]. In the study of Han et al., the
fluorescence effects of BNQDs on different metal ions
were determined. It was observed that fluorescence
peaks of both Fe®** and Cu?* ions could be quenched in
the presence of BNQDs [11].

While there are several studies in the literature
investigating the fluorescence properties of BNQDs in
solution, no study has been found in which BNQDs/
polymer nanocomposite films are used as test
surfaces for metal ion detection. While metal ions can
be detected in an aqueous solution or with the help
of probes or devices, the fact that these methods are
expensive, and the sensor materials can be prepared
as a result of complex processes. This situation
has led researchers to find practical and disposable
economic methods such as fluorescent test papers or
composite films [12-14]. In this method, chemical ions
on the surface interact chemically with metals when
test papers are immersed in a solution including metal
ions. As a result of this interaction, the color change
on the test paper can instantly detect metal ions. In
their study, Wang et al. showed the sensor activity of
the graphene quantum dots by coating them on the
surface with the polyvinyl alcohol (PVA) polymer in
different metal solutions [15]. Dalal et al. developed
a sensor for detecting Fe®*" ions doped with polymer-
based carbon dots. These sensors based on polyether
amine showed high sensitivity in aqueous media with
a limit of detection (LOD) value of 162 nm [16]. In
2021, Shirani et al. developed a polymer-integrated
silica quantum dot-based sensor with a 1 nm LOD for
indoxacarb [17].

Polymethyl methacrylate (PMMA) has a hydrophilic
structure with a water contact angle of 68°. PMMA
has many advantages over other polymers, such as
superior environmental stability and scratch and UV
resistance [18]. In addition, there are also studies
showing that it is produced as a composite with boron
nitride and that boron nitride is effectively distributed
in this polymer [19,20]. Wang et al. also used CsPbBr,
perovskite quantum dot/PMMA fiber structures in the
detection of Cu?* ions from water in their study [21]. In
another study, PMMA films were produced using the
electrospun method with fluorescent poly(amidoamine)
to detect heavy Co?* ions in water [22].

Some properties of polymers, such as low selectivity
and sensitivity and weak photoluminescence
properties, may limit their use, especially in heavy
metal detection. Low-dimensional quantum dots are
very effective in creating metal detection platforms
due to their superior optical-electronic and chemical
diversity properties. In addition, polymers provide
an excellent matrix for the dispersion of these low-
dimensional nanoparticles and enable them to use
their properties as nanocomposite films [23]. Based

on this motivation, in this study, after the BNQDs were
formed by the hydrothermal synthesis method, they
were incorporated into the PMMA polymer to produce
nanocomposite film, and fluorescence properties
were determined for different metal ions (Fe?*, Na*,
Zn?*, Mg*, and Ca?") for the first time. In addition,
the effect of different concentrations of Fe®* aqueous
solutions (0-100 uM) on the fluorescence properties of
nanocomposite films was also investigated. This test
surface has been developed as an environmentally
friendly, economical, and practical sensor material that
detects metal contamination in aqueous solutions.

2. Materials and Methods

2.1. BNQDs and PMMA/BNQDs Fluorescent
Sensing Platform Preparation

BNQDs were produced using the hydrothermal
synthesis method. Here, the dispersant phase in the
BNQD solution is 10 mL of ethanol, 5 mL of distilled
water for boric acid, and 10% ammonia solution for
urea. Details of the synthesis of BNQDs were given
in our previous work [24]. A certain amount of PMMA
(Sigma-Aldrich, US) was dissolved to form the
composite films in 50 mL acetone. Then, the PMMA
solution was added to the BNQDs solution at a weight
ratio of 1:0.2. The solution was sonicated for 1 hour
and stirred for 6 hours using a magnetic stirrer. The
resulting mixture was kept in the beaker and dried
completely under ambient conditions, and then it was
obtained as BNQDs-doped PMMA composite films.
The flow chart of the experimental method is shown
in Figure 1.
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Figure 1. Schematic flow chart of the process

2.2. Metal lon Detection of PMMA/BNQDs
Fluorescent Sensing Platform

Heavy metal solutions were prepared from their salts
and nitrates. Fe** prepared from FeCl,, Na* from NaCl,
Zn?** from Zn (NO,),, Mg** from MgCl, and Ca** from
CaCl,. In a typical process, a certain amount of (100
pMM) metal ions (Fe*, Na*, Zn?*, Mg?*, and Ca?*) were
added into water, and then the PMMA/BNQDs films
were immersed in the different metal ions aqueous
solutions. Different concentrations (0, 20, 45, 60,
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80, and 100 uM) of Fe®* aqueous solutions were
prepared, and the films were immersed for 3 minutes.
PL measurements were carried out after the films were
removed from the solution.

2.3. Characterization

The morphological and chemical analysis was
performed using SEM (Zeiss Supra 40VP, Germany) at
different magnifications (25 and 75 kX for PMMA and
10 and 40 kX for PMMA-BNQDs composite film), high-
resolution TEM (HRTEM) (FEI TALOS F200S TEM,
200 kV, US), and FT-IR (Agilent Technologies, Cary
630, between 400-4000 cm™, US) analysis. Optical
properties of the composites were determined by UV-
Vis spectrophotometer (Agilent Technologies, Cary 60
UV-Vis, US) and photoluminescence properties were
determined by PL spectroscopy (Dongwoo optron,
matched with maple || HeCd laser, 532 nm, between
200 and 800 nm, South Korea). AFM analyzed the size
of the produced composite with the scan size fixed to 1
pm x 1 um (Park Systems, South Korea).

3. Results and Discussion

The most priority analyses to define the optical
properties of quantum dots are the determination of
absorption and fluorescence spectrum. Figure 2a
shows the UV-Vis spectrum of pure and composite
samples.
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Figure 2. UV-Vis spectrum of the pure and composite
samples; inset: PMMA-BNQDs composite solution appears
as a blue-green color under 365 nm UV light (a), possible
fluorescence quenching mechanism of PMMA/BNQDs film
by Fe® (b)

Two main peaks appear around 280 and 290 nm in
the absorption spectrum of the obtained BNQDs.
While the intense peak at 280 nm is defined as the
peak arising due to band transitions in quantum dots,
the weak peak at 290 nm is due to the change in the
band gap. The main reason for this band gap change
is the functional groups attached to the surface of the
quantum dots [25-27]. Two different peaks occur at 280
and 315 nm in the absorption spectrum of the PMMA-
BNQDs composite film. These are the peaks from
BNQDs and PMMA polymer, respectively. Compared
with the absorption spectrum of BNQDs, the peak at
280 nm in the composite sample did not show any
shift, indicating that the quantum dots were distributed
homogeneously in the PMMA [28]. Figure 2b shows
the possible fluorescence capture mechanism of iron
ions by the PMMA-BNQDs composite film.

Boron nitride has an electron affinity towards metal
ions thanks to the abundance of hydroxyl and amino
groups at the corners of the quantum dots. When metal
ions form a complex with the surface of BNQDs, the
basic level of fluorescence is quenched and turns into
a non-fluorescent compound. After photoexcitation,
the BNQDs metal ion complex returns to its ground
state by absorbing the blocked light and emission [29].
Figure 3a includes the IR spectrum of the produced
BNQDs. FT-IR analysis is one of the most effective
methods for determining the chemical structure and
analysis of functional groups in the sample.
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Figure 3. IR spectrum of BNQDs (a) and IR spectrum of
PMMA and PMMA-BNQDs nanocomposite film (b)
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BNQDs showed absorption bands at 1308, 1453,
and 1638 cm, respectively, due to the B-N stretching
modes [8]. The band at 1414 cm™ belongs to C-O
bending [30]. The broad tensile band at 3300 cm™' can
be explained as the tensile band belonging to the N-H
or O-H stretching. The appearance of the strains in the
boron and nitrogen bonds and also functional groups
such as -OH and -NH, in the IR spectra indicates
that boron nitride was formed. FT-IR analysis is not
sufficient to prove this. Therefore, the formation of
quantum dots was supported by high-resolution TEM
images. Figure 3b represents the IR spectrum of pure
polymer and BNQDs polymer composite film. A sharp
peak around 1730 cm™ is consistent with the C=0
stretching and stretching or deformation of C-O-C
vibration peaks observed at 1249, 1164, and 1069
cm™'. The peaks around 933 cm™ and 844 cm™ belong
to the bending vibrations of C-H. The polymer chains
have an absorption band around 750 cm™' [31].

FTIR spectra of the PMMA-BNQDs nanocomposite
film showed an absorption band at nearly 2970 cm
due to the C-H stretching vibration. Compared to
the pure polymer, the peak intensities increased
with the inclusion of boron nitride quantum dots into
the structure at the stress intensity of 508 cm™, 928
cm™, and 1553 cm™, respectively. As a result of the
modification of the polymer structure with the coating
of boron nitride nanoparticles, the stretching band of
the C-O-C shifted [32]. This shows that boron nitride
nanoparticles are effectively incorporated into the
PMMA polymer structure.

Figure 4 contains SEM images of PMMA and PMMA-
BNQDs nanocomposite film at different magnifications.
Figure 4 a,b shows the morphology of the PMMA
polymer at magnifications of 25 and 75 kX, respectively.
PMMA particles show a single type of morphology with
a spherical shape and narrow size distribution [33].
Spherical particles are distributed with an average
diameter of 0.15 um. Figure 4 c¢,d contains the
morphology of PMMA-BNQDs nanocomposite films
at different magnifications. While some particles have
smooth surfaces, some are coated with agglomerated
BNQDs nanoparticles. The average size of these
particles is 1.45um, and it is clearly observed that they
are larger than the pure PMMA polymer. This confirms
a strong chemical electron affinity between BNQDs
and PMMA, facilitating the formation of the core and
shell [34].

Figure 5 shows the TEM image of the pure PMMA
and PMMA-BNQDs nanocomposite film. In Figure
5a, PMMA shows a well-dispersed and forms an
interconnected network-like structure [35]. In Figure
5b, the dark region refers to fluorescent particles and
holes due to particle aggregation [36]. BNQDs have
a significant agglomeration in some places in the
polymer matrix. However, it is generally possible to say
that the quantum dots are distributed homogeneously
within the polymer. Figure 5c¢ contains the HRTEM
image of the obtained BNQDs. The average size

Figure 4. SEM images of the samples at different magnifi-
cations PMMA- 25 kX (a), PMMA-75 kX (b), PMMA-BNQDs-
10 kX (c), PMMA-BNQDs-40 kX (d)

of quantum dots is 4.5 nm. High-resolution TEM
images represent hexagonal boron nitride with high
crystallinity and (002) the plane which confirms the
production of BNQDs [37]. The surface morphology of
PMMA-BNQDs nanocomposite film was identified by
AFM with the scan size fixed to 1 ym x 1 ym (Figure
5d). The surface texture of polymer composites and
the average size of the particles are also consistent
with SEM and TEM images. The dispersed inorganic
parts are homogeneously embedded in the polymer
film. PMMA/BNQDs composite film comprises
microspheres, as shown in the AFM histogram. The
average size of BNQDs incorporated PMMA macro
spheres is calculated as 1.6 ym. The size of these
particles means that several interconnected quantum
dots are embedded in the polymer [38].

Figure 6a shows the PL spectrum of PMMA-BNQDs
nanocomposite film for 100 uM of different metal ions.
In the spectrum, the emission peak for Ca?*, Mg?*, and
Na* was around 510 nm, while for Fe* and Zn?*, this
emission peak was observed around 538 and 540 nm,
respectively.
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Figure 5. TEM image of pure PMMA sample (a), TEM image
of PMMA-BNQDs nanocomposite film (b), HRTEM image
of the BNQDs (c), and AFM image of the PMMA-BNQDs
nanocomposite film (d)

This shift is seen more clearly in the normalized PL
spectrum (Figure 6b). Here, the functional groups
at the ends of BNQDs interact with metal ions and
want to form stronger complexes with these metals
[39]. Although there is no clear information about the
fluorescence quenching mechanism for each metal,
we assume that differences in the intermolecular
interactions between different metals and composite
films lead to different emission peaks in the
fluorescence spectrum [40]. In their study, Wang et
al. similarly observed that while the emission peak of
BNQDs was observed at 461 nm, in the environment
of Hg?* ions, this emission peak shifted to 560 nm
and created a fluorescence response against these
ions. They interpreted the reason for this shift as the

absorption of fluorescence from parts not connected
to Hg?* ions through induced electron transfer and
internal filter effect [10]. There are many studies in the
literature where BNQDs are used as sensors in liquid
solution form in the detection of heavy metals, and
it is clearly stated in these studies that the possible
fluorescence response of the BNQDs against the Fe®*
ion is due to electron transfer [9, 11]. Boron nitride
quantum dots interact with Fe® ions thanks to their
rich amine groups and transfer the excited electrons
to the half-filled orbitals of the Fe®* ion. As a result of
this excitation, the electron/hole part disappears, and
fluorescence quenching occurs [41]. This quenching is
apparently due to the affinity relationship of Fe* ions
with the functional groups of BNQDs.
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Figure 6. PL spectrum of PMMA-BNQDs nanocomposite
film for 100 uyM of different metal ions (a),normalized PL
spectrum of PMMA-BNQDs nanocomposite film for 100 yM
of different metal ions (b), selective fluorescence response
of PMMA-BNQDs film towards 100 pM of different metal
ions. F and F represent the fluorescence intensity of PMMA/
BNQDs film in the absence and presence of metal ions (c),
respectively
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The main reason for this affinity is that Fe** ions, which
have paramagnetic properties, compensate for the
electron deficiency on the surface of BNQDs. Due to
the paramagnetic property of Fe®*, it has high bonding
interaction with electron-rich -OH or -NH, groups on
the surface of BNQDs. These half-filled orbitals of the
Fe3* ion are very suitable for the transfer. The filling
of these empty holes by these electrons results in
the quenching of the fluorescence of the quantum
dots [42,43]. In order to determine the selectivity of
the obtained nanocomposite films, F/F  values were
calculated for each metal using the PL spectra obtained
in different metal ion solutions prepared at 100 yuM
concentration (Figure 6c). Zn?* did not show any
quenching effect. It can be seen clearly from Figure 6¢
that Ca?*, Mg?*, and Na* show a slight quenching effect
compared to Fe®'. It is observed that the obtained
PMMA-BNQDs nanocomposite sample has selectivity
towards Fe®*ion due to its high damping effect. For this
reason, different concentrations of Fe3* ions between
0-100 uM were prepared, and their absorbance and
PL spectra were recorded.

Figure 7a shows the UV-Vis spectrum of PMMA-
BNQDs nanocomposite film for different (0, 20, 45,
60, 80 and 100 puM) concentrations of Fe3* ion. When
nanocomposite films were immersed in Fe®*" solutions
of different concentrations, it was observed that their
absorbance values increased as the concentration
of the metal ion increased. The linear increase in
absorption intensity is related to the increase in
complex formation, which leads to an increase in
nanoparticle concentration. In general, this change
in absorption intensity can be associated with an
increase in particle size [44]. More importantly, it was
observed that when the composites were immersed
in Fe3* solution, the peak of around 280 nm belonging
to BNQDs disappeared, and the films showed a
peak of around 260 nm. The disappearance of this
peak compared to Figure 2a shows that the BNQDs
surfaces are modified with Fe®* ions and the films form
complexes with Fe** ions [45]. Figure 7b represents the
PL spectrum of PMMA-BNQDs nanocomposite film for
different concentrations of Fe®* ions. The fluorescence
intensity of the nanocomposite films decreased with
the increase in the concentration of Fe® ions. This
can be associated with the fact that as the amount of
Fe®* ions in the medium increases, the empty orbitals
of the Fe®* ions are filled by electron transfer by
quantum dots, thus increasing the damping demand
and quenching of the films [42]. Figure 7c includes the
relationship between F /F and Fe®* ion concentration
between 0-60 uM. While the calibration curve shows a
linear trend between 0-60 puM, this trend does not exist
between 0-100uM (Inset of Figure 7c). This shows
that the sensitivity of the composite film above 60 yM
is relatively low. For this reason, the LOD value and
standard deviation were calculated for the 0-60 yM
sensitivity level. The LOD value is the lowest value of
a quantitatively specified signal, such as concentration
and activity. In other words, it is known as the lowest
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Figure 7. UV-Vis spectrum of PMMA-BNQDs nanocomposite
film for different concentrations of Fe®* ion (a), PL spectrum
of PMMA-BNQDs nanocomposite film for different
concentrations of Fe* ion (b), Calibration curve to present
the relationship between fluorescence emission peak and
Fe* concentration between 0-60 uM where F and F are the
fluorescence intensities in the absence and presence of Fe®*
ions (c), inset: calibration curve to present the relationship
between fluorescence emission peak and Fe®** concentration
between 0-100 uM

amount of a matter that can be separated from the
failure of that matter and identified within a given
confidence interval [46]. According to the graph, the
change in Fe®*" ion concentration between 0-60 uM
showed a linear relationship, confirmed by the R? value
of 0.99634. In addition, the standard deviation value of
the linear curve is quite low (0.000150), which shows
that the data points are distributed closer to the mean,
the data set is not scattered, and small deviations are
present [47].
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This stable complex of Fe** with BNQDs confirms the
static fluorescence quenching relationship.

On the other hand, the limit of detection (LOD) was
calculated according to the following formula, where &
is the standard deviation [48]:

Lop = -2 (1)

slope

Using the data in Table 1, LOD was determined as 4.06
MM, lower than the Environmental Protection Agency
(EPA) guidelines for drinking water of 5.37 yM [49].

Lv et al. obtained films from PVA and sulfur quantum
dots thatdetected Fe**ions and found a limit of detection
value of 0.69 pM. The stabilization of the polymer used
here was quite effective. The fact that the sulfur quantum
dots did not agglomerate in the polymer caused them
to exhibit strong photoluminescence properties [28]. In
another study, Gogoi et al. showed that the hydrogels
they prepared using chitosan and carbon quantum
dots had a detection limit of 0.0005 uM in detecting
Fe®* ions [50]. Compared with the results found here,
the agglomeration and concentration of BNQDs in
some areas within PMMA negatively affected the
photoluminescence properties and LOD value. The
sensor sensitivity ranges of composite materials can
be improved by using different polymers. The results
obtained were guiding in terms of directing the use of
BNQDs in the detection of heavy metals in water by
forming films with different polymers.

Table 1. Calibration data of PMMA-BNQDs nanocomposite
film with Fe®*

Parameter Fe*
Regression equation F,/F=0.00432[uM]+0.99547
Slope 0.00432
Intercept 0.99547

R? 0.99634
Correlation coefficient (r) 0.99878

Linear range 0-60 uM

SD of intercept 0.00586

SD of slope 0.000150

LOD 4.06 yM

4. Conclusions

Herein, PMMA-BNQDs nanocomposite film was
successfully synthesized as a fluorescence test surface
to identify metal ions in water selectively. Various
characterization techniques have demonstrated the
morphological structure of nanocomposite films and
the chemical groups they contain. While FT-IR and
HR-TEM analysis proved the existence of BNQDs,
the structural analysis of the films was supported
by FT-IR, SEM, TEM, and AFM analyses. It was
determined that the obtained films showed selective

fluorescence quenching properties against Fe®*. The
fluorescence intensities of the films showed a linear
relationship between 0-60 uM and were calculated to
have a LOD value of 4.06 uM. This reveals that this
fluorescence sensing platform can selectively and
sensitively detect Fe*" ions in drinking water between
0-60 uM. Fluorescence quenching is apparently due to
the affinity relationship of Fe®" ions with the functional
groups of BNQDs. These groups attached to the
surface of BNQDs are electron-rich groups and show
high interaction due to the paramagnetic properties
of Fe3* ions. This study has guided the use of boron
nitride quantum dot-based polymer nanocomposite
films as fluorescence sensing platforms, and it also
offers an innovative and practical application approach
for the use of polymer-based composite structures in
the detection of metal ions.
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The polymers are widely used materials in various applications. Their flammability is a
concern when the material will be facing high temperatures and/or conditions resulting
in the incidence of ignition. The flame resistance of the polymers tends to be enhanced
by the utilization of inorganic materials as additives. Versatile inorganic materials can
be used for this purpose, e.g., ceramics (oxides, hydroxides, clays, etc.). The addition
of inorganic additives could alter the mechanical properties of the polymer-inorganic
composite structure, which should be considered during composite preparation as well.
In this study, two different nanoclays (up to 20/100 by weight) and boric acid (BA) were
added to ethyl vinyl acetate (EVA) to investigate possible enhancement in flame retardancy
of the polymer. The mechanical properties were also determined for the neat polymer and
polymer-inorganic composites to determine the effect of nanoclay and BA addition. The
prepared nanocomposites were evaluated in terms of their chemical structures (Fourier
transform infrared spectroscopy and X-Ray diffraction analysis), thermal characteristics
(thermogravimetric analysis), mechanical properties (tensile test), and flammability
behaviours. The NC 1.4 sample containing the highest amount of nanoclay had the longest
burning time and Young’s modulus. The NC 2.3 and NC 1.3-BA samples had relatively
higher stress-bearing capabilities. The addition of BA enhanced the stress-bearing capability
of NC 1 containing samples and it slightly increased the burning time for NC 2 containing
composites. The organic surface modifiers of nanoclays and BA addition were effective on
the thermal and mechanical characteristics of the nanoclay/EVA composites.were effective
on the thermal and mechanical characteristics of the nano-clay/EVA composites.

1. Introduction

Polymer

materials are widely used

The combustion process of the polymers should
be examined to determine the flammability of them

in various or their composites. The combustion occurs when

applications due to their distinctive qualities, such
as light weight, mechanical strength, viscoelasticity,
and chemical durability [1]. However, because of
their chemical composition and organic content, they
are flammable, which limits the areas of application
[2]. Research has been focused on developing
environmentally friendly techniques and materials
for preventing or retarding the ignition of fire in
recent years. The utilization of alternative materials
as flame retardant additives instead of halogenated
chemicals is preferred due to the environmental and
health concerns [3]. The inorganic/ceramic additives
(oxides like silicates, clays), hydroxides like (Mg(OH),)
are promising candidates which are environmentally
friendly options, but their effect on the mechanical
properties of the polymer composite should also be
considered. The high loadings of inorganic fillers are
adversely affect the mechanical properties of the
composite.

there is heat, oxygen, and combustible material [4].
The polymers release degradation products with
increasing temperature which are highly combustible.
The oxidation will initiate if there is enough heat for
ignition, and combustion would continue if the energy
released during the process is enough to proceed with
the combustion. There are several ways to prevent
the initiation and progress of combustion for polymers.
The diffusion of flammable disintegration components
from polymer and oxygen from air can be blocked by
barrier layer formation on polymer surface. The energy
released during combustion are used for some side
reactions (e.g., oxidation, phase transformation of
fillers) which will hamper the process of combustion.
The release of non-combustible gases (e.g., water
vapour) from additives can dilute the oxygen and
combustible gases which are stop combustion. The
free radicals are be trapped by additives to decrease
the rate of thermal degradation and consequently
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combustion. The most common flame retardants
can be classified as halogenated additives, metal
hydroxides, P, N and Si containing additives [5].
The halogen-containing additives are not healthy or
environmentally friendly, and their usage was banned
by Environmental Protection Agency (EPA) [6].
Current research efforts are concentrated on the other
healthier and environmentally friendly alternatives [3].
Different inorganic fillers like metal hydroxides and
silica-containing ceramics (e.g., clays) are promising
flame-retardant additives. The mechanical properties
of the composite materials prepared with inorganic
fillers would be another concern. The inorganic fillers
should be added at levels which wouldn’t adversely
affect the mechanical properties of the polymer.

Nanotechnology and nanomaterials may present
promising enhancements in many applications, since
the physicochemical properties of materials are superior
when they are in nanosize. The decreasing size and
increasing surface area make the nanomaterials more
reactive. The effects of atomic/molecular interactions
(e.g., interactions among charged groups like dipoles)
with neighbouring materials become more abundant in
the material characteristics. These new characteristics
of nanocomposites result in enhanced properties.
Possible enhancements can be observed for the
thermal and mechanical properties of the composites
with relatively lower filler content [7,8].

Nanoclays which are composed of alternating layers of
tetrahedral silicate (SiO,*) and octahedral aluminium
oxide-hydroxide ([AIO,(OH).],) are attracting the
attention of researchers for the preparation of polymer
nanocomposites [7]. They were reported to enhance
the nanocomposite properties in terms of mechanical
characteristics, ultraviolet (UV) resistance, and flame
retardancy more than macro/micro forms of clays [8].
These enhancements are consequences of the larger
surface area of nanoclay platelets interacting with the
polymer matrix. Increased interaction of nanoclay with
the polymer matrix decreases the necessary amount
of clay to possess the enriched property levels (e.g.,
flame retardancy, mechanical properties). These clay-
polymer nanocomposites can be used in different fields
like packaging, electronics, automotive, aerospace,
water treatment, construction, and biomedical
applications [9].

Montmorillonite (MMT) is a widely used plate-like (2D)
clay with a chemical formula of (Na,Ca),,,(Al,Mg),
Si,0,,(0OH),.nH,0O [7]. Its availability, high surface area
(up to 750 m?/g) and plate-like structure with a high
aspect ratio (100-500) are some of its advantageous
properties [10]. The negative charge of the alternating
layers of tetrahedral SiO, and octahedral AlO, are
compensated by the cations (e.g. Al*3, Mg?*) to have
charge neutrality [9]. It can act as a thermal barrier in the
polymer composite to prevent combustion and it tends
to improve the mechanical properties of the polymer
composite [5]. The mechanism of flame retardancy
of MMT-like nanoclays are expected to take place by

the formation of a barrier layer during the combustion
process with the contribution of non-flammable
nanoclay platelets and carbonaceous residues of
polymer oxidation (i.e., formation of an improved char
layer) [5]. The better dispersed the nanoclay platelets
in the polymer, the better barrier formation for oxygen
and combustible gases diffusion and consequently
better flame retardancy. The nano form of clays can
be loaded in lower ratios than micro/macro forms to
provide flame retardancy (e.g. 5-15 % instead of
50%), potentially preserving or even improving the
mechanical characteristics of the polymer [2]. The
plate-like structure with a high surface area and
aspect ratio of MMT also makes it a good candidate
to increase the mechanical properties of the nanoclay
polymer composites since it increases the possibility
of stress transfer from the polymer matrix [10]. The
Young’s modulus values for MMT were reported as 51
GPa (via extrapolation using epoxy/clay data) and 14
GPa (via extrapolation using acoustic data) [8].

The nanoclay polymer composites can be prepared
by different methods like the solvent solution method,
melt mixing and in situ polymerization [11], and sol-
gel technique [8]. In the solvent solution method,
the polymer is dissolved in the proper solvent, and
nanoclay is dispersed. The nanoclay platelets swell
in the solvent, and polymer with solvent penetrates
among the layers forming the nanoclay [8]. The
penetration of polymer-solvent among the layers
happens at different levels; the ultimate penetration
results in total separation of the layers (Figure 1).

Polymer

)+t

Nano-clay

Aggregated

Intercalated

Figure 1. Nano-clay morphologies in polymer blends

The level of penetration can be affected by many
parameters like interactions in the polymer/nanoclay/
solvent system (e.g., type and ratios of clay, polymer,
and solvent). The polymer/nanoclay surface
characteristics (e.g,. polarity) in the presence of solvent
could be determining on the separation of layers of
nanoclay and penetration of polymer among them.
The microstructure and properties of the composite
after evaporation of the solvent are a result of these
interactions among the polymer, nanoclay and the
solvent. The surface of the nanoclay can be modified
to enhance its compatibility with the polymer.
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The organic chains added to the nanoclay surface
change its surface polarity and tend to increase
its affinity to the polymer chains. These surface
modifications are aiming for better compatibility
between the nanoclay and the polymer to suspend
the nanoclay more efficiently to end up with a more
homogeneous structure after solvent evaporation
[9]. The aggregated clay particles become either
intercalated (polymer penetrates in between the layers)
or exfoliated (the layers are mostly separated from
each other with the excess penetration of polymer) in
the nanoclay/polymer suspension, resulting in more
homogeneous suspension of nanoclay the parameters
are optimized (Figure 1) [9]. The local aggregations
of nanoclay result in a non-homogeneous composite
structure with possibly worse mechanical properties
and vice versa. Other properties of the nanocomposite
can be affected by the distribution of nanoclay within
the polymer matrix as well.

Ethylene vinyl acetate (EVA) copolymer is widely used
in many sectors, including the wire and cable sector
[11]. It possesses advantageous physicochemical
characteristics and ease of compounding different
additives or polymers (e.g., even with hydrophilic
polymers like polylactic acid (PLA) with some
fillers) [12]. The relatively low tensile strength and
thermal stability of EVA copolymers could potentially
considered disadvantageous [11]. The varying vinyl
acetate (VA) content (e.g., 10-40%) has an influence
on the properties of the EVA copolymer [10]. EVA
copolymers with varying VA content are reported
to cover the largest market share of the ethylene
copolymers [13]. The VA content in EVA was reported
to be effective on its physicochemical properties (e.g.,
crystallinity [13], polarity, and elastic characteristics
[14]). The increased VA content in the copolymer (EVA)
results in higher polarity but lower crystallinity, which
can affect the mechanical behaviour of the polymer
(or its composites) [15]. Also, the increasing polarity
with a high VA content in the polymer was reported
to improve its interaction with the clay which enhance
the mechanical properties (e.g., Young’s modulus,
yield strength) of the EVA/nanoclay composite [15].
Moreover, inorganic fillers (e.g., clays, layered double
hydroxides (LDHs)) can be used to enhance the flame
retardancy of EVA copolymers [11]. The EVA and
nanoclay combination has numerous industrial uses,
including packaging films, adhesives and cables [16].

Boron compounds (e.g., boric acid (BA) (H,BO,)
[17]) have significant potential as flame retardant
ingredients in polymer-based products because of
their low toxicity, chemical structure, and variety of
flame retardant mechanisms [18]. They can act as
flame retardants and smoke suppressors [19]. They
are environmentally friendly and present synergistic
effects with other flame retardant additives [18].
Therefore, they can be used in polymer composites
either separately or with other additives [17]. Their
utilization (e.g., boric acid and boron oxide) in textile
materials as flame retardant additives was also

reported [20]. BA was reported to degrade in 2 steps:
first it was dehydrated forming meta boric acid (HBO,)
and then again dehydrated to form boron oxide (B,0O,)
resulting in 56% of mass left as char [21]. It was noted
to act as a cross-linking agent hindering the oxidation
of polymer during decomposition and preventing
dripping (keeping the burnt material intact) [22].
Besides, the high char residue acts as a barrier and
consequently hamper the combustion process [23].
BA was reported to increase the char yield and even
stop afterglow when used >10% in cellulose-based
films [18]. The beneficial effect of BA addition (2%) on
bending strength of polymer composites prepared by
using paper mill sludge (PMS) was reported [24].

Even though EVA copolymer is one of the most
important copolymers which are used in various
applications in different industries thanks to superior
and adjustable physicochemical properties (e.g.,
by adjusting VA content), the studies about EVA
copolymer and increasing its flame retardancy are
limited in the literature. The studies about enhancing
flame retardancy of polymers are not investigating the
effects of flame retardant additives on the mechanical
characteristics of the composite, in general. The
boron-containing compounds are drawing attention
as additives to be used in polymer composites for
enhanced flame retardancy. In the current study, EVA/
nanoclay composites were prepared by using two
different organo-modified nanoclays (montmorillonite-
MMT) by using the solvent solution method. The effects
of clay type/content and presence/absence of boric
acid (BA) on the flame retardancy and mechanical
properties of the composites were investigated. The
current study is expected to supply data for possible
use of nanoclays and BA in the enhancement of the
flame retardancy of EVA copolymer while considering
the mechanical characteristics of the composite as
well.

2. Materials and Methods
2.1. Materials

EVA (containing 26 wt. % of VA) was kindly supplied
by HES Cable Company (Kayseri, Tlrkiye). Surface-
modified nanoclays were products of Sigma-Aldrich
Co., Ltd. (USA). The nanoclay with the code 682632
contains 15-35 wt.% octadecylamine (Figure 2a),

16 NHz

(b)
Figure 2. Chemical structure of a) octadecylamine and b)
dimethyl dialkyl (C14-C18) amine
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0.5-5 wt.% aminopropyltriethoxysilane, and the
nanoclay with the code 682624 contains 35-45 wt.%
dimethyl dialkyl (C14-C18) amine (Figure 2b). The
boric acid used in the study was a product of Amresco
Co. Ltd. (USA) Other chemicals and solvents were
products of Merck Co. (Germany). All materials were
used in their original form.

2.2. Preparation of EVA/NC and the EVA/NC/BA
Nanocompositess

35 ml of chloroform were added to 3.5 g of ethyl vinyl
acetate (EVA) polymer in the capped glass jar. The
polymer was dissolved in chloroform using a heated
magnetic stirrer (T . 40-50 °C) keeping it stirred
overnight. To avoid flocculation, the additives in powder
form were added gradually. The amounts of additives
are given in Table 1. NC 1 and NC 2 are nanoclays
with codes 682632 and 682624, respectively. The
samples prepared with BA addition were coded with
-BA extension.

Table 1. Samples and their contents

. Polymer /
Sample Pol()g;mr Cr‘ll:;?g) AE;:’"((;) Nanc)B-ﬁlayl
Control 3.5 0 0 100/0/0
NC 1.1 3.5 0.035 0 100/1/0
NC 1.2 3.5 0.07 0 100/2/0
NC1.3 3.5 0.35 0 100/10/0
NC 1.4 3.5 0.7 0 100/20/0
NC 2.3 3.5 0.35 0 100/10/0
NC 1.3-BA 3.5 0.35 0.0175 100/10/0.5
NC 2.3-BA 3.5 0.35 0.0175 100/10/0.5

The mixtures were promptly put into glass petri dishes
after being mixed and homogenized, where they
were dried in the hood. The dried films were sliced
into strips of 1-1.25 cm width and 10-12.5 cm length
for the mechanical (tension) test and burning test,
respectively. The remaining parts were used for further
characterization.

2.3.Characterization of the EVA/NC and the EVA/
NC/BA Nanocomposites.

2.3.1.  Fourier
spectroscopy

transform  infrared  (FTIR)

FTIR technique was used to characterize the chemical
structure of the prepared nanocomposite materials
(Thermo Scientific Nicolet 6700). The ATR crystal
module was used in the analysis.

2.3.2. Thermal analysis (TGA)

The thermal behaviour of the samples with or without
the additives (nanoclay/BA) was determined by using
a multipurpose thermal analysis instrument (Perkin
Elmer, STA 8000, USA). The analysis was performed

under nitrogen flow (20 mL/min.) in the temperature
range of 30-800 °C with an increment rate of 10°C/
minute.

2.3.3. X-Ray diffraction (XRD) analysis

The crystallinity of the samples was analysed by using
X-ray diffraction analysis (Bruker D8 Discover, USA)
(26: 0° to 50°, Cu Ka radiation (a = 0.15406 nm)).

2.3.4. Mechanical properties

According to ASTM D882 standard for thin plastic
specimens, the tensile properties were assessed on
specimens cut out from dried composite sheets (100
mm x 10 mm, thin films) using SHIMADZU AG-X 50
kKN universal testing equipment (Japan). The strain
rate and load cell capacity were 15 mm x s and 50
kN, respectively.

2.3.5. Flammability tests

Flammability tests in vertical configuration for thin
material were performed via samples prepared with
respect to the UL-94 VTM standard. The samples were
exposed to flame for 3 seconds, and combustion times
including the ignition time were recorded (Figure 3).

Figuré 3. FIammaBiIity test

3. Results and Discussion
3.1. FTIR Spectroscopy

FTIR spectroscopy is the measurement technique for
the identification of organic and inorganic materials
by scanning samples and collecting infrared spectra
[25]. The purpose of using FTIR was to identify
compounds/bonding by investigating the IR absorption/
transmission spectrum with the presence/absence of
peaks on the IR plot. The comparison of the IR spectra
enables determining the resemblance/difference of
the bonding and possible impurities in the material.
The FTIR spectra of the samples are shown in Figure
4. The spectra of neat EVA (control) and all other
samples with varying ratios of different additives are
almost similar, indicating the additives are physically
blended but didn’t form new bonds with the EVA matrix.
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The only exceptional IR absorption peak was for
sample NC 1.3 at 1590.77 cm™" (Figure 4), which may
be attributed to the increased additive (NC 1) content
which has considerable organic surface modifier (15-
35 wt.% (Figure 2a)). FTIR bands between 3250-3400
cm-1 and 1580-1650 cm™ were reported to be related
with the NH stretching and bending, respectively [26].
The broadening and decreasing intensity for the NH
stretching band was claimed to be an indicator of
hydrogen bonding formation between the organic
modifier octadecylamine and the nanoparticles [27].
The molecular formula of EVAis (C,H,) (C,H,O,) . The
structure of EVA appears to have ketone, alkene and
alcohol functional groups. The peaks at wavenumbers
of 1236 and 2916 cm™ was attributed to vibrations of
C=0 (1240 cm™) and aliphatic CH, group (2920 cm),
respectively [28]. The peak at 1733 cm™' (1735 cm-1 for
the current study) was attributed to C=0 vibration [29]
while peaks at 1240 cm™ (1236-7 cm for the current
study) and 1019 cm" were related with C-O stretching
due to the presence of polar VA groups in the EVA
[30]. C-H asymmetric and symmetric stretching and
bending were attributed to the peaks 2914 cm™ (2916
cm for the current study), 2816 cm™ (2849 cm-* for
the current study) and 1469 cm' (1464-7 cm-' for the
current study) [30]. The peaks at 1365 cm™ (1371
cm™ for the current study) and 717 cm™ (719 cm™' for
the current study) were related to -CH, symmetric
vibration and C-H rocking vibration, respectively [30].
Bartolomei et al. also reported the inorganic nano-filler
addition did not change the FTIR spectra which is in
accordance with the results of the current study [30].
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Figure 4. The FTIR spectra of neat EVA (control) and EVA
with additives

3.2. X-Ray Diffraction (XRD) Analysis

The X-ray diffractograms of the neat EVA and the
samples with additives are shown in Figure 5. Neat
EVA has a peak at a 20 value of 21° and there is a
shouldering peak at around 23°, which were attributed
to (110) and (200) planes, respectively [13, 30]. The
peak intensities of these peaks were decreasing
with the addition of nanoclays (especially for NC 1
addition) which can be indicating a possible decrease
in the crystallinity of EVA. The crystallinity of the EVA

copolymers with 24 and 28 wt. % VA was reported
to be 19% and 13%, respectively [13]. The neat EVA
copolymer used in this study with 26 wt. % VA content
may have a crystallinity among these values, since
the crystallinity of EVA was reported to decrease
with increasing VA (vinyl acetate) content [13]. It was
mentioned that the crystallinity of the melt-blended EVA
(9, 18 or 28% VA) with surface modified MMT (Cloisite
15 Aor 30 B) was decreasing with increasing nanoclay
content (0, 2.5, 5 or 7.5 %) (and with the increasing
VA%) [15]. There are no other characteristic peaks for
NC 1 added samples, indicating the nanoclay is well-
exfoliated in the polymer matrix. It was mentioned the
characteristic peaks of nanoclay were absent when it
is totally intercalated/exfoliated in the composite [31].
There is a peak at a 26 value of 6.9° for the NC 2
added samples with relatively lower intensity which
may be attributed to the presence of agglomerated
or intercalated nanoclay/polymer morphology in the
polymer matrix (i.e., the nanoclay NC 2 was not totally
exfoliated) (Figure 5). The peaks for the (001) plane for
montmorillonites (MMTs) were reported with 26 values
of 7.4° and 5.6° for Na- and Ca-MMT which were in
accordance with the 26 value in the current study [32].
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Figure 5. The XRD analysis di?fractograms of neat EVA and
nano-clay and/or BA added samples
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neat EVA

3.3. Thermal Analysis (TGA/D-TGA)

Thermal behaviour of the neat EVA and the selected
composites prepared by adding nanoclay 1 and
2 (NC 1 and NC 2) and/or BA were investigated
via a multipurpose thermal analyser. TGA
(thermogravimetric analysis) was also performed for
the organically surface modified neat nanoclay (NC 1
and NC 2) samples.

The TGA (thermogravimetric analysis) results are
shown in Figure 6a (for the temperature range of 30-
800 °C) and in Figure 6b (for the temperature range
of 200-550 °C). The onset and offset temperatures
of the neat EVA (control) and EVA with additives are
tabulated in Table 2 and Figure 6c¢.
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Table 2. The onset, offset temperature values, % weight loss values between onset temperatures and residual weight (%)
from TGA for the control (neat EVA) and the EVA composites with different additives

Sample = onsetT1 A1 (mass%) onsetT1a Ala(mass%) onsetT2 A2 (mass%) offset T (::'sds‘:/‘:)
Control
(neat EVA) 326.07 25.238 448.69 73.596 525.53 1.801
NC 1.3 280.29 7.465 334.75 13.159 454 .41 69.538 533.24 9.669
NC 1.4 280.83 13.676 359.96 7.025 448.00 64.994 506.86 156.537
NC 2.3 314.40 20.175 441.38 72.514 494 .68 8.223
NC 1.3-BA 280.43 8.235 334.02 13.45 457.92 71.605 513.95 9.298
NC 2.3-BA 319.76 20.104 443.42 72.299 495.78 8.135
. (a) 10
Table 3. The 5%, 10% and 50% weight loss temperature o control
values from TGA for the control (neat EVA) and the EVA * e
composites with different additives 80 RS
Sample  T(-5%) T (-10%) T (-50%) 70 oo
$ 60
&‘;’:‘;‘E'VA) 3332 3469 4593 e
NC 1.3 2037 3299 4685 :
NC 1.4 293.1 305.6 461.3 20
NC23 3255 3389 457 .
NC 1.3-BA 294.3 323.5 468.7 S | G
NC 2.3-BA 347.3 363.6 458 0
0 100 200 300 400 500 600 700 800

The temperature values for 5%, 10% and 50% weight
loss are shown in Table 3 and illustrated in Figure 6c¢.
The TGA graphs for the nanoclays NC 1 and NC 2 are
shown in Figure 7.

The neat EVA (control) has 2 main steps of weight
loss as was reported in the literature [13, 33]. The first
was attributed to the deacetylation (removal of acetate
groups from the backbone) and the second was related
to the chain scission of the polymer backbone taking
place at relatively higher temperatures [13, 21, 29]. It
was the case for the TGA analysis of the neat EVA
(control) (Figures 6a and 6b). The onset temperature
for the first step (onset T1) was 326.07°C ended and
after 25.2% weight loss. The second step initiated at
(onset T2) 448.69°C and the weight loss was 73.6%
(Table 2). Diez et al. performed TGA for EVA samples
with varying acetic acid content (12.5-33% (w/w)) and
showed the correlation of the weight loss at the first
step with the acetic acid content of the EVA copolymer
[13]. Luna et al. mentioned the first weight loss step
was between 330-390 °C, and the second step was
above 430°C for the neat EVA, which is in accordance
with the current data [29].

3.3.1. Effect of nanoclay addition on thermal
stability

The thermal degradation profile of EVA was
considerably changed, especially with the addition of
NC 1 (Figures 6a and b). Interestingly, the addition of
both nanoclays resulted in thermal instability for the
EVA composites. The first onset temperature (onset
T1) for the EVA/nanoclay composites were lower than
the value for the neat EVA (326.07°C) (Table 2, Figure
6¢).
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Figure 6. a. TGA graphs for the samples neat EVA (control),
NC1.3, NC 1.4, NC 2.3, NC 1.3-BA and NC 2.3-BA (30-
800°C), b. TGA graphs for the samples neat EVA (control),
NC1.3, NC 1.4, NC 2.3, NC 1.3-BA and NC 2.3-BA (200-
550°C), c. The onset, offset, 5, 10 and 50% weight loss
temperature values from TGA for the neat EVA and the EVA
composites with different additives
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The organic surface modifiers of the nanoclays
may be the reason for the initiation of the thermal
degradation at relatively lower temperatures. The TGA
results for the neat nanoclay samples (NC 1 and NC
2) also showed that the thermal degradation initiated
at relatively lower temperatures (Figure 7).
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Figure 7. The TGA results for the neat nano-clays (NC 1
and NC 2)

TGA result for NC 1 showed that it was gaining some
weight at relatively lower temperatures indicating
a probable nitrogen adsorption/binding (Figure 7)
followed by weight loss with increasing temperature.
The onset temperatures were 264°C and 269°C for
NC 1 and NC 2, respectively. The effect of thermal
instability was more severe for the EVA/nanoclay
samples with NC 1, which were with exfoliated
morphology. The homogeneously distributed nanoclay
platelets in the exfoliated morphology of the EVA/NC
1 composites let the organic surface modifier on the
nanoclay surface more exposed to surface reactions
which resulted in thermal degradation at relatively
lower temperatures. The thermal degradation took
place in 3 main steps (i.e., there was one additional
step at relatively lower temperatures compared
to neat EVA degradation) (Figures 6a and b). The
weight loss at lower temperatures was increasing with
increasing NC 1 content. NC 1.4 (nanoclay/polymer:
20/100) lost more weight (%) than NC 1.3 (and NC
1.3-BA) (nanoclay/polymer: 20/100) at these lower
temperatures showing the effect of nanoclay (i.e.
organic surface modifier) ratio (Figures 6a and b).

The onset temperature for the second step of
degradation (onset T1a) was higher for NC 1.3
(334.75°C) than neat EVA (326.07°C) (Table 2). The
weight loss at this step was relatively lower for NC
1.3 (13%) compared to the neat EVA (25%). The
total weight losses at steps 1 and 2 were 7.5 and
13% (21.5 5 in total) for NC 1.3, and this was lower
than the weight loss of neat EVA in that temperature
range (25%)(Table 2). This may indicate the mass loss
was hampered with the addition of NC 1 during TGA.
The increasing amount of NC 1 resulted in an even
a higher onset T1a which was 359.96°C for NC 1.4.

The weight loss ratios for the first and second step
were 13.7% and 7% for the sample NC 1.4 (20.7% in
total), indicating the higher NC 1 content (i.e., higher
organic surface modifier) resulted in higher weight
loss at lower temperatures compared to NC 1.3. The
total mass loss was slightly lower for NC 1.4 (20.7%)
than NC 1.3 (21.5%) which may indicate an increasing
resistance against mass transfer with increasing NC 1
content in the EVA/nanoclay composite.

The onset T2 for NC 1.4 was (448°C) almost similar
to the value for the neat EVA (448.7°C), while it
was slightly higher for NC 1.3 (454.4°C) (Table 2).
The weight loss (%) values for this step of thermal
degradation were decreasing with NC 1 addition. The
neat EVA sample lost 73.6% of its weight, while NC
1.3 lost 69.5% and NC 1.4 (with higher NC 1 content)
lost 65% of its weight at this step (Table 2). The offset
T value was the highest for NC 1.3 (533.2°C) among
all samples. It was 506.9°C for NC 1.4 and 525.5°C for
the neat EVA (Table 2). The residual weight was 1.8%
for the neat EVA, while it was 9.7% and 15.5% for NC
1.3 and NC 1.4, respectively, showing the residual
mass increased with increasing nanoclay addition to
EVA/NC 1 composites.

The NC 2.3 sample had 2-step thermal degradation
like EVA, which may be attributed to its morphology
(intercalated or partially aggregated). The onset
temperatures (onset T1a and T2) were lower for
NC 2.3 than the neat EVA, indicating NC 2 resulted
in some thermal instability for EVA composites. The
weight loss(%) ratios were lower for NC 2.3 compared
to the neat EVA, indicating the resistance against
mass loss was increased by NC 2 addition. The weight
loss (%) was even lower for NC 1.3 (69.5%) (with a
similar EVA/nanoclay ratio) than NC 2.3 72.5%) (Table
2). That lower weight loss value may be attributed
to higher mass transfer resistance by NC 1.3 which
was with exfoliated morphology (i.e. well-separated,
more homogeneously distributed platelets in the EVA/
nanoclay composite).

The temperatures for certain mass loss ratios (e.g.,
5% or 10%) are also used to monitor the thermal
characteristics of the composites [23, 29]. The
temperatures at which there was a mass loss of 5,
10 and 50% are tabulated in Table 3 and illustrated in
Figure 6c¢.

The samples with NC 1 were with the lowest T (-5%)
and T (-10%) values which were considerably lower
than the values for the control (the neat EVA: T (-5%):
333.2°C and T (-10%): 346.9°C), which may be
attributed to the thermal instability due to the organic
surface modifier on NC 1. Yao et al. reported a T (-5%)
value for the neat EVA (14% VA) of 349.6°C, which
was higher than the value determined in the current
study [23]. That higher value may be attributed to the
lower acetate content of the copolymer (14 vs. 26%).
Luna et al. reported a T (-10%) value of 337.7°C for the
neat EVA (28% VA) which was slightly lower than the
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current result, and it may be attributed to the different
(higher) acetate content (28 vs. 26%) [29]. Nyambo
et al. reported a T (-10%) value of 351°C, which was
slightly higher than the value in the current study [21].
The EVA they used had a lower acetate content (18%)
which may explain the higher T (-10%) value [21].
Sample with NC 2 (NC 2.3) had T (-5%) and T (-10%)
values relatively closer to the values of the control
(Table 3, Figure 6¢).

Ryu et al. also observed different TGA curves for
MMT-EVA composites which were prepared either
with MMT without surface modification or surface-
modified using different organics, which was the case
observed in the current study for 2 different nanoclays
(NC1 and 2) with different surface modifications [11].
Ryu et al. used the T (-50%) for comparing the thermal
stability of the EVA composites prepared by different
inorganic fillers which were either surface modified or
not [11]. They reported a T (-50%) value of 432°C for
the neat EVA (28% VA) which was lower than the value
in the current study (459°C). The difference may be
attributed to TGA parameters and VA %. They reported
surface-modified montmorillonite (MMT) added to EVA
at a ratio of 6% (among the samples 1-12%) resulted
in the highest T (-50%) (AT=28°C, higher than T
(-50%) value of the neat EVA) and claimed to be the
best sample in terms of thermal durability [11]. In the
current study, the T (-50%) values were slightly lower
than the value of the neat EVA for NC 2.3 while it was
higher for NC 1.3 (AT = 9°C), which may be indicating
the NC 1.3 had a higher mass transfer resistance
hampering the thermal degradation (i.e. weight loss).

3.3.2. Effect of BA addition on thermal stability

BA addition to the samples with NC 1 did not affect
the thermal degradation behaviour of the samples
drastically, considering the TGA results. The TGA
profiles of samples NC 1.3 and NC 1.3-BA coincide
with each other considerably (Figures 6a and 6b). The
onset temperatures T1 and T1a were almost similar,
while onset T2 was slightly higher for NC 1.3-BA,
and offset T was slightly higher for NC 1.3 (Table 2).
Weight loss(%) values were also comparable for the
3 weight loss steps for NC 1.3 and NC 1.3-BA, which
were slightly higher for NC 1.3-BA, and the mass
residue(%) was slightly higher for NC 1.3, indicating
the BA addition slightly decreased the resistance to
mass transfer during thermal decomposition.

The thermal degradation behaviour of NC 2.3 and
NC 2.3-BA was almost similar considering the TGA
profiles for these samples (Figures 6a and 6b). The
thermal degradation occurred in 2 main steps, like
neat EVA (i.e., the step at relatively lower temperatures
observed for the samples with NC 1 was not observed
for the samples with NC 2). The onset temperatures
(T1a and T2) were slightly higher for NC 2.3-BA (Table
2), which may indicate BA addition slightly increased
thermal durability. The weight losses(%), offset T and
residual weight (%) values were comparable for NC

2.3 and NC 2.3-BA (Table 2). Nyambo et al. reported
a residue % of 6 for the EVA-BA (10%) sample and of
1% for the neat EVA after reaching 800°C, which were
comparable with the current results [21].

The T (-5%) value of the sample NC 1.3 (293.7°C) was
close to the value of sample NC 1.3-BA (294.3°C),
while T (-10%) values were different for these samples
with NC 1. It was 305.6°C for the sample NC 1.3 and
was higher for the sample NC 1.3-BA (323.5°C), which
may indicate the effect of BA in the suppression of
thermal decomposition at relatively lower temperatures
(Table 3 and Figure 6¢). The T (-5%) value for the
sample NC 2.3 was 325.5°C and it was 329.5°C for
the sample NC 2.3-BA, showing the possible effect of
BAin suppressing the thermal degradation at relatively
lower temperatures. T (-10%) values for NC 2.3 and NC
2.3-BAwere 338.9°C and 363.6°C, respectively. The T
(-10%) value of the control sample (the neat EVA) was
in between these values (346.9°C). the presence of BA
in composites with NC 2 may be hindering the weight
loss with increasing temperature (at relatively lower
temperatures). Nyambo et al. reported T (-10%) value
for the neat EVA as 351°C, which was comparable
with the current result (347°C) [21]. They reported
10% BA addition resulted in thermal instability for
EVA-BA composite at relatively lower temperatures
(100-350°C), which was attributed to degradation of
boric acid to form water and B,O,, resulting in a 4°C
increase in T (-10%) value compared to neat EVA [21].
In the current study, NC 2.3-BA also had a higher T
(-10%) value (343°C) than NC 2.3 (339°C) where AT
was also 4°C, but the BAamount (used with NC 2) was
relatively lower.

The BA addition (with NC 2) did not affect the thermal
decomposition temperature (T (-50%)) of the EVA/
nanoclay composite considerably. The T (-50%)
values were comparable for the neat EVA and for both
NC 2 containing samples with and without BA addition
(Table 2 and Figure 6c¢).

3.3.3. Derivative TGA (D-TGA) results

The D-TGA (derivative weight loss %, i.e., weight loss
per time (%/min)) graphs are shown in Figure 8a. The
peak temperatures at which the weight loss(%) with
increasing temperature in time was maximized can be
seen in Table 4 (and in Figure 8b). There were 2 peak
temperatures (peak T1a and peak T2) for the control
(neat EVA) and samples with NC 2 (with 35-45 wt.%
dimethyl dialkyl (C14-C18) amine (Figure 2b) as an
organic surface modifier) and 3 peak temperatures
(peak T1, peak T1a and peak T2) for samples with NC
1 (with 15-35 wt.% octadecylamine, Figure 2a).

The first peak temperature (peak T1a) values were
351.19, 336.59, and 340.95°C for the control (neat
EVA), NC 2.3, and NC 2.3-BA samples, respectively.
The peak temperature values (Peak T1a) for the
samples with NC 2 were lower than the value for the
control sample. The second peak temperature (peak
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Figure 8. a. The TGA results for the neat nano-clays (NC
1 and NC 2), b. The peak temperature values for D-TGA
graphs for the control (neat EVA) and the EVA composites
with different additives

T2) values were 472.26, 473.92, and 476.59°C for the
control (neat EVA), NC 2.3, and NC 2.3-BA samples,
respectively. The peak T2 values for the samples with
NC 2 were slightly higher than the value for the control
sample. Nyambo et al. reported a peak T value for the
second step of neat EVA (VA 18%) thermo-degradation
as 456°C [21], which was lower than the value for the
copolymer (EVA, 26%) in the current study. The peak
T value for a lower acetate content was expected to
be a higher value, but it was lower, probably because
of TGA parameters (e.g., the heating rate was higher:
20 [21] vs. 10°C/min for the current study). Yao et al.
reported the peak temperature for the second step of
neat EVA degradation as 474.7°C, which was slightly
higher than the value reported 472.3°C in the current
study [23]. The difference may be attributed to the lower
acetate content in the study by Yao et al. [23]. Osman
et al. reported the peak temperature values of the first

Table 4. The peak temperature values for D-TGA graphs for
the control (neat EVA) and the EVA composites with different
additives (na: not available)

Sample D-TGA D-TGA D-TGA

Peak T1 Peak T1a Peak T2
g\‘;’:t’g'v A) na 351.19 472.26
NC 1.3 285.27 351.98 480.29
NC 1.4 291.58 342.66 476.82
NC 2.3 na 336.59 473.92
NC1.3-BA  289.47 342.39 478.99
NC 2.3-BA na 340.95 476.59

step (deacetylation) as 350, 346 and 348°C for neat
EVA (18% VA), EVA with 5% MMT, and EVA with 5%
pretreated MMT, respectively [33]. The peak T values
for MMT-added samples (composites) were lower than
the neat EVA (as was in the current study) which was
attributed to the catalytic effect of degradation products
(of the surface modifier) [33]. For the second step of
the degradation compared to neat EVA (449°C) higher
peak temperatures were reported by Osman et al. for
the samples with 5% MMT addition [33]. The pretreated
MMT was reported to increase the peak temperature
more (495°C) than the untreated MMT (470°C) [33].
They attributed the better exfoliation of pretreated
nanoclay in the composite resulted in higher thermal
durability (i.e., increased the second step peak T) [33].
The peak T for the second step of degradation (peak
T2) for EVA/nanoclay composites was also higher than
the value for the neat EVA in the current study, but the
differences were smaller (only 2°C for NC 2.3), which
may be attributed to scissoring (defragmentation) of
the polymer backbone being slightly hampered in the
presence of nanoclay (NC 2) addition.

The BA addition decreased the peak temperature
value at relatively lower temperature (peak T1a) and
slightly increased the peak temperature at relatively
higher temperature (peak T2) for the samples with
NC 2 compared to the control sample. The first peak
temperature (peak T1a) may be related to the removal
of acetate groups from the polymer matrix which
took place at relatively lower temperatures with the
presence of NC 2. It was suggested that the unknown
acetic acid content of a copolymer (EVA) could be
determined by using D-TGA data, mentioning the
correlation between the intensity of the D-TGA value
for the first peak (at relatively lower temperature) and
the acetic acid content in the EVA copolymers [13]. The
peak temperature (peak T1a) for the sample with BA
was slightly higher than the value for the sample only
with NC 2. The peak temperature value at relatively
higher temperature (peak T2) was also slightly higher
for NC 2.3-BA compared to NC 2.3. Yao et al. also
reported a slight increase in the peak temperature
(Tmax2, peak T2 in the current study) with the addition
of BA in the presence of some other additives [23].

There were 3 peak temperatures for the samples
prepared via NC 1 (with 15-35 wt.% octadecylamine
(Figure 2a), 0.5-5 wt.% aminopropyltriethoxysilane
as an organic surface modifier). The additional peak
temperature (peak T1) values were 285.27, 291.58,
and 289.47°C for the samples NC 1.3, NC 1.4, and
NC 1.3-BA, respectively (Table 4). This additional
peak may be related to the relatively less thermostable
character of the surface modifier used for NC 1 and
the exfoliated morphology of the EVA/NC 1 composite.
The peak T1 value was slightly higher for the sample
with higher nanoclay addition (NC 1.4), which may
be attributed to the possible additional mass transfer
resistance with increased nano clay content. The peak
T1a for NC 1.3 was slightly higher than neat EVA
(Table 4). Increasing the NC 1 content decreased the
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peak T1a from 351.19°C to 342.66°C for NC 1.3 and
NC 1.4, respectively, which may be attributed to the
increasing organic modifier content with the increase
in the NC 1 content. The peak T1a values were 351.98
and 342.39°C for NC 1.3 and NC 1.3-BA (Table 4). BA
addition to EVA/NC 2 composite decreased the peak
T1a, indicating a possible catalytic effect of BA in VA
group removal from the EVA copolymer. The nanoclay
addition at higher content (NC 1.4 with EVA/nanoclay:
100/20) and BA addition resulted in decreasing thermal
stability at the relatively lower temperatures (i.e., the
removal of acetate groups was happening at relatively
lower temperatures). The peak T2 values for NC1 and
BA-added samples were all higher than the peak T2
of the neat EVA (Table 4). The value increased from
472.26°C to 480.29°C for NC 1.3 (the highest among
NC 1 containing samples). The increasing nanoclay
contentresulted in a relatively lower peak T2 (476.82°C
for NC 1.4) which was still higher than the value for the
neat EVA. BA addition to EVA/NC 1 composite resulted
in peak T2 value of 478.99°C (NC 1.3-BA), which was
lower than peak T2 for NC 1.3 (480.29°C), but was
still higher than the value for the neat EVA (472.26°C).
The NC 1.3 having the highest peak T2 indicates that
certain EVA/NC 1 ratio may supply better thermal
stability for the defragmentation (scissoring) of main
backbone of EVA copolymer and BA addition (NC 1.3-
BA) may have some adverse effect on the copolymer’s
thermostability at this step of thermal degradation.

3.4. Mechanical Properties
3.4.1. Effect of nano-clay content

The effect of nanoclay content in the EVA/nanoclay
composites on the mechanical properties of the
composites was determined by performing tensile
tests using EVA/NC 1 samples. The stress-strain
graphs for the neat EVA and EVA with varying NC 1
ratios are shown in Figure 9. The addition of NC 1 at a
lower ratio (NC 1.1, nanoclay/polymer: 1/100) worsens
the mechanical durability of the composite under
stress when compared to the control sample (neat
EVA), while a higher amount of NC 1 addition (NC
1.2, nanoclay/polymer: 2/100) resulted in a composite
with comparable stress-bearing capability with the
control. Further increase in NC 1 content enhanced
the mechanical durability. NC 1.3 (nanoclay/polymer:
10/100) and NC 1.4 (nanoclay/polymer: 20/100) had
higher stress-bearing capacity compared to neat
EVA and EVA with relatively lower nano-filler content
(Figure 9). It was reported that the increasing inorganic
filler content (1-12%) enhanced the stress-bearing
characteristics of the EVA composites prepared with
different inorganic fillers including montmorillonite
(MMT) [11]. It was. also mentioned the decreasing
mechanical strength when a small quantity of nanoclay
(e.g., 1%) was used, and they attributed this to the
dominance of the debonding phenomenon at lower
nanoclay concentrations [12]. The results were in
accordance with the former studies. The maximum
sample elongation was higher for the neat EVA
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Figure 9. The stress-strain curves for neat EVA (control) and
EVA with varying nano-clay (NC 1) content

(control), indicating the nanoclay addition resulted in
relatively more brittle characteristics.

3.4.2. Effect of nanoclay type and boric acid (BA)
addition

The effect of nanoclay type (i.e., the type of organic
surface modifier on the nanoclay surface) on
the mechanical characteristics of EVA/nanoclay
composites was determined by applying tensile tests
using EVA/NC 1 and EVA/NC 2 composites. The
stress-strain curves for this analysis are shown in
Figure 10. Both sample NC 1.3 (nanoclay/polymer:
10/100) and NC 2.3 (nanoclay/polymer: 10/100) could
bear higher stress values than the control (neat EVA).
Sample NC 2.3 was superior to sample NC 1.3. This
difference may be attributed to the morphology of the
composites. Sample NC 1.3 was totally exfoliated, as
was determined via XRD analysis, that there were no
peaks of nanoclay on the XRD diffractogram (Figure
5). But sample NC 2.3 had either agglomerated or
intercalated nanoclay/polymer morphology. The
morphology of the polymerffiller nanocomposites
(e.g., exfoliated, intercalated, agglomerated) were
reported to affect mechanical properties [34]. The
more homogeneous distribution of nanoclay platelets
in the EVA matrix for the sample NC 1.3 might result
in higher stress-bearing characteristics, but it was not
the case. Sample NC 2.3 with intercalated (or partially
agglomerated) morphology could bear higher stress
values (Figure 10). The mechanical characteristics of
EVA/nanoclay composites may be affected not only
by the morphology of the composite but also by the
interaction of EVA and the organic surface modifier
on the nanoclay. The higher stress-bearing capacity
of the sample NC 2.3 may be attributed to a better
surface interaction of the polymer and the organic
surface modifier on NC 2 (Figure 2b) which has a
double bond in the middle and two methyl groups at
the end of the polymer chain that may form secondary
bonding more efficiently with the EVA copolymer (e.g.,
hydrogen bonding with the oxygen at the VA groups of
the EVA copolymer).
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Figure 10. The stress-strain curves for neat EVA (control)
and EVA with additives (lower stress-strain region)

The possible effect of BA addition on the mechanical
properties of EVA/nanoclay composites was
investigated by using samples with both NC 1 (NC
1.3, nanoclay/polymer: 10/100) and NC 2 (NC 2.3,
nanoclay/polymer: 10/100) either with or without BA
addition. The stress-strain curves for these samples
are shown in Figure 10. Both samples NC 1.3-
BA and NC 2.3-BA could bear higher stress than
the neat EVA (like the samples NC 1.3 and NC 2.3
without BA addition). The stress-bearing capacity of
the sample NC 1.3-BA was superior to NC 1.3. The
NC 1 nanoclay was determined to have a totally
exfoliated structure in the EVA matrix with respect
to XRD analysis where peaks for the nanoclay were
missing in the diffractogram (Figure 5). BA addition
did not change the morphology. But the hydroxyl
groups of boric acid may serve as extra sites to form
hydrogen bonds with the organic surface modifier on
the nanoclay with the amine group (N element) (Figure
2a) and EVA copolymer (vinyl acetate group, O and
H elements). There was no considerable new primary
bonding formation observed with the nanoclay and/or
boric acid addition to the EVA copolymer (determined
via FTIR analysis, Figure 4), but the strong hydrogen
(secondary) bonding formation with the presence of BA
might be increasing the stress-bearing capacity of the
composite (NC 1.3-BA) (Figure 10). The homogeneous
(exfoliated) morphology might be supporting the
surface interaction of the nanoclay (i.e., organic
surface modifier) with the BA and EVA (i.e., increasing
the surface area for interaction). BA addition did not
enhance the stress-bearing capacity of the sample
with NC 2 (NC 2.3-BA) as it did for NC 1.3-BA. The
stress-bearing capacity was still better than the control
(neat EVA) but not as satisfactory as the sample
without BA (NC 2.3). The reason may be related to the
morphology of the sample. Samples with NC 2 (with
or without BA addition) had intercalated (or partially
agglomerated) morphology (considering the XRD
analysis, Figure 5). The nanoclay was not exfoliated
in the EVA copolymer, and the surface interaction
between filler and polymer is limited compared to the

exfoliated morphology. It may be expected that BA will
not be as effective as in an exfoliated morphology to
enhance bonding, but the negative effect (decreasing
the stress-bearing capability) of BA addition was not
expected. The organic modifier of NC 2 and EVA had
a better bonding capability in the absence of BA, which
adversely affected the secondary bonding in the EVA/
NC 2/BA matrix.

3.4.3. Mechanical characteristics at elastic region
The Young’s modulus (elastic modulus) values for the

neat EVA and the composites with a different additives
are shown in Figure 11.
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Figure 11. The elastic moduli of the neat EVA (control) and
EVA with additives

Young 's Modulus (MPa)

The elastic modulus of the control sample (neat
EVA) was 7.46 MPa, which was the lowest among all
samples. It was slightly higher for the sample NC 1.1
(nanoclay/polymer: 1/100) with relatively low nanoclay
addition (7.46 MPa). The Young’s modulus value was
increasing with increasing nanoclay (NC 1) content in
the composite (almost linearly, Figure 11). Osman et al.
reported a slight decrease in the Young’s modulus value
compared to neat EVA (18% VA) with the addition of
5% surface-modified MMT pretreated either with water
or toluene and dried before melt mixing (at 160°C) with
EVA [33]. They commented the pretreated surface-
modified nanofiller resulted in some plasticizing effect
which was attributed to possible interaction of the EVA
copolymer and surface modifier of the nanoclay [33].
The numerical values of Young’s modulus for neat and
5% MMT-added composites were relatively lower (less
than 2.5 MPa) which may be related to the difference in
material preparation (melt mixing vs. solvent solution
method) [33]. The Young’s modulus values for higher
NC 1 content were 8.39, 12.73, and 23.85 MPa for
the samples NC 1.2, NC 1.3, and NC 1.4, respectively
(which had 2/100, 10/100, and 20/100 nanocaly/EVA
ratios, respectively). The increase of Young’s modulus
with increasing NC 1 addition in comparison to the
control’s value was considerable (e.g., 71% for NC
1.3 and 220% for NC 1.4). Ryu et al. determined the
mechanical characteristics of the EVA composites
prepared by using different inorganic fillers (including
MMT) [11]. It was mentioned that the Young’s modulus
of the neat EVA (12 MPa) increased with increasing
amounts of MMT addition (26 MPa (117% higher) for
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12% MMT) [11]. It was also reported the inorganic filler
(MMT) addition to EVA increased the Young’s modulus
value compared to the neat EVA (13 MPa) [2]. The
values were 17.1 MPa and 19.3 MPa for the MMT
without and with surface modification (via low MW DNA
strands) [2]. Aforementioned studies were comparable
with the Young’s modulus values determined in the
current study (Figure 11) [2, 11]. The Young’s modulus
values for neat EVA were reported as 44 MPa (18%
VA) [12] and less than 2.5 MPa (18% VA) [33], which
were not that comparable with the values determined
in the current study, which may be related to the
used EVA copolymer and sample preparation/testing
parameters.

The nanoclay type (i.e., the organic modifier on the
nanoclay surface) was effective on the Young's
modulus values of the nanoclay/EVA composites.
The Young’s modulus values for NC 1.3 and NC 2.3
(which were both with a nanoclay/EVA ratio of 10/100)
were 12.73 and 8.93 MPa, respectively. The possible
reason might be the morphological and chemical
differences of the composites. NC 1 samples were
exfoliated while NC 2 samples were intercalated (or
partially agglomerated) with respect to XRD analysis.
The exfoliated NC 1-containing sample was lacking
the peaks for the nanoclay in the XRD diffractogram
while the peak was observed for the NC 2-containing
samples (Figure 5). The separated platelets of NC
1 were forming a more homogeneous distribution in
the EVA matrix with an enhanced surface interaction
between the nanoclay (i.e., organic surface modifier)
and the EVA copolymer. That strong interaction
between the nanofiller and the polymer might result in
a higher Young’s modulus value for NC 1.3 compared
to NC 2.3 (Figure 11). The difference in the chemical
structure of the different organic surface modifiers
for NC 1 and NC 2 may also be partially effective
on the Young’s modulus values. BA addition to EVA/
nanoclay composites was increasing the Young’s
modulus values for both NC1 and NC 2 containing
samples (Figure 11). The moduli were 14.72 MPa
for NC 1.3-BA (16% higher than NC 1.3) and 12.8
MPa for NC 2.3-BA (44% higher than NC 2.3). The
increasing Young’s modulus for the EVA/nanoclay
composites may be attributed to extra secondary
bonding formation between organic surface modifiers
on the nanoclay surface and the EVA copolymer due
to BA presence in the matrix. Tambe et al. reported
even the addition sequence of components in the
composite preparation was influential on mechanical
characteristics of EVA (28% VA)/LDPE (low density
polyethylene)/NC (nanoclay: MMT) composites,
indicating the composites composed of EVA/nanoclay/
other additives should be prepared and characterized
diligently [31].

3.5. Flammability Tests

The fire durability of the neat EVA and its composites
prepared via nanoclays (NC 1 and NC 2) and BA was
determined by using samples prepared with respect

to the UL94 VTM standard test. The time for complete
burnout (including the 3 seconds for ignition) was
determined for each sample. The samples were not
self-extinguishing in the time limits of the UL94 VTM
test, and drippings were observed (i.e., the samples
failed in the UL94 VTM test). The burning time of
samples was recorded for comparing the relative
contribution of different additives on flame retardancy
(Figure 12). It was 29 seconds for the neat EVA.
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Figure 12. Burning durations for the control (neat EVA) and
samples with NC and/or BA

3.5.1. Effect of nanoclay addition

The nanoclay addition was observed to increase the
burning time. The increasing amount of NC 1 addition
(from NC 1.1 (nanoclay/polymer: 1/100) to NC 1.4
(nanoclay/polymer: 20/100)) resulted in an increase in
burning time from 38 seconds to 59 seconds (which
were 31% and 105% higher than the time for the neat
EVA). The addition of 20 parts of NC 1 in the EVA
matrix increased the burning time for the composite
by 105% (i.e., more than double). NC 2 addition was
also beneficial in the elongation of the burnout time.
The sample NC 2.3 (nanoclay/polymer: 10/100) had
a burning time of 38 seconds which was 31% higher
than the time for the neat EVA. The enhancement
was not as high as NC 1 addition at a similar ratio.
The sample NC 1.3 (nanoclay/polymer: 10/100) had
a burning time of 47 seconds, which was 64% higher
than the time for the neat EVA. Therefore, the NC 1
is more effective at elongating the burnout time (i.e.,
suppressing the burning process) than NC 2.

3.5.2. Effect of BA addition

The effect of BA addition was also investigated. Co-
utilization of BA with NC 1 did not elongate the burning
time. The sample NC 1.3-BA (nanoclay/polymer:
10/100) had a burning time of 31 seconds, which was
slightly higher (7%) than the time of the neat EVA
(29 seconds) and lower than the NC 1.3. sample (47
seconds) without BA. The contribution of BA addition
in the composite prepared by using NC 2 elongated
the burning time relatively. The burning time for the
sample NC 2.3-BA (nanoclay/polymer: 10/100) was
40 seconds (40% higher than the time for the neat
EVA). It was slightly higher than the NC 2.3 sample
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(38 seconds) without BA. BA was reported to enhance
flame retardancy [23]. It was claimed that BAmay result
in crosslinking during combustion which may hinder
dripping [22]. It was also mentioned boron containing
additives may form a glassy layer and create an extra
resistance against heat transfer and mass transfer
of flammable components [23]. The enhancing effect
of BA as a boron-containing additive was observed
for the composites prepared via NC 2 slightly, but it
was not enhancing the flame durability of composites
prepared by using NC 1. The difference in organic
surface modifiers for NC 1 and NC 2 may be adversely
affecting the possible crosslinking contribution of BAin
NC 1 composites, while it was possible for NC 2, which
has a different surface modifier.

3.5.3. Effect of additives (nano-clays with and
without BA)

The additives (nanoclays with and without BA)
increased the burn-out time for the EVA composites.
But they were not able to prevent the burning out
of the composites. There were drippings during
the burning test. The burning tests showed that the
current amounts/ratios of additives are not supplying
total flame retardancy for the prepared composites,
but they were resulting in some considerable
enhancements in burning time. The amounts of the
additives may be altered to investigate a better flame
retardancy. NC 1 was more effective in terms of flame
retardancy for EVA composites than NC 2. Increasing
NC 1 content in the EVA composite was increasing the
burning time. BA addition was slightly beneficial for NC
2-containing composites, but not for NC 1-containing
samples (Figure 12). Different BA amounts/ratios
may be investigated for better flame retardancy
performance. 30% and 40% of BA addition were
reported to result in epoxy composites with V1 and
VO score for the UL-94 V test, respectively, indicating
the higher BA content may be used for better flame
retardancy [35]. The burning times were not totally in
accordance with the TGA data. The sample NC 1.3-
BA had the highest temperature values during thermal
degradation analysis (e.g., D-TGA peak T3, T (-50%)),
which were higher/slightly higher than the values for
the sample NC 2.3 which had the longest burning time.
This may be due to the difference in testing/analysis
conditions and may be indicating the importance of
using different characterization methods for evaluating
the performance of composite materials.

4. Conclusion

In the current study, the effects of the addition of two
different nanoclays (NC 1 and NC 2) with different
organic surface modifiers and boric acid (BA) on
both the thermal characteristics/flame retardancy and
mechanical characteristics were investigated. The
morphology of the polymer/nanoclay composite was
very effective on the characteristics of the composites.
The nanoclay in the EVA/NC 1 composites was more
exfoliated, while the EVA/NC 2 samples were either

intercalated (or aggregated). The more homogeneous
mixing of nano platelets for the exfoliated morphology
resulted in higher surface area and surficial interaction
between the organically modified nanoclay surface
and EVA matrix. Consequently, the mechanical and
thermal characteristics were varying with the nanoclay
type (and polymer/nanoclay ratio). The nanoclay type
(i.e., with different surface modifiers) was effective
on the thermal degradation characteristics of the
nanoclay/EVA composites (Figure 6¢). Samples with
NC 1 had 3 thermal degradation steps in TGA, while
neat EVA and samples with NC 2 had 2-step thermal
degradation. Both nanoclays decreased the peak
temperature for deacetylation of EVA (at 341-352°C)
but increased the second peak temperature related
to the defragmentation of the polymer backbone (at
474-480 °C) (Table 4). The higher temperatures for
the second step degradation may be considered as an
enhancement in the thermal durability of the composite
[33]. BA addition increased both peak temperatures
(for deacetylation and defragmentation of the EVA
copolymer) for NC 2 added samples, which may be
indicating a beneficial effect on flame retardancy. The
nanoclayadditionatalowerratio(NC 1.1, EVA/nanoclay:
100/1) decreased the stress-bearing capability of the
EVA/nanoclay composite, but increasing the nanoclay
ratio to higher values increased the stress-bearing
capability of the composite (Figure 9). The Young’s
(elastic) moduli increased with increasing nanoclay
content. The increase was only 1.9% for NC 1.1 (EVA/
NC 1: 100/1) while it was 220% for NC 1.4 (EVA/NC 1:
100/20) (Figure 10). The lower Young’s modulus value
of NC 1.1 may be interpreted as a higher ductility,
which may be beneficial for certain applications (e.g.,
biomaterials), while a higher value of Young’s modulus
may be preferential for different applications. The
nanoclay type (i.e., organic surface modifier) affected
the mechanical characteristics of the EVA/nanoclay
composite. The NC 1.3 and NC 2.3, both with a similar
EVA/nanoclay ratio of 100/10, had elastic modulus
values of 12.7 MPa and 8.9 MPa (which were 71% and
20% higher than the modulus of the neat EVA) (Figure
11). The considerable difference between the moduli
of NC 1 and NC 2 containing EVA composites may
be attributed to the difference in their morphology. BA
addition to the EVA/nanoclay composites was effective
on the mechanical characteristics of the composite.
The stress-bearing of composites, either with or without
BA addition, was better than the neat EVA (Figure
10). The stress-bearing capability was increased for
the EVA/NC 1 composite, while it decreased for the
EVA/NC 2 composites with BA addition (Figure 10).
This may also be a consequence of having different
morphologies in NC 1 and NC 2 containing composites.
Increasing stress bearing capability of EVA/nanoclay
composite with NC 1 (NC 1.3-BA) indicates the BA
should be contributing to the interaction between the
organic modifier on the nanoclay surface and the EVA
matrix in an enhancing way. The enhancing effect of
BA on stress bearing was not observed for NC 2.3-BA,
which was with intercalated/partially agglomerated
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morphology, which relatively decreased the surface
area between the nanoclay (i.e., organic surface
modifier) and the EVA matrix (Figure 10). The elastic
moduli increased with BA addition for both composites
with different nanoclays. The moduli for NC 2.3 and NC
2.3-BA were 8.9 and 12.8 MPa, respectively, showing
the enhancing effect of BA addition on elastic modulus
(44%) (Figure 11). The used additives (nanoclays:
NC 1 and NC 2 and BA) at the ratios investigated
were not sufficient to prepare self-extinguishing
composites (i.e., the samples examined were all burnt
out, dripped, and failed the UL94 VTM test). The
additives and their ratio may/should be altered for
higher flame resistance. The most effective nanoclay
in terms of flame retardancy was NC 1. The burn-out
time for NC 1.4 was 105% longer than the neat EVA
(Figure 12). The burning time was increasing with
the increasing nanoclay content (105% for NC 1.4)
(Figure 12). Nanoclay type was effective on burning
time, too. NC 1.3 with exfoliated morphology burnt
out in 47.1 seconds, while it was 37.8 seconds for NC
2.3, indicating the exfoliated morphology of the EVA/
NC 1 composite resulted in more hampering effect
on burning process (Figure 12). BA addition was also
effective on the burning characteristics of the EVA/
nanoclay composites. The effect was adverse for
NC 1.3-BA. The burning time of NC1.3-BA was 34%
shorter than the time for NC 1.3 (and 7% longer than
the time for the neat EVA) (Figure 12). The burning
time for NC 2.3-BA was 7% longer than NC 2.3 (Figure
12). The burning times were not totally in accordance
with the TGA data. The samples NC 1.3 and NC 1.3-
BA had the highest temperature values during thermal
degradation analysis (e.g., D-TGA peak T2, T (-50%)),
which were higher/slightly higher than the values for
the sample NC 1.4, but NC 1.4 had the longest burning
time. This difference may be attributed to the steps of
thermal degradation and differences in their progress
under different conditions of TGA and burning tests.
It was also showing that the composites should be
characterized diligently to estimate their performance.
The stress-bearing behaviour of the EVA composites
was altered considerably with the additives, but the
types and ratios of the additives should be revised to
prepare composites with a better flame retardancy.
The co-utilization of NC 1 (enhancing burning time)
and NC 2 (enhancing stress-bearing) in the EVA
composites may reveal a possible synergistic effect
of two different nanoclays. The effect of a higher
amount/ratio of the inorganic fillers (nanoclays) may
be investigated. BA can be used at different (higher)
ratios to investigate possible enhancement in flame
retardancy of the composites. Different inorganic
fillers, like metal hydroxides (e.g., magnesium
hydroxide (MH), aluminium trihydroxide (ATH)),
which are also environmentally friendly additives,
may be used simultaneously with nanoclays and BA
for possible enhancement in the flame retardancy.
One of the important findings of the study may be
the fact that additives may affect different properties
of the composites in different ways, e.g., they may

enhance the flame retardancy while not enhancing
(or worsening) the mechanical properties. The EVA
composites should be prepared and characterized
diligently for the specific application, considering all
important characteristics of the composites.
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Ni-Co-Ta-W-B metalik cam alasiminin metal matrisli kompozit liretiminde
kullanim potansiyelinin arttirilmasi icin camlagma kabiliyetinin gelistiriimesi
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MAKALE BILGiSI OZET
Makale Gegmisi: Bu calismada, B agisindan zengin Ni-Co-W-B metalik cam alagimi ailesinin cam
llk gdnderi 27 Ekim 2024 olusturma yetenegi Fe ve Cr ilavesiyle arttirilmistir. Bu alagim ailesi, yiksek tokluk

Kabul 18 Ocak 2025

Online 31 Mart 2025 ve sertlige sahip metal matrisli kompozit (MMC) malzemelerin tretiminde éncu olarak

hizmet edebilecek umut verici bir malzeme grubunu temsil etmektedir. Alasim ailesinin
Arastirma Makalesi kristallesmesi sonucunda yuksek tokluk saglayabilen bir Ni kati ¢ozeltisi ve ¢ok ylksek
DOI: 10.30728/boron.1573965 sertlige sahip bir borir fazi (CoWB) olugsmaktadir. Yiksek kristallesme sicakhgina sahip

dokme metalik camlardan biri olan N|31Y56Coz1,7“B15W23‘7Ta8 alasiminin cam olusturma

Anahtar kelimeler: yetenegi, termal 6zellikleri ve mikrosertlik 6zellikleri Fe ve Cr elementleri eklenerek
Cam olusturma kabiliyeti incelenmistir. Alagimlarin yapisal ve termal 6zellikleri X-isini kirmimi (XRD), diferansiyel
Co-W-B fazi taramali kalorimetri (DSC), Vickers mikrosertligi ve taramali elektron mikroskobu (SEM)
Iri hacimli metalik cam analizleri kullanilarak arastiriimistir. Analizler, Cr ilavesinin alasimdaki kristallesmeyi
Mikrosertlik arttirdigini, dolayisiyla cam olusturma yetenegini olumsuz yénde etkiledigini ortaya

Termal ozellikler cikarmistir. Bunakarsilik, Fe'nin belirli seviyelerde eklenmesinin alagimin cam olugturma

yetenegini artirabilecegi belirlenmistir. Ni,, .Co,, ;Fe  .B..\W,, Ta, alasimi, 747°C'de
Olgllen kristalizasyon sicakhdi (T)) ile 1 mm'lik kritik dékim kalinligi sergilemistir.
Mikro sertlik dlgtimleri alasimin sertliginin 1253 HV oldugunu ortaya ¢ikarmistir. Uygun
miktarlarda Fe eklenmesinin cam olusturma yetenegini artirabilecegdi, Cr eklenmesinin

ise cam olusturma egilimini olumsuz yénde etkiledigi gosterilmistir.

Enhancing the glass-forming ability of Ni-Co-Ta-W-B metallic glass alloy to
increase its potential use in metal matrix composite production

ARTICLE INFO ABSTRACT
Article history: In this study, the glass-forming ability of the B-rich Ni-Co-W-B metallic glass alloy family
Received October 27, 2024 has been enhanced through the addition of Fe and Cr. This alloy family represents a
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composite (MMC) materials with high toughness and hardness. As a result of the
Research Article crystallization of the alloy family, a Ni solid solution that can provide high toughness and
DOI: 10.30728/boron.1573965 a boride phase (CoWB) with very high hardness is formed. The glass-forming ability,

thermal properties, and microhardness characteristics of the Ni,, ,Co,, B, W, Ta,

31.56

Keywords{ y alloy, one of the bulk metallic glasses with a high crystallization temperature, were
gff/s‘g’gﬂ':geab”'ty investigated by adding Fe and Cr elements. The structural and thermal properties of the

B ; alloys were investigated using X-ray diffraction (XRD), differential scanning calorimetry
ulk metallic glass . ) . .
Microhardness (DSC), Vickers microhardness, and scanning electron microscopy (SEM) analyses.
Thermal properties The analyses revealed that the addition of Cr increases crystallization in the alloy,
thereby negatively impacting its glass-forming ability. In contrast, it was determined
that incorporating Fe at certain levels can enhance the glass-forming ability of the alloy.
The Ni,, .Co,, [Fe, .B,,W,,,Ta, alloy exhibited a critical casting thickness of 1 mm, with
a crystallization temperature (T ) measured at 747°C. Micro-hardness measurements
revealed that the hardness of the alloy is 1253 HV. It has been demonstrated that
adding Fe in appropriate amounts can enhance the glass-forming ability, whereas the
addition of Cr adversely affects the glass-forming tendency.
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1. Girig (Introduction)

Metalik camlar 1960 yilinda kesfedilmis olup
gunimizin ve gelecegin en 6nemli malzemelerinden
birisidir [1]. Sahip olduklari fiziksel, kimyasal, mekanik
ve manyetik 6zelliklerinden [2] dolayr savunma [3],
havacilik [3], elektrik-elektronik [3], otomobil sanayi
ve uzay araglari [4] gibi dnemli endustriyel sektorlerde
kullanilan ve kullanilabilir 6nemli bir malzeme tarudur.
Ayrica metalik camlar yiksek tokluk ve ylksek sertlige
sahip metal matrisli kompozit (MMK) malzemeler
elde etmek igin oncll olarak kullanilabilecek en ideal
malzeme tiplerinden biridir. MMK’lar, metal bir matris
icerisinde dagitiimis takviye malzemelerinden olugan
gelismis mihendislik malzemeleridir [5]. MMK’larin
amacl, metalin yiksek mukavemet, slineklik ve tokluk
gibi 6zelliklerini, seramik ya da elyaf gibi takviye
malzemelerinin sertlik, ylksek sicaklik dayanimi ve
asinma direnci gibi Ustlin 6zellikleriyle birlegtirmektir.
Bu tlr kompozitler, gimus, aliminyum, magnezyum,
titanyum gibi hafif metallerin matris olarak kullanildigi
ve seramik pargaciklar (6rnegin, SiC, ALO,, BN)
veya elyaflar (karbon, bor, silika) ile gigclendirilmis
yapilardir [6-8]. MMK’lar, geleneksel metallerin sahip
oldugu sinirlamalari asarak, daha yiksek mukavemet/
agirhk oranlari, termal kararllik, asinma direnci ve
korozyon dayanimi sunar. Bu nedenle, otomotiv,
havacilik, uzay, savunma ve elektronik sektdrlerinde
yuksek performans gerektiren uygulamalarda tercih
edilirler. MMK’larin dretimi genellikle toz metalurijisi,
ergitme-dokim, sivi infiltrasyon ve sicak presleme
gibi tekniklerle gerceklestirilir. Ancak, matris ve takviye
malzemeleri arasindaki ara ylzey baglanma kalitesi,
dagihm homojenligi ve Uretim maliyetleri gibi zorluklar,
MMK'larin genis ¢apta endustriyel uygulanabilirligini
sinirlayabilmektedir. Bu nedenle, son yillarda nano-
takviyeler, ylizey modifikasyon teknikleri ve yenilikci
Uretim yontemleri tizerinde galigmalar yogunlagmistir.

Uygun bilesimdeki amorf yapinin kontrolli bir sekilde
kristalizasyonu sonucunda yapida hem ylksek
tokluga sahip hem de ultra sert fazlar ¢okeltebilmek
muimkindir. Yiksek oranda B iceren Ni-Co-W-B
metalik cam alagim ailesi, bu tip malzemeleri
gelistirmek icin kullanilabilecek en iyi metalik cam
alasimlarindan birisidir [9]. Bu alasim ailesinin
uygun sicakliklarda kristalize edildiginde yapisinda
yuksek toklugu saglayabilecek ylzey merkezli kibik
(YMK) yapida Ni kati ¢ozeltisi ve ¢ok yiksek sertlige
sahip ortorombik kristal yapisinda borir (CoWB)
fazlari ¢okelmektedir [10]. Metalik camlarin onciil
olarak kullanimi ile yukarida bahsedilen MMK’ larin
genis capta enduistriyel uygulanabilirligini sinirlayan
matris ve takviye malzemeleri arasindaki ara yuzey
baglanma kalitesi, dagilim homojenligi ve Uretim
maliyetleri gibi zorluklar asilabilecektir. YUksek sertlige
sahip borUr fazlardan biri olan ve 4300 Vickers sertligi
(HV) gibi ultra yuksek sertlik degerine sahip olan
CoWB fazinin [11] Ni-Co-W-B metalik cam alasim
ailesinin 1sil iglemi sonucunda yapida ¢okelmesi
ile olusturulacak olan MMK malzemelerin yuksek
toklugun yaninda yuksek sertlik dzelliklerine de sahip

olmalarinda en 6nemli yapilardan biridir. Calisma
grubu tarafindan Ni-Co-W-B alasim ailesi Uzerinde
daha oOnce yapilan galismalarda alasimin isil iglemi
sonucunda elde edilen kompozit yapilarda 1400 HV
sertlik degeri ile birlikte 6,45 MPavm tokluk degerleri
elde edilmistir [11]. Metalik camlarin ylUksek tokluk
ve yluksek sertlige sahip MMK malzemelerin elde
edilmesi igin éncll olarak kullaniimasini engelleyen
en Onemli faktérlerden biri camlagsma kabiliyetlerinin
sinirli olmasidir. Bu tip alasimlarin yiksek tokluk ve
sertlige sahip MMK malzemelerin Uretiminde oncul
olarak kullanilabilmesi icin alasimlar oncelikle amorf
yapida toz olarak elde edilmelidir. Amorf olarak elde
edilen bu tozlar eklemeli imalat veya cesitli kaplama
yontemleri kullanilarak amorf yapii malzemeler
uretiimelidir [12-14]. Bu yontemlerle kaplanmis
veya eklemeli imalatla Uretilmis malzemelerin amorf
yapilarini  koruyabilmesi i¢cin kullanilan tozlarin
camlasma kabiliyeti yUksek olmalidir.  Ayrica,
kristalizasyon sicakliklarinin da olabildigince yuksek
olmasi gerekmektedir [15-17]. Camlasma kabiliyeti
(GFA), bir malzemenin sivi halden hizh sodutma
sirasinda kristallesmeden amorf bir yapiya gegebilme
yetenegini ifade etmektedir [18]. GFA, malzemelerin
yuksek performansli cam veya amorf alasimlar
olarak kullanilabilirligini degerlendirmek acgisindan
kritik bir parametredir. Bu baglamda, camlasma
kabiliyetini  belirlemek igin c¢esitli parametreler
literatirde tanimlanmistir. Makale kapsaminda GFAyi
degerlendirmek igin iki ana parametre kullaniimistir.
indirgenmis cam gegcis sicakhgl (T /T,) parametresi
[19], cam gegis sicakligi (T ) ile sivilagma sicakligi (Tl)
orani olarak tanimlanmaktadir. Yiksek bir Tg /T, orani,
malzemenin cam formda kalma olasiliginin daha
yuksek olduguna isaret etmektedir. Calismamizda,
bu parametre kullanilarak alasimlarin camlasma
egilimleri degerlendiriimistir. Gama (y) parametresi
ise [20], cam gegcis sicakhgdi (T ), sivilasma sicakligi
(T) ve kristalizasyon sicakligi (T,) gibi termal
Ozelliklere dayali olarak hesaplanmaktadir. Gama
parametresinin hesaplanmasinda y=T /(T +T)) formali
kullaniimaktadir. Bu galismadaki amag¢ daha énceden
gelistirilmis yuksek kristalizasyon sicakligina sahip iri
hacimli metalik cam alagimlarindan olan Ni-Co-W-Ta-B
[21] alasiminin camlagsma kabiliyetini, kristalizasyon
sicakligini ve mikrosertlik gibi 6zelliklerini arttirmaktir.

2. Malzeme ve Yontemler (Materials and Methods)
2.1. Malzemeler (Materials)

Ana alasimlarin hazirlanmasinda Ni (%99,8, 3um,
Acros Organics, US), Co (%99,9, <2 pym, Sigma
Aldrich, US), Fe (%99,9, <10 ym, Alfa Aesar, US), W
(%99,9, 1-5 pym, Alfa Aesar, US), Ta (%99,9, <44 um,
Sigma Aldrich US), Cr (%99,9, <10um, Alfa Aesar,
US), B (%98, <44 pm, Alfa Aesar, US) kullaniimisgtir.
Saf toz halindeki elementler uygun kompozisyonlarda
tartihp hidrolik pres yardimi ile preslenerek tabletler
halinde hazirlanmistir. Presleme islemi 80 MPa’lik
bir basin¢ uygulanarak 10 mm c¢apinda ve yaklasik
olarak 5-6 mm yuksekliginde tabletler halinde
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numuneler elde edilecek sekilde yapilmigtir. Ergitme
ve dokim islemleri i¢in c¢alisma grubu tarafindan
tasarlanip yaptirilan, 3,5x10“ mbar vakum seviyesine
disebilen, inert atmosfer ortaminda yaklasik 3000°C
sicakliklarda ergitme islemi yapabilen vakum ark ocagi
kullanilmigtir. Yliksek sogutma hizlarina ulagabilmek
icin dokimler %99 saflikta ¢ok iyi termal iletkenlige
sahip olan bakir kaliplara yapilmistir. Numunelerin
kristalografik yapi incelemeleri icin X-isini kirinimi
(XRD) cihazi (D8 Advanced model, Bruker, US),
termal ozelliklerini karakterize etmek icin diferansiyel
taramali kalorimetre (DSC) cihazi (STA449 Jupiter F3
model, Netzsch, Germany), mikroyapi incelemeleri
icin taramali elektron mikroskobu (SEM) cihazi (LEO
1430 VP, Zeiss, Germany) ve mikrosertlik degerlerinin
belirlenmesi icin de sertlik cihazi (HMV 2L, Shimadzu,
Japan) kullaniimigtir.

2.2. Yontemler (Methods)

Yiksek safliktaki toz ham maddelerden presleme
ile hazirlanan tablet halindeki numuneler vakum
ark ocaginda, cihaz 3,5x10“ mbar vakum degerine
alindiktan sonra ylksek saflikta argon atmosferi
altinda homojenligi saglamak agisindan Ucger kez
ergitilerek alasimlar hazirlanmistir. Metalik cam
¢alismalarinda, hem ana alasimlarin hazirlanmasi
hem de alasimlarin camlasma kabiliyetinin
belirlenmesi  slrecglerinde,  dékim  esnasinda
oksitlenmenin camlagma kabiliyetine olumsuz etkisini
Onlemek amaciyla mimkin olan en yuksek vakum
seviyelerine inmek gerekmektedir [22,23]. Ozellikle
ana alasimlarin ilk ergitimesi sirasinda, toz halinde
preslenmis numunelerin  oksitlenme olasiliginin
yuksek olmasi nedeniyle, tasarlanan vakum ark
ocaglyla mimkin olan en disiuk vakum seviyesine
inilerek alasimlar ergitilmistir. Metalik cam alagimlari
elde etmek amaciyla hazirlanan alasimlar, 0,3 mm
ve 0,5 mm kalinliginda, 3 mm genigliginde ve 5 mm
uzunlugunda plaka ile 1 mm ve 1,5 mm kalinhginda,
15 mm uzunlugunda silindir numuneler olarak, bakir
kalilba emme dokim ydntemi ile dokulmugstir. Emme
doékim yoéntemi, alagimlarin hizli katilagsmasini ve
oksidasyon riskinin minimuma indiriimesini sagladigi
icin tercih edilmistir [24]. Bu ydntem, 6zellikle metalik
cam uretiminde homojen yapi elde etmek ve numune
boyutlarinda tutarlilik saglamak amaciyla yaygin olarak
kullaniimaktadir. Numunelerin doékimleri yapilirken
vakum ark ocagl kullanimis ve cihaz  3,5x103
mbar vakum degerine inilerek ylksek saflikta argon
atmosferi altinda dokimler yapilmistir. Hazirlanan
alasimlarin  kompozisyonlari Tablo 1’de verilmigtir.
Alasimlarin  kompozisyonlari, c¢alisma grubumuz

tarafindan daha o&nce gelistirilen Ni-Co-Ta-W-B
alasimi dikkate alinarak tasarlanmistir.  Onceki
galismalarda, baz alasimin camlasma kabiliyetinin
1,5 mm ile sinirh kalmasinin, soguma esnasinda
YMK yapida ¢okelen Ni kati ¢dzelti nano kristallerinin
olusumundan kaynaklandigi belirlenmistir. Bu sorunu
asmak amaciyla, mevcut ¢calismada ilk ¢ alagimda Fe
ve Cr elementleri, Ni ve Co elementleriyle egsit atomik
yuzdelerde olacak sekilde alasima dahil edilmistir.
Bu yaklagsim, YMK yapida kristalleserek camlagmayi
bozan Ni bazli kati ¢ézeltilerin olusumunu engellemeyi
hedeflemistir. Tasarim slirecinde, yiksek entropili
metalik cam alasimlarinda izlenen yéntemlere benzer
sekilde, alasimin kristallenme egilimini azaltmak igin
es atomik oranlarda elementlerin kullaniimasi stratejisi
benimsenmigstir. Elde edilen dokumler sonucunda
numuneleri yapisal olarak inceleyebilmek igin XRD
analizleri yapilmistir.

XRD analizleri 1,54 A Cu-Ka dalga boyuna sahip
X-1s1n1 kaynagi kullanilarak 26 agisi 10° ila 100°
araliginda ve tarama hizi 2°/dk. olacak sekilde
yapilmistir. Analizlerin gergeklestiriimesi i¢cin dokimu
yapilan numunelerden yaklasik 3-4 mm uzunlugunda
parcalar kesilerek, bu numuneler 6gutilmis ve
ardindan detayli analizler yapilmigtir. Elde edilen
XRD verilerinde, amorf olmayan numunelerde tespit
edilen piklerin hangi kristal yapiya ait oldugu, 2012
yil Powder Diffraction File (PDF) veri tabanina sahip
Diffract Suite degerlendirme programi kullanilarak
belirlenmistir. Bu yontem, fazlarin kristal yapilarini
dogru bir sekilde tanimlamak icin kullanilan standart
referans verileri ile karsilastirma yapmamiza olanak
tanimistir. Alagsimlarin cam gegis (Tg) ve T sicakliklari,
20°C/dk. 1sitma hiziyla DSC cihazi kullanilarak
belirlenmistir. Erime (T ) ve likidus (T) sicakliklari ise,
yine ayni hizla yapilan sojutma sirasinda dl¢timustar.
T metalik camin amorf fazdan viskoelastik duruma
geg|§|n| temsil ederken, T, kristallesmenin basladig
sicakhgi ifade etmektedir. T_, alasimin kati fazdan
sivi faza gegigini tanimlarken, T, tamamen erimis
alasimin sivi fazda stabil hale geldigi noktadir. Bu kritik
sicakliklar, alagimlarin camlagsma kabiliyeti ve termal
kararlligi agisindan belirleyicidir. Alagimlarin mikroyap!i
analizleri, SEM cihazinda geri yansiyan elektron
(BSE) modunda gerceklestiriimistir. Bu mod, farkl
elementlerin atom numarasi farklarina dayal olarak
kontrast olusturdugu icin tercih edilmistir. Boylece,
metalik cam alasimlarinda olasi farkli fazlarin tespiti ve
element dagilimindaki homojenligin dederlendirilmesi
daha hassas bir sekilde yapilabilmektedir. Alasimlari
mekanik Ozellikleri agisindan inceleyebilmek icin
Vickers sertlik dlcumleri yapiimistir.

Tablo 1. Hazirlanan alagimlarin kompozisyonlari (% atomik) (Compositions of the prepared alloys (atomic %)).

Kompozisyon Ni Co Fe Cr Ta w B
Ni,; ,;C0,;,:Cr,; 5Fe,; B W, , Tag 13,25 13,25 13,25 13,25 8,00 23,70 15,00
Ni,; 16C0,; 26C1; 76B1s W, , T2, 17,76 17,76 - 17,76 8,00 23,70 15,00
1776Co1776 €,776B15 W3, T, 17,76 17,76 17,76 - 8,00 23,70 15,00
Ni,, 5,C0,, 5oF€,0.30B1sWo3, T3, 21,50 21,50 10,30 - 8,00 23,70 15,00
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Olglimler 2,94 N yiik altinda 15 sn siire uygulanarak
yapilmistir. Her alasim icin numune Uzerinde 10
farkli noktadan olgim alinmis ve dlgimlerin aritmetik
ortalamalari alinmistir.

3. Sonuglar ve Tartisma (Results and Discussion)

3.1. XRD Analiz Sonuglari (XRD Analysis Results)

Alasimlarin camlasma kabiliyetlerini  ve termal
Ozelliklerini 6lgebilmek igin ilk etapta cam numuneler
elde edebilmek ¢ok onemlidir. Farkh kalinhklardaki
doékimler sonucunda elde edilen numunelere XRD
analizi yaplldlglnda Sekil 1’de goruldugu Uzere Ni
5Co,,..Cr B, W, ,Ta, Ni, . .Co. Cr B, W

13,25 1325 1325 15° 23,7 17,76 17,76 17,76 15

257135 V€ N|177GCO1776Fe1776 15W237Ta8 alagimlarinin
21, 500021

camlasma kalinliklarinin 0,3 mm oldugu, Ni
Ta, alagiminin ise 1 mm camlasma

50 €103B1sW
kab|I|yet|ne sahip oldugu belirlenmistir.

13,2

10,30 715" "23,7

(@)

20 30 40 50 60 70 80 90 100

e
(b) e
3-Co;
& F
N
A (a=b=21,5, ¢=10,3) 1.5mm

(a=b=21,5, ¢=10,3) 1mm

SIiDDET

(a=b=d=17,76) 0,5m

(a=b=c=17,76) 0,3mm

20 30 40 50 60 70 80 90 100

Sekil 1. a) Ni CoFeCrB, W J1a, (a=b=c=d=13,25),
(a=b=d=17,76, c— 0), b) (a b C 17 76 d=0) ve (a=b=21,5,
¢=10,3, d=0) alasimlarinin farkli kalinliklardaki dékimlerinin
XRD analizi sonuglari (XRD analysis results of the castings
with different thicknesses for the alloys: a) Ni_.Co,Fe Cr B, .\W,, Ta

157 "23.7 78

(a=b=c=d=13.25), (a=b=d=17.76, c=0), b) (a=b=c=17.76, d=0), and
(a=b=21.5, c=10.3, d=0)).

Yapilan XRD analizleri sonucunda Ni,,,Co, . Cr,
25 €1326B15sW,3, 185 alagiminin 0,5 mm- kalinligindaki
numunesinde rombohedral kristal yapida Fe ,W,,
yuzey merkezli kibik (YMK) kristal yapida Co,Ta,
ortorombik kristal yapida CoWB, hacim merkezli
kiibik (HMK) kristal yapida Ni-Cr-Fe, tetragonal kristal
yapida Ta,W B, ve tetragonal kristal yapida W, .Fe, .B,
fazlarinin ¢okeldigi belirlenmistir. Ni,,,.Co

177ﬁcr1776 15
W,, ,Ta, alagiminin 0,5 mm kalinligindaki numunesinin

XRD analizi sonucunda tetragonal kristal yapida
Nig ;W 5, YMK kristal yapida CrNi, rombohedral kristal
yapisinda Co,W,, tetragonal kristal yapisinda Cr,B,
ortorombik kristal yapida CoWB ve hegzagonal kristal
yapida Ni kristallerinin ¢okeldigi belirlenmistir. Ni,, ,.C
1776Fe1776815W237Ta alagiminin 0,5 mm kalinligindaki
numunesinin XRD analizi sonucunda YMK kristal
yapida Co,Ta, YMK kristal yapisinda (Fe,Ni),
ortorombik kristal yapida CoWB fazlarinin ¢okeldigi
belirlenmistir. Niszo2150 1030B15W237Ta alasiminin
1,5 mm kalinigindaki numunesinin  XRD analizi
sonucunda Ni,_, Co1776 €,776B15Wo3, 135 alasiminin
0,5 mm kaI|nI|g|ndak| numunesinde cokelen fazlar
ile ayni fazlarin ¢okeldigi belirlenmistir. Alasimlarda
camlasma kabiliyetini artirmak amaciyla eklenen Cr ve
Fe elementlerinin, XRD analizleri incelendiginde, genel
olarak kristallenmeyi tesvik edici bir etki gdsterdigi
tespit edilmistir. Cr ve Fe elementlerinin Ni ile sivi
halde tam olarak karisabilmeleri, soguma sirasinda
kristallesmeyi kolaylastirarak HMK yapisinda Ni-Cr-Fe
ve YMK yapisinda NiCr, FeNi fazlarinin ¢ékelmesine
yol agmistir. Cr ve Fe elementlerinin ¢ekirdeklenmeyi
kolaylagtirarak yapida nano cokeltilerin olusumunu
tesvik etmesi, alagsimda yuksek ergime sicakhgdina
sahip Ta, W ve B gibi elementlerin farkli kristal

yapilarda ¢okelmesini de kolaylastirmistir.

3.2. Termal ve Mikroyap! Analizleri Sonuclari
(Thermal and Microstructure Analysis Results)

Alasimlarin termal o6zelliklerini belirlemek amaciyla,
amorf yapidaki numunelere DSC/TG analizleri
uygulanmistir. Sekil 2'de, 0,3 mm kalinhginda amorf
olarak elde edilen alagsimlarin DSC/TG analizi
sonuglari  sunulmaktadir.  Yapilan  analizlerde,
alasimlar arasinda en ylksek Tx sicakligina sahip
olanin Ni . Co,, Fe . B, W, Ta, alagim oldugu
tespit edilmisti. XRD analizlerine gére camlagma
kabiliyeti en iyi olan Ni,  Co,  Fe B, W, Ta,
alasimin T ve T, sicakliklar sirasi ile 629 C ve
747°C olarak o6lgulmustar. Ni Co.,..Cr B,

13,25 13,25 1325 1325
W, Ta,, Ni_.Co. . Cr B W, Ta, Ni, Co, F

17,76 17,76 — 15" " 23,7 17,76 1776
1776B15W237Ta kompozisyonlarina sahip alagimlarin
yapisal gevseme, T ve T, sicakliklarinin gok yakin
olmasi veya dusUk serbest hacim gibi etkenlerden
dolayr cam gecis sicakliklarinin  belirlenmesini
engelleyen genis ekzotermik pikler gortlmektedir. Ni,
325C01325C 15 557 €,1525B,5 W, Ta @lagimi igin belirlenen
ekzotermik bolge 364°C ila 462°C, Ni,, Co,, Cr,,
6B W5, T8, icin belirlenen ekzotermik bolge 510° C
ila 700°C Ni,,..Co,, ,cFe,, ;B W, Ta, icin behrlenen
ekzotermik bolge 360°C ila 476°C, dir. Niy, . Co,, . ,F
€,030B15W,5 ;1@ @lasiminin cam gegis sicakligi 629°C
ve kristalizasyon sicakligi 747°C olarak belirlenmigtir.
Yapilan XRD analizleri sonuglarina gére camla§ma
kabiliyetinin 1 mm oldugu belirlenen Ni,, ,,Co,, . Fe
30B1sW,3 ;1@ kompozisyonundaki alagima mikroyapi
incelemesi yapilmistir. Yapilan SEM mikro yapl
goruntdleri  Sekil 3'de verilmistir. Ni,, 5OCo21 soF €10,
0B1s W,y , T, kompozisyondaki numunenin 1 mm
kalinligindaki 6érneklerinin 1000x blyttme oranindaki

goruntulerine bakildiginda herhangi bir kristal yapiya
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Sekil 2. NiCoFeCrB W, Ta, (a=b=c=d=13,25),
(a=b=d=17,76, c—O) (a c—17 76, d=0) ve (a=b=21,5,
¢=10,3, d=0) alagimlarinin DSC grafikleri, a) disuk sicaklk

b) ylksek sicaklik (DSC graphs of the Ni ,Co Fe CrB W, Ta

1577237 " 78
alloys: (a=b=c=d=13.25), (a=b=d=17.76, c=0), (a=b=c=17.76, d=0),
and (a=b=21.5, ¢c=10.3, d=0), showing (a) low temperature and (b)
high temperature).

rastlanmadigr goérulmdstur. Alasimin 1,5 mm doékim
kalinliklarindaki numunesinin 500X ve 1000X buyttme
oranlarindaki goéruntilerine bakildiginda yapilarda
kristal fazlarin olustugu gorilmustir. Yapilan XRD
analizlerinde de belirlendigi Uzere alasimin 1,5 mm
kalinhdindaki numunesinin SEM gorintilerinde FeNi,
Fe, W, ve CoWB fazlarinin varhgini gosteren 3 farkli
faz bolgelerinin oldugu gorilmektedir.

3.3. Mikrosertlik Analizi Sonuglari (Microhardness
Analysis Results)

Yapilan Vickers mikrosertlik analiz sonucunda Ni,,,
sC0.5,:Cr s 5 cFe s ,.BW,; Ta, alagiminin - sertliginin
1375 HV oldugu belirlenmistir ve bu deger hazirlanan
alasimlar icerisinde Olculen en ylksek degerdir
(Sekil 4b). Camlagsma kabiliyeti en iyi olan Ni,, 50Co
150F €10.20B15Wos , 185 @lasiminin mikrosertlik degeri ise
1253 HV olarak oIguImU§tur (Sekil 4a). Alasimlarin
termal 6zellikleri, kritik dokim kalinliklari, camlasma

parametreleri ve mikrosertlikleri Tablo 2’de verilmistir.

Yiksek kristalizasyon S|cakl|g|na sahip ve camlasma
kabiliyeti 1,5 mm olan Ni, Co, 74B15W237Ta
alasiminin camlasma kabiliyetini arttirabilmek icin Fe
ve Cr elementleri ilave edilmigstir. Elementlerin birbiri
icerisinde ¢ozunurlikleri ve atomik caplari dikkate

alinarak 4 farklh alasim tasarlanmistir. Ayni sartlarda

(@

Mag = 10.00 KX 2pm
EHr = 2000kv  NisCOnsFe B W, Ta, -t mm  2Bm

Signal A= NTS BSD
WD = 19.0 mm

(b)

B Signal A= NTS BSD Mag = 5.00 KX

g 2pm
WD =19.0 mm Ni,, .Co,, Fe,, B, W,, Ta, -1,5 mm

EHT=20.00 kv Ni1sC02 7€ By, Ta, -1 [t i

8 Signal IA NTS BSD Mag =10.00 K X
WD =19 mm EHT = 20.00 kV

H3 1,5 mm
Sekil 3. Ni,, 50Co21 sof €1030B15s W53, 185 @lagiminin 1 mmve 1,5

mm kalinliktaki numunelerlnln SEM gOruntileri (SEM images

of the Ni,, ;,Co,, . Fe, ;B ;W,,,Ta, alloy samples with thicknesses

of 1 mm and 1.5 mm).

ve ayni numune miktarlari ile yapilan ve Sekil 1’ de
gOsterilen XRD analizleri sonuglari incelendiginde
baz alasima Cr ve Fe elementlerinin katkisi alasimin
camlasma kabiliyetini negatif yonde etkiledigi
gorulmektedir. Ozellikle Cr elementi katkisinin yapiy!
Fe katkisinin daha fazla olumsuz ydnde etkiledigi
gorilmuastur. Bunun sebebinin yapiya eklenen Cr
elementinin 6zellikle alasimda var olan B elementi
ile bir araya gelerek kiguk c¢apta nano-kristaller
olusturup alasimin cgekirdeklenmesini kolaylastirdigi
yonde bir etki yaptigi distnilmektedir. Fe katkisi ise
yapilan XRD analizi sonuglarina gore yapida Ni ve Co
elementleri ile bir araya gelerek monoklinik yapidaki
kristallerin olusumunu kolaylastirdigi disundlmektedir.
Fe miktarinin atomik %17,76 dan %10,3’e
disuraldigunde camlagsma kabiliyetinin 0,3 mm’den
1 mm’ye kadar gikmasi bunun bir gdstergesidir. Fe
ve Cr alasimlarin kristallesme egilimlerini arttirmis ve
camlasma kabiliyetini olumsuz yonde etkilemislerdir.
DSC analiz sonuglarina gore, hazirlanan yeni alagimlar
baz alasimla kiyaslandiginda, Tl sicakliklarindaki artig
ve Tx sicakliklarindaki disis, alagimlarin camlagsma
kabiliyetlerini gosteren GFA (Glass Forming Ability)
degerlerinin dismesine neden olmustur.
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(a) [

(b)

10 BOB15W

0,3 mm kalinhi§inda amorf yapidaki ala§|m|n ve b)Ni13,25

Sekil 4. a) Ni Fe

11505021 50 Ta kompozisyonundaki

23,7

C0,5,5Cr 5 25F€1525B1sW,5 ;185 kOmpozisyonundaki 0,3 mm
kalinliginda amorf yapidaki alasimin Vickers mikrosertlik
OlgimU gorintileri. (Vickers micro-hardness measurement
images of (a) the amorphous alloy with a thickness of 0.3 mm and

composition Ni,, .,Co,, . Fe, .B, W, Ta, and (b) the amorphous

alloy with a thickness of 0.3 mm and composition Ni13.25C013.25C
r13.25Fe13.25B15W23.7Ta8.

Tablo 2'de, baz alasim ile gelistirilen Ni,  Co
2150 €1030B15Wos 7 135 alasiminin - GFA degerleri
karsilastirildiginda, gelistirilen alagimin T, sicakhginin
daha ylksek ancak T, sicakliginin daha dusuk oldugu
acikca gbr[]lmektedir. Bu durum, GFA degerlerinin
dismesine neden olan temel faktorler arasinda yer

almaktadir.

Yapilan sertlik testleri sonucunda, alasimlarin sertlik
degerleri agisindan incelendiginde Ni,, ,.Co..,.Cr,. ,.F
€,325815W,, , T3, alagiminin en ylksek sertlik degerine,
buna karsin Ni, Co215 €,03B15W,5, T3, alagiminin ise
en dusuk serthk degerme sahip oldugu tespit edilmistir.
Baz alasima hem Cr hem de Fe elementlerinin es
zamanl olarak eklendigi durumlarda, amorf alagimin
sertlik degerinin en ylksek seviyede ol¢iimesinin temel
nedeni, Cr ve Fe elementlerinin diger elementlerle

gucla baglar olusturmasi olarak degerlendirilmektedir.

Ozellikle Cr-B, Fe-B, Cr-W, Fe-W, Cr-Ta ve Fe-Ta
atomlari arasindaki yiksek kohezyon enerjisi, alasimi
olugturan atomlar arasindaki toplam baglanma
enerjisini artirmakta ve dolayisiyla amorf yapinin
sertligini yikseltmektedir. Bu durum, yapi igerisindeki
atomlar arasindaki gucli baglar sayesinde yapinin
mekanik dayanimini artirmaktadir.

Yalnizca Cr veya Fe elementlerinin bulundugu Ni,,

760017,7GCr17 76815W23 7Ta ve Ni17 7GCO17 76 17 76815W
3718, alasimlarinin karsilastirimasi sonucunda ise,
Cr elementinin yapidaki diger atomlar ile baglanma
enerjisinin, Fe elementinin yapidaki diger atomlarla
olan baglanma enerjisinden daha yuksek oldugu
distnilmektedir. Bu durum, Cr iceren alasimlarin
sertlik degerlerinin, Fe iceren alasimlara kiyasla bir
miktar daha yluksek olmasina neden olmaktadir. Ayrica
Sekil 4b’de gosterilen amorf yapidaki numunelerin
mikrosertlik gorintulerine bakildiginda Ni, ; ,.Co,. ,.Cr
257 €43.25B15Wo5 ; Tag kompozisyonunun sertlik degerinin
cok yuksek olmasi 500 gram yik altindaki dlgimlerde
dahi késegenlerde uzun gatlaklarin olusmasina neden
olmaktadir. Bu durum amorf yapisindan dolayi tokluk
seviyesinin ¢ok dlslk oldugunun bir gostergesidir. Ni,
1508021 50F €10 50B 15 W3 , T2, kompozisyonu ise en dusuk
sertlik degerine sahip oldugu icin amorf yapida da olsa
ayni yuk altinda olusan iz kdsegenlerinde herhangi bir
catlak gérulmemektedir. Toklugunun nispeten daha iyi

olmasindan kaynaklanmaktadir.
4. Sonuglar (Conclusions)

Bu calismada, daha 6nce camlasma kabiliyeti 1,5 mm
olan Ni-Co-W-Ta-B metalik cam alasim sistemi, baz
alasimolaraksecilmisvebualasimaCrve Feelementleri
belirli oranlarda eklenerek etkileri incelenmistir. Yapilan
analizler, Cr elementinin alasimda kristallenmeyi
artirarak camlasma kabiliyeti Uzerinde olumsuz bir
etkiye sahip oldugunu gdstermistir. Buna karsilik, Fe
elementi miktarinin belirli oranlarda alasima katkisi
ile camlagsma kabiliyetini artabilecegi belirlenmigtir.
Ozellikle, %10 Fe ilaveli alasimin, baz alagimin 1,5
mm olan camlagsma kabiliyetine ulasamasa da, 1
mm kalinhkta camlagmay! basarabildigi goérdlmustur.
Bu sonuglar, Fe elementinin uygun oranlarda
eklenmesiyle camlagsma kabiliyetinin artirilabilecegini,
ancak Cr katkisinin camlagsma egilimini olumsuz
etkiledigini ortaya koymaktadir. Ayrica, Ni-Co-Fe-W-
Ta-B sisteminde Fe iceriginin optimize edilmesinin,

Tablo 2. Alasimlarin isil ézellikleri (T T, T), GFA parametreleri, kritik dokim kalinliklari ve mikrosertlik degerleri (Thermal
properties of alloys (T T.T), GFA parameters critical casting thicknesses, and microhardness values).

Kompozisyon Ni Co Fe Cr Ta w B
Ni ; ,;C0,; ,:Cr ; sF €, B W,y T, - 565 1373 - - 0.3 1375 15,00
Ni,; ;6C0,; ,6Cr.; 16B1s W, T2, - 751 1352 - - 0.3 1310 15,00
1776Co1776 €,776B1s W5, 13, - 644 1366 - - 0.3 1267 15,00
Ni,, 50Co21 soF €10,30B15Wp3 7 T34 629 747 1363 0.551 0.3554 1 1253
Co B 681 759 1294 0.609 0.409 1.5 1271 [21] 15,00

21 ,50 21, 50 1030 15
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metalik cam alasimlarin camlagsma kabiliyeti ve termal
kararlihgi Uzerinde olumlu etkiler yaratabilecegi
anlasilmistir. Bu galisma, ylksek oranda bor igeren ve
ultra yliksek sertlige sahip CoWB borlr fazini igceren
metalik cam alasimlarinin camlasma kabiliyetinin
bu tip calismalar dogrultusunda artirilabilecegini
gostermektedir. Bu bulgu, ylksek dayanim ve tokluk
Ozelliklerine sahip MMC malzemelerin Uretiminde, bor
icerigi yuksek metalik cam alasimlarinin éncil olarak
kullanim potansiyelini artirmaktadir.
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Boron is one of the important elements for organisms, especially for plants and animals.
The importance of boron for humanity is increasing, and its uses are parallelly expanding.
In this study, the quorum-sensing inhibition effects of five different boron compounds were
investigated. The quorum-sensing inhibition assay was performed on CV026 and CV12472
using the broth dilution method. Considering the results of this study, it was determined
that the highest violacein inhibition activity was provided by sodium tetraborate with
74.46%. Based on the quorum sensing activity, it was revealed that the minimum inhibitory
concentration (MIC) value of boron oxide and sodium tetraborate provided the highest
inhibition rate 95.15%. When the anti-quorum sensing activity data obtained from the study
are examined, it was seen that these boron compounds showed high activity and should be
supported by different tests such as animal experiments.

1. Introduction

Boron is an important element for organisms [1]. It is
mostly acquired from plant-based boron compounds
and boric acid in water. Studies show that boron is
essential for certain animals, helping with cell growth
and development [2]. Lack of boron can negatively
affect bone health, brain function, cholesterol levels,
and immune response. Animal studies have also shown
that boron can protect against liver damage. Recently,
research has focused more on boron’s potential in
cancer treatment, its antimicrobial properties, its use
in drug delivery, and how it interacts with proteins
and other molecules. When animals consume boron,
it turns into boric acid in the small intestine and is
quickly eliminated in urine, without much change.
However, small amounts may build up in tissues like
bones and the spleen [3]. Boron is often included
in supplements and other nutrients like vitamin D,
calcium, and magnesium. Some forms of boron, like
boric acid and borax, raise concerns because they
may accumulate in tissues over time. New forms,
like boron esters, are not yet well understood, and
current research is working to address this gap. Boron
plays several roles in the body, including helping cell
signaling, working as a co-factor for certain enzymes,
aiding in electron transfer, and help maintaining cell
structure. While boron’s necessity in animal cells isn’t
fully proven, future studies may confirm this. It is also
believed that boron could have contributed to evolution
by forming complexes with certain organic molecules
[4]. Boron can be used in pharmaceutical drug design

as it has the potential to facilitate biological activities
[5]. Although numerous products are produced from
boron, the most common natural compounds of boron
are various forms of borates. Boron compounds
are also used individually across multiple chemical
processes. Boron compounds have different uses in
pharmaceuticals and other fields such as cosmetics,
adhesives, insecticides, formicides, rodenticides, and
plant nutritional compounds [6].

Quorum sensing (QS) is a connection system used
especially by bacteria and fungi. Quorum-quenching
(QQ) disrupts QS signaling and affects how different
species interact. Bacteria use QQ to fight other
species, while eukaryotes use it to defend against
pathogens. QQ can happen in various ways: By
stopping the production of signaling molecules,
breaking them down, preventing them from binding
to receptors, or blocking the expression of target
genes. Inhibiting signal molecule production can act
by disrupting key enzymes like acyl carrier protein or
S-adenosylmethionine synthase, or by preclusion of
the Lux system, a key QS system in Gram-negative
bacteria [7].

Recently, research has focused more on the potential
of boron in cancer treatment, wound healing effects,
antimicrobial properties, use in drug delivery, and how
it interacts with proteins and other molecules [10, 16].
Moreover, it is seen in the literature that there are
studies investigating the cytotoxic [8], antimicrobial,
antioxidant, antibiofilm, and neuroprotective [9-11],
therapeutic effects [12], and enzyme inhibition [13] of
boron compounds and boron derivatives.

*Corresponding author: ozgurceylan@mu.edu.tr

43


https://orcid.org/0000-0002-1865-1093
https://orcid.org/0000-0002-7724-7875
https://orcid.org/0000-0002-5188-1106

Ceylan O. et. al. /BORON 10(1), 43 - 47, 2025

When the present studies in the literature were
examined, it was determined that boron compounds
have different activities, especially antimicrobial and
antioxidant activity. Still, there is no data on anti-quorum
sensing and violacein inhibition, especially considering
the compounds examined in the study. From this point
of view, this study, it was aimed to realize the quorum
sensing performance of 5 different boron compounds
(disodium octoborate, sodium pentaborate, boron
oxide, sodium tetraborate, and boric acid).

2. Materials and Methods
2.1. Materials
2.1.1. Microbial strains

Three microorganisms were used for this study. These
are Pseudomonas aeruginosaPA01, Chromobacterium
violaceum CVV12472, and Chromobacterium violaceum
CV026. The density of the bacteria was adjusted to 0.5
McFarland and the test medium was Mueller-Hinton
Broth (MHB).

2.2. Methods

2.2.1. Establishing of minimal

concentration (MIC)

inhibitory

200 L of cell suspension was inoculated with different
final concentrations of boron compounds (20, 10,
5, 2.5, 1.25, 0.625 mg/mL) in 96-well plates. The
microplates were incubated at 37°C for 24 hours after
inoculation.

2.2.2. Violacein inhibition test over C. violaceum
CV12472

Firstly, the MIC values of the compounds were
determined to establish the violacein inhibition. The
MIC value was based on the broth dilution method
and recorded as the lowest concentration at which
no growth was observed [14]. Inhibition percentages
against C. violaceim ATCC CV12472 at MIC and sub-
MIC concentrations were then determined. Briefly,
10 uL of CV12472 was added to 180 uL of LB broth
containing microplates, and 10 pyL of compounds at
MIC and sub-MIC concentrations were added. Then
the plates were incubated at 30°C for 24 h. The
reduction of violacein pigment was measured at 600
nm on a microplate reader. The study was carried
out in triplicate. Violacein percentage inhibition was
calculated by using Equation 1 [15].

0D 600 control-0D 600 sample
0D 600 control

Violacein inhibition (%) = x 100 (1)

2.2.3. Quorum sensing inhibition assay using C.
violaceum CV026

The anti-quorum sensing test was carried out by using
a method from a previous study [16]. First, 100 pL of
an overnight culture of CV026 bacteria and 20 pL of

C6HSL (a signaling molecule) were added to warm
soft top agar (5 mL). The mixture was then spread
on LB agar plates. After the agar solidified, small
wells (5 mm) were made in the plates, and 50 pL of
a filter-sterilized extract solution was added to each
well at a concentration below the MIC. The plates
were incubated at 30°C for 3 days. The experiment
was conducted in three repetitions. Quorum sensing
inhibition was calculated as a percentage using
Equation 2.

OD 600 control—0D 600 sample

QS Inhibition (%) = > €00 comral x100  (2)
2.2.4. Statistical analysis
STATISTICA software (StatSoft Inc.,USA.) was

used to calculate statistically significant differences
between groups. One-way analysis of variance
(ANOVA) followed by post-hoc Tukey's test was used
to determine differences in measured parameters. All
analyses were performed at a significance level of p
< 0.05.

3. Results and Discussion

When the potential of boron compounds against
test bacteria for anti-quorum sensing activity was
examined, the MIC value was detected against CV026.
The lowest MIC value was revealed by disodium
octoborate with <0.625 mg/ml. Furthermore, sodium
pentaborate, boron oxide, and boric acid also exhibited
good activity against CV026 with a MIC value of 0.625
mg/ml (Table 1).

Table 1. MIC values of boron compounds

Minimal Inhibitory Concentration (mg/mL)

C. violacaeum C. violacaeum P. aeruginosa

(CV026) (CV12472) (PAO1)
Disodium Octoborate <0.625 2.5 1.25
Sodium Pentaborate 0.625 2.5 2.50
Boron Oxide 0.625 2.5 1.25
Sodium Tetraborate 1.250 5.0 2.50
Boric Acid 0.625 5.0 2.50

Numerous studies have been conducted on the
antimicrobial activity of borons, which is highly
effective against different microorganisms [17, 18].
Baygar et al. [19] investigated the biological activities
of potassium metaborate in their study and revealed
that it showed high activity in terms of antioxidative,
antimicrobial, and anti-biofilm properties. In another
study, the antimicrobial, antifibrinolytic, enzyme
inhibitory, and wound-healing properties of zinc borate
were examined, and it was declared that it could be
used effectively in wound healing and can prevent
wound infection [20]. However, there are limited or
no studies on anti-quorum sensing and violacein
inhibition of boron compounds. C. violaceum is a Gram
(-) bacterium that is detected in different environments
such as human skin, soil, and water. Bacteremia and
abscesses are serious infections they cause. It is also
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resistant to many antibiotics. The bacteria secrete a
purple pigment called violacein, which has antibacterial
effects. The expression of this pigment is controlled by
quorum sensing, a bacterial communication process
that regulates several functions, including antibiotic
production and biofilm formation [21]. When the results
of violacein inhibition were analyzed, it was found that
all MIC and sub-MIC concentrations had activity. In
addition, it was observed that all compounds inhibited
violacein production even at the MIC/32 level (Figure

1).

Violacein Production Inhibition

Boron Compounds

Figure 1. Violacein production inhibition of boron compounds.
Data are presented as mean + scanning electron microscope
(SEM) of three replicates. Different letters above the error
bars indicate significant differences between treatments (p
<0.05)

QS is a cellular signaling complex that lets bacteria
adapt to the environment through cooperative and
coordinated metabolic regulation. QS is particularly
well characterized in Gram-negative bacteria and
triggers the synthesis of various defense molecules
(extracellular hydrolytic enzymes, virulence factors,
and biofilms). This process involves synthesizing and
releasing into the environment signaling molecules
(such as AHLs) that affect transcription and translation
[22-25]. According to the anti-quorum sensing activity
results obtained from the study, boron compounds
showed inhibition between 37-95% (Figure 2).

Quorum Sensing Inhibition

Saahibiticn

- 5 % & & % & a4 & 3 §

Baron Ovide Sadium Tetrakore Boccicid
Bron Compeunds

Figure 2. Quorum sensing Inhibition of boron compounds.
Data are presented as mean + SEM of three replicates.
Different letters above the error bars indicate significant
differences between treatments (p < 0.05)

In the literature, it was reported that boron compounds
showed high activity against antioxidants, enzyme
inhibition, antibiofilm, and cancer cell lines [26, 27].

Therefore, the inhibitory potential of these compounds
on the quorum sensing mechanism is parallel with our
study results. This reveals that boron compounds can
disrupt the quorum-sensing mechanism that provides
cellular communication and reduces the cellular
defense and virulence factor.

Our current knowledge has now revealed that boron
compounds have a wide range of uses. Sevim et al.
[28] investigated the anti-inflammation potential of boric
acid and borax and reported that potential therapeutic
effects were achieved in improving tissue damage
even at low doses. Temel et al. [29] investigated the
antimicrobial, antioxidant, cytotoxic and enzyme
inhibition activities of boric acid and its derivatives.
They emphasized that the new compounds showed a
dominant potential in terms of antioxidants did not show
cytotoxic effects, and showed antimicrobial activity of
6.50 mg/mL against E. coli. Another study revealed the
wound-healing potential of boron [30]. Another study
focused on the use of boron-containing compounds
for triggering the immune system [31]. In another
similar study, the antimicrobial, enzyme inhibition,
and anti-cancer activity of quercetin-boronate esters
were determined, and based on the antimicrobial
activity, they showed superior glucosidase enzyme
inhibition and exhibited significant anti-cancer activity
with an MIC of 32.5 pg/mL against E. faecalis. These
compounds demonstrated superior glucidase enzyme
inhibition and exhibited significant anti-cancer activity,
reducing pancreatic cell viability at 50 yM [32].
However, studies on anti-quorum sensing activity have
been very limited, and this issue needs to be focused
on. The inhibition of this mechanism, which is of great
importance in bacterial communication and virulence,
can be achieved using natural products, particularly
boron compounds that are essential for organisms.
This approach can not only prevent the activation of
bacterial resistance development mechanisms but
can also reduce the costs associated with synthetic
product production. Moreover, the gap in the literature
on this subject will be filled to some extent. According
to the results, the quorum-sensing inhibition exhibited
by the compounds is remarkable (Figure 3). Figure 3
shows that the compounds showed quorum-sensing
inhibition even at the MIC/32.

Disodium Octoborate Sodium Pentaborate Boron Oxide Sodium Tetraborate Boric Acid

100

.

e

Figure 3. Heatmap of boron compounds of inhibition (%)
quorum sensing and violacein production

4. Conclusions

This study reveals the potential of boron compounds
to inhibit quorum-sensing mechanisms. Studies have
shown that boron-containing molecules can interfere
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withthe quorum-sensingsignalingmechanismsofgram-
negative and gram-positive bacteria, thereby reducing
pathogenic effects. In particular, boron compounds
were found to disrupt bacterial communication and
inhibit biofilm formation by interacting with quorum-
sensing signaling molecules (e.g., AHL or Al-2).
However, the specific effects of these compounds
vary depending on bacterial species, concentrations
used, and environmental factors. The findings indicate
the potential of boron compounds to be evaluated as
new anti-QS agents. However, extensive biochemical
and pharmacological studies are required to develop
these compounds as effective, safe, and specific
antibacterial agents. Future research on the anti-QS
activity of boron compounds may provide important
contributions to developing new therapeutic strategies,
especially against pathogens of clinical importance.
Based on this study, further studies can be designed to
understand the biological activities of boron-containing
compounds.
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