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Surekli akis kosullarinda sulu ¢ozeltilerden bor giderimi igin elektrokimyasal
ayirma prosesi tasarlanmasi ve igletilmesi
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Anahtar kelimeler:

Akis hicresi tasarimi

Bor giderimi

Elektrokimyasal ayirma prosesi
Surdurdlebilirlik

Ulkemiz agisindan stratejik éneme sahip olan bor minerali, uzay teknolojisinden savunma
endustrisine, cam sektérinden tekstil endustrisine pek ¢ok alanda yaygin olarak
kullaniimaktadir. Dogada genel olarak borik asit ve borat iyonu olarak bulunan bor, ylizey ve
yeralti sularina karisarak kirlenmeye yol agabilmekte ve cevre kirliligine sebep olmaktadir.
Su kaynaklarinin kisith olmasi ve yakin gelecekte diinya nifusunun su sikintisi yasama
olasiliginin yiksek oldugu g6z 6niine alindiginda, su aritiminda geleneksel yontemlerin
yani sira bor ve borat iyonu gibi kirleticilerin sularda bulunan diger iyonlar arasindan
uzaklastirilmasini saglayan etkili ve yenilik¢i teknolojilerin gelistiriimesi gerekmektedir.
Bu calismada, sulu cozeltilerde bulunan borat iyonlarinin elektrokimyasal ayirma
yontemi kullanilarak surekli akis kosullarinda ayrilmasi ve geri kazanimi incelenmigtir.
Bu kapsamda, oncelikle aktif karbon ile kapl elektrotlar hazirlanmig, elektrokimyasal
ve morfolojik agidan karakterizasyonu yapilmistir. Daha sonra strekli akis kosullarinda
bor iyon gideriminin yapilabilmesi icin akis hucresi tasarlanmis ve elektrokimyasal
ayirma prosesine entegrasyonu saglanmistir. +1,0/-1,0 V adsorpsiyon ve desorpsiyon
kosullarinda sistem en az 5 déngu olacak sekilde calistirilmis ve bor iyonu giderim verimi
%90,3 olarak belirlenmistir. Ayrica, bu galismada farkli voltaj degerlerinde c¢alisiimis ve
uygulanan potansiyel degerinin 0,75'ten 1,5 V’a artirilmasiyla tutunan bor iyonu miktarini
11,5 mg/g'dan 25,7 mg/g’a ¢iktigi tespit edilmistir.

Design and operation of an electrochemical separation process for boron
removal from aqueous solutions under continuous flow conditions
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Sustainability

Boron mineral which has strategic importance for Tirkiye, is widely used in many fields
from space technology to the defense industry, from the glass industry to the textile
industry. Boron, which is generally found in nature as boric acid and borate ion, can cause
pollution by mixing with surface and groundwater and cause environmental pollution.
Considering the dwindling sources of water and the possibility of the world population
experiencing water scarcity in the near future, effective and innovative technologies need
to be developed to separate and to remove pollutants such as boron ions from other ions
in the water stream as well as the conventional water treatment process. In this study,
the removal and recovery of borate ions in aqueous solutions using the electrochemical
separation technique under continuous flow conditions were investigated. In this context,
firstly, electrodes coated with activated carbon were prepared and their electrochemical
and morphological characterization was performed. Then, a flow cell was designed to
perform boron ion removal under continuous flow conditions and its integration into the
electrochemical separation system was provided. The system was operated for at least 5
cycles under +1.0/-1.0 V adsorption and desorption conditions and the boron ion removal
efficiency was determined as 90.3%. In addition, different voltage values were studied in
this study and it was determined that the amount of adsorbed boron ion increased from 11.5
mg/g to 25.7 mg/g by increasing the applied potential value from 0.75to0 1.5 V.

1. Girig (Introduction)

Bor madeni, Turkiye icin ekonomik degeri ve stratejik
dénemi ¢ok biiyiik olan bir madendir. Ulkemiz Diinya
toplam bor rezervinde yaklasik olarak %73'luk bir

paya sahiptir [1,2]. Glnumuzde bor cevherleri ve
trevleri, gunlik yasantinin ve sanayinin her alanina
girmis olup ticari olarak ¢ok genis ve cesitli alanlarda
kullaniimaktadir. Kimya sanayinde en ¢ok yararlanilan
ara kimyasal maddelerden biri olarak kullaniimasinin
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yani sira, uzay teknolojisinden, bilisim sektorlne,
nukleer teknolojiden savas sanayine kadar pek cok
alanda kullaniimaktadir. Ayrica, cam ve seramik
sanayi, temizleme ve beyazlatma endustrisi, gubre,
metallrji ve tekstil endulstrileri de borun yaygin
olarak kullanildigi baglica sektorlerdir [3-5]. Bor
dogada genel olarak borik asit ve borat iyonu olarak
bulunur. Borik asit veya borat tuzlan suda kolay
¢ozundUkleri igin ylzey ve yeraltl sularina karisarak
kirrenmeye yol agabilmekte ve atik olarak cevreye
verildiklerinde yeralti sularinda birikerek toksik etki
gOstermektedirler. Bu nedenle, belirli konsantrasyon
degerlerinin tUzerinde cevresel olarak risk olustururlar
[6,7]. Ornegin, Diinya Saghk Orgiiti icme sulari igin
bor limitini maksimum 2,4 mg/L olarak belirlemisken,
bu deger Avrupa Birligi Mevzuat’na goére 1 mg/L'dir
[8]. Daha yuksek bor konsantrasyonu kardiyovaskdler,
koroner, sinir ve Ureme sistemlerinde hasara sebep
olmaktadir [5,8,9]. Turk Cevre Mevzuatina gore
denize desarj edilecek sudaki bor miktarinin 500
mg/L'i gegmemesi gerekmektedir [10]. Ayrica,
kullanim alanina bagli olarak bor konsantrasyonun
belirli degerlerde olmasi gerektigi bilinmektedir.
Ornegin, yari iletken endustrisinde, 6zellikle ¢ip
Uretimi igin ylksek miktarlarda saf su kullaniimakta
olup, bu suyun igerdigi bor miktarinin da (giplerin
yuzeylerinde kontaminasyon olusmasini engellemek
icin) pg/L duzeyinde olmasi gerekmektedir [11].
Diger bir kullanim alani incelendiginde ise bitkilerin
sulama sularinda bor konsantrasyonunun 1 mg/L’'den
yiksek olmamalidir [12]. Ozetle, belirli ve disik
konsantrasyonlarda borun ortamda bulunmasi insan
ve cevre saghgl agisindan olumlu etkiler yaratsa da
yuksek miktarlarda bulunmasi ciddi sorunlara neden
olmaktadir. Ayrica, su ihtiyacinin artisi buna karsin
su kaynaklarinin giderek azalmasi ve kullanilabilir su
kaynaklarinin kirletimeye devam edilmesinden dolayi
dinya genelinde yasanan su sikintisi glinimuzde
Uzerinde durulmasi gereken énemli bir sorun haline
gelmistir. Ozellikle su sistemlerinde kirleticilerin varligi
hem insan saglhgini olumsuz yénde etkilemekte hem
de suda yasayan canli tirleri ve ekosistem dengesi
icin ciddi sorunlar yaratarak suyun kullanilamaz
hale gelmesine sebep olmaktadir [13,14]. Bu
kapsamda, sulardaki bor Kirliligi oldukga énemli bir
cevre problemi haline gelmektedir. Bu nedenle, su
sistemlerinde ¢6zlinmuis halde bulunan bor iyon
derisiminin ¢evre acisindan tehlike olusturmayacak
degerlere duslrilmesi ve geri kazanimin saglanmasi
gerekmektedir. Bor giderimi ile ilgili literatirde
koagulasyon ve sedimentasyon [15], adsorpsiyon
[16,17], evaporasyon, ekstraksiyon [18], kristalizasyon
[19], iyon degistirme [20], membran prosesleri [21-
24] ve elektrokoagilasyon [25,26] gibi farkli aritim
yontemleri kullanilan birgok sayida ¢alisma mevcuttur.
Bu yontemlerden bazilari bor giderimi alaninda basarili
sonuglar vermekte ve glnimizde halen siklikla
kullanilmalarina ragmen, adsorbentlerin rejenerasyon
sureclerindeki zorluk ve maliyet, iyon degistirici
recine ihtiyaclari, membran maliyetlerinin pahali
olmasi, surekli bakim gerektirmeleri gibi nedenlerle

cesitli dezavantajlara da sahip olabilmektedirler [15-
26]. Bu nedenle, alternatif ve yenilikgi proseslerin
geligtiriimesine ihtiyac duyulmaktadir. Sulu
cOzeltilerden bor iyonlarinin ekonomik ve yuksek
verimle ayrilmasi/geri kazanimindaki gelismeler
hem ekonomik fayda acgisindan hem de insan
saghgr ve c¢evre acisindan olduk¢ga O6nemlidir
[27]. Borun yuksek verimle ayrilmasi iglemi hizl
doénlsum, elektriksel potansiyel ile kontrol ve tekrar
kullanilabilirlik saglamasi agisindan elektrokimyasal
ayirma yontemiyle yapilabilir. Ayrica, elektrokimyasal
ayirma islemi rejenerasyon prosesi sirasinda ilave
kimyasallara ihtiyag duyulmamasi nedeniyle su
ekonomisi ve atik surdurdlebilirligi agisindan diger
yontemlerle kiyaslandiginda son derece avantajlidir
[28-31]. Elektrokimyasal ayirma kapsaminda bulunan
kapasitif deiyonizasyon (KDI) teknolojisi, disuk basing
gerektiren kapasitorlerin  kullanilmasi ile iyonlarin
ayrilmasi esas! Uzerine galisan 6nemli bir prosestir
[32,33]. KDI prosesi, duslk elektrik potansiyelinin
aralarinda su akigl olan iki paralel elektrot plakasina
uygulanmasi sonucu suda bulunan iyonlarin zit yukla
elektrotlarin ylizeyinde olusan elektrik ¢ift tabakanin
icine adsorbe olmasi prensibiyle calismaktadir. Bu
prosesin en o6nemli avantaji olduk¢a dusuk enerji
tUketimidir [34]. Bu kapsamda bu c¢alismada, Ulkemiz
acisindan stratejik dneme sahip borun surekli akig
kosullarinda tasarlanan akis hicresi ve kurulan
yenilik¢i elektrokimyasal ayirma prosesi kullanilarak
adsorpsiyon ve desorpsiyon sureci incelenmistir.

2. Yontemler (Methods)

2.1. Elektrotlarin Hazirlanmasi ve Karakterizasyonu
(Preparation and Characterization of Electrodes)

Bu calisma kapsaminda, 1x2 cm (aktif ylzey alani
olarak 1x1 cm?) ve 8x8 cm (aktif yluzey alani 5x5
cm?)lik olmak Uzere iki farkl Olgekte elektrotlar
hazirlanmistir. Elektrotlarin hazirlanmasinda Toray
karbon kagidi (TGP-H-60, Toray, Japonya), aktif
karbon (Merck, ABD), karbon siyahi (Nanografi,
Turkiye), poliviniliden florur (PVDF, Nanografi,
Tuarkiye) ve ¢bdzlcu olarak da aseton (Merck, ABD)
kullaniimistir. Besleme c¢ozeltisinin hazirlanmasinda
ise Merck firmasindan temin edilen sodyum tetraborat
dekahidrat kullaniimistir. Agirlikga aktif karbon: karbon
siyahi: PVDF orani 85:10:5 olacak sekilde tartiimis ve
20 ml aseton eklenerek hazirlanan karisimin 2 saat
karistirlimasi saglanmistir. Daha sonra elde edilen bu
suspansiyon daldirmali ultrasonik prob kullanilarak
1 saat ultrasonikasyon iglemine tabi tutulmustur.
Damlatma (drop casting) yontemi kullanilarak
elektrotlar hazirlanmigtir.  Hazirlanan  elektrotlar
dongulsel voltametri, ylzey alani dlgimu (BET) ve
taramali elektron mikroskopu (SEM, Zeiss EVO LS 10,
Almanya) analiz ydntemleri kullanilarak karakterize
edilmistir.  Elektrokimyasal karakterizasyon iglemi
dongulsel voltametre kullanilarak gercgeklestirilmistir.
Doéngusel voltammogramlar ¢ elektrotlu sistem
kullanilarak 5 mV/s tarama hizinda 5 déngu olacak
sekilde kaydedilmistir. Referans elektrot olarak Ag/
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AgCl ve karsit elektrot olarak da platinyum plaka
kullaniimigtir.

Elektrotlarin morfolojik ozellikleri SEM, ylzey alani
ise Quantachrome marka Quadrosorb Sl cihazi
(ABD) kullanilarak belirlenmistir. Elektrotlarin ylizeyini
kaplayan aktif karbon numunesine ilk olarak 8 saat
boyunca 120°C’de gaz giderme islemi uygulanmis,
ardindan O&rneklerin 77 K'de azot adsorpsiyon-
desorpsiyon izotermleri alinmistir. Ylzey alani
hesaplamasinda  Brunauer-Emmett-Teller  (BET)
esitligi kullaniimistir.

2.2. Elektrokimyasal Hiicre Tasarimi (Electroche-
mical Cell Design)

Bu calismada, slrekli akis kosullarinda borat iyonu
giderimi deneyleriicin Rhinoceros 3D (Robert McNeel &
Associates, ABD) yazilimi kullanilarak elektrokimyasal
akis hlcre tasarimi yapilmistir. Sekil 1’de deneylerde
kullanilan akis hicresinin temel pargalarini gosteren 3
boyutlu ¢izimi verilmistir. Elektrokimyasal hlcre (8x8
cm) 2 adet akrilikten olusan plaka, 2 adet simetrik aktif
karbon ile kapl elektrot, 2 adet titanyum kollektor, 1
adet akrilikten yapilmis ayirici plaka ve 1 adet akisin
hicre icerisinden homojen ve etkin olarak gecisini
saglayacak polimer dagiticidan (spacer) olusmaktadir.

Girig akimi

2.3. Elektrokimyasal Proses/Deney Diizenegi
(Electrochemical Process/Experimental Setup)

Proses besleme tanki, besleme ¢ozeltisini
elektrokimyasal hicreye farkli akis hizlarinda
besleyecek peristaltik pompa, elektrokimyasal hicre,
glc kaynagi, iletkenlik sensori (eDAQ, Avustralya),
pH probu (eDAQ, Avustralya) ve kaydedicileri ve ¢ikis
tankindan olusmaktadir. Sekil 2’de deney diizeneginin
sematik gosterimi verilmistir.

Deneylerde bes dongli olacak sekilde adsorpsiyon
ve desorpsiyon calismalari yUratdlmastir.  Bor
¢Ozeltisi hiicreye peristaltik pompa araciligiyla 1 ml/
dk akis hizinda beslenmis ve 0,75, 1,0, 1,25 ve 1,5
V olmak Uzere dort farkli voltaj degerinde calisiimistir.
Oncelikle besleme ¢ozeltisi prosese beslenmis
ve bu c¢Ozelti elektrokimyasal hilcreye girdigi an
itibariyle sisteme voltaj uygulanarak iyonlarin elektrot
yuzeylerine tutunmasi saglanmistir. Elektrokimyasal
hicreyi terk eden c¢ozeltinin inline olarak iletkenlik
ve pH degerleri surekli olarak kaydedilmistir.
Adsorpsiyon ve desorpsiyon prosesi boyunca, belirli
zaman araliklarinda ¢ikis akimindan numuneler
alinmis, iyon derisimi indUktif eslesmis plazma atomik
emisyon spektroskopisi (ICP-OES, Spectro Analytical
Instruments, Almanya) kullanilarak belirlenmis ve
verim hesaplanmistir.

Elektrot ylzeyine kaplanan aktif karbonun birim kitlesi
bagina tutunan borat iyonu miktari (q,) ve adsorplanan
borat iyonu ylzdesi (verim) Esitlik 1 ve 2 kullanilarak
hesaplanmistir. C, baglangi¢ konsantrasyonunu, C,
citkis akimindaki borat konsantrasyonunu (mg/L), V
¢Ozeltinin hacmini (L), w ise aktif karbon elektrotun
katlesini (g) gdstermektedir.

_(G-CyxV

Qe=—"7—" (1)
w
. Elektrot Akrilik Elektrot .
Akrilik plaka ayirici Akrilik plaka (C- —C )
(Endplate) (separator) (Endplate) Verim (%) — 1C t % 100 (2)
Sekil 1. Elektrokimyasal akis hicrenin 3 boyutlu gorseli '
(3-dimensional image of the electrochemical flow cell)
Giic kaynag1 Data kaydedici
. 1.0 V o w
- i

@

L=\ Elektrokimyasal
Besleme Peristaltik akis hiicresi
tanki pompa

%’
fletkenlik pH
sensorii  probu

Cikis
tanki

Sekil 2. Elektrokimyasal ayirma sistemi dizeneginin sematik gosterimi (Schematic representation of electrochemical

separation system’s setup)
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3. Sonuglar ve Tartigsma (Results and Discussion)

3.1. Elektrot
Characterization)

Karakterizasyonu (Electrode

Bu calismada aktif karbon ile kaplanmig elektrotlarin
elektrokimyasal olarak karakterizasyonu i¢in déngisel
voltametriden (CV) yararlanilmigtir. Olgiimlerde Sekil
3a’da verilen (g elektrot konfiglirasyonu kullaniimis,
yuzeyi aktif karbon ile kaplanmis Toray karbon kagidi,
platin plaka ve Ag/AgCl sirasiyla gcalisma, karsit ve
referans elektrot olarak kullaniimistir. CV o6lgimleri
icin potansiyel araligi -1V ile +1V arasinda secilmis
olup, en az 5 dongu olacak sekilde 5 mV/s tarama
hizinda 0,1M potasyum silfat (K,SO,) ¢Ozeltisi
kullanarak analiz yapilmis ve elde edilen CV egrisi
Sekil 3b’de verilmistir. Ayrica, ¢alisma elektrodunun
borat iyonunu adsorpsiyonu agisindan performansi
kronoamperometri kullanarak belirlenmis, dlguimler
900 saniye 0,8 V potansiyel uygulanarak alinmis ve
elde edilen sonug Sekil 3c’de verilmistir.

Sekil 3'te verilen elektrokimyasal karakterizasyon
sonuglari incelendiginde, CV egrisinin bes déngu icin
de ayni egilimi gdsterdigi yani elektrokimyasal olarak
kararli oldugu ve literatirdeki calismalarla [35,36]
da uyumlu olarak dikddrtgensel davranis gosterdigi
belirlenmistir. Sekil 3d-fde verilen SEM analiz
goruntuleri incelendiginde Toray karbon kagidinin
yuzeyinin yaklasik 10 ym capa sahip karbon fiber

yapilarindan olustugu belirlenmistir. Yizeyin aktif
karbon ile kaplanmasindan sonra elektrot ylzeyi
tamamen degiserek, homojen olmayan daha gézenekli
yaplya sahip bir morfolojiye sahip oldugu belirlenmistir.
Ayrica, aktif karbon ile kaplanmis ylzeydeki BET
spesifik ylizey alani 694 m?/g olarak 6lglilmustir. Borat
iyonlarinin adsorpsiyonu sonucunda elektrot ylizeyinin
degistigi, bosluklarin azaldi§i ve daha homojen ylzeye
sahip oldugu tespit edilmigtir.

3.2. Siirekli Akis Kosullarinda Bor Adsorpsiyon
ve Desorpsiyon Sonuglari (Boron Adsorption and
Desorption Results under Continuous Flow Conditions)

Aktif ylzey alani 1x1 cm? olan ¢alisma elektrodunun
elektrokimyasal ve morfolojik karakterizasyon isleminin
tamamlanmasindan sonra, aktif ylizey alani 5x5 cm?
olan elektrotlar hazirlanmis ve elektrokimyasal akig
hicresine yerlestiriimistir. 10 mg/L boraks dekahidrat
¢Ozeltisi 1,0 ml/dakika akis hizinda peristaltik pompa
araciligiyla ayirma sistemine 5 déngl adsorpsiyon-
desorpsiyon olacak sekilde surekli olarak beslenmistir.
Her bir déngu icin 10 ml besleme ¢ozeltisi kullaniimigtir.
Cikis akiminin iletkenlik ve pH degerleri inline
olarak ol¢llmis, adsorpsiyon deneylerinde +1,0 V,
desorpsiyon deneylerinde ise -1,0 V potansiyel surekli
olarak uygulanmistir. Sekil 4a ve 4b’de zamana bagli
olarak degisen akim degerleri ve akis hicresini terk
eden cozeltinin iletkenlige bagli olarak hesaplanan
konsantrasyon ve pH degerleri verilmistir.
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Sekil 3. a) Elektrokimyasal karakterizasyon isleminde kullanilan elektrot hilcresi, ¢alisma elektrotunun b) déndsimlu
voltametri (CV) egrisi ve c) kronoamperometrik (CA) egrisi, d) Toray karbon kagidi, e) aktif karbon ile kaplanmis ¢alisma
elektrodu, f) bor adsorpsiyonu sonrasinda ¢alisma elektrodunun 1000X biiyiitmede elde edilen SEM gorintileri (Olgek
cubugu: 10 uym) (a) Electrode cell used in the electrochemical characterization process, b) cyclic voltammetry (CV) curve and
c) chronoamperometric (CA) curve of the working electrode, SEM images obtained at 1000X magnification of d)Toray carbon
paper electrode, e€) working electrode coated with activated carbon, f) working electrode after boron adsorption (Scale bar:

10 pm))
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Sekil 4. Surekli akis kosullarinda elektrotlarin déngusel performans analiz sonuglari. a) Akim-potansiyel-zaman grafigi, b)
zamana bagli olarak konsantrasyon ve pH degisim grafikleri, c) farkli potansiyel degerlerinde zamana bagh akim degisimi grafigi
d) farkli potansiyel degerleri igcin zamana bagh olarak hesaplanan elektrosorpsiyon kapasitesi degerleri (Cyclic performance
analysis results of electrodes under continuous flow conditions. a) Current-voltage-time profiles, b) Concentration and pH
change profiles with time, ¢) current change profile with time at different applied potentials, d) electrosorption capacity values
calculated as a function of time for different applied potentials)

Sekil 4a’da verilen sonuglar incelendiginde, her
bir adsorpsion-desorpsiyon dongisi icin  benzer
akim degisimi egilimi belirlenmistir. Sekil 4b’de
verilen zamana bagli konsantrasyon degisimi grafigi
incelendiginde, baslangigta ¢ozelti derisimi 10 mg/L
olarak élgulmustur. 5 déngl olacak sekilde elektrotlara
5 dakika 1,0 V ve 5 dakika -1,0 V uygulanmstir.
Sistem +1,0 V kosullarinda calistinldiginda, cikis
akimindaki borat iyonu konsantrasyonunun besleme
¢cozeltisine gore dustugu tespit edilmistir. Elektrotlara
gerilim uygulanmasiyla besleme akiminda bulunan
borat iyonlari aktif karbon ile kaplanmis elektrot
yuzeylerine adsorbe olmustur (Sekil 4a). Yizeye
tutunan bu iyonlar ¢Ozeltideki iyon miktarinin
dismesine ve buna bagli olarak da ¢ikis akiminda
Olgulen iletkenlik degerinin yani iyon konsantrasyonun
azalmasina sebep olmustur. Daha sonra aktif karbonla
kaplanmis elektrotlar doygunluk seviyesine ulasmis
ve c¢ikis akiminda Olgilen konsantrasyon, baslangic
besleme c¢ozeltisi konsantrasyonun degerine geri
donmustar. Hem elektrotlarin rejenerasyonu hem
de borat iyonlarinin geri kazanilmasi icin sisteme
adsorpsiyon isleminde uygulanan gerilime esit ancak
negatif degeri olan -1,0 V uygulanmistir. Desorpsiyon
surecinde, elektrot ylzeyine adsorplanmis olan borat
iyonlari ¢dzeltiye geri ddnmls ve bu durum da ¢ikis
akiminda olgllen konsantrasyon degerinin artisina
neden olmustur (Sekil 4b). Bu slre¢ 5 déngu olacak

sekilde yapilmis ve tim dongdler icin benzer sonuglar
elde edilmistir. Bu galismada ayrica 0,75, 1,0, 1,25
ve 1,5 V olmak Ulzere dort farkli voltaj degerinde
calisiimis ve sonuclar Sekil 4c ve 4d’de verilmigtir.
Sonuglar  incelendiginde  uygulanan  potansiyel
degerinin 0,75’ten 1,5 V’a artiriimasiyla tutunan bor
iyonu miktari 11,5 mg/g'dan 25,7 mg/g’a ¢ikmigtir.
Ayrica, Sekil 4d incelendiginde, zamana bagh olarak
adsorbe edilen bor iyonu konsantrasyonu artigi
belirlenmistir. Literatlirde aktif karbon kullanilarak
KDI prosesi ile bor iyon giderimi Uzerine yapilan
calismalar incelendiginde, Kluczka ve arkadaslari [37]
tarafindan modifiye edilmis aktif karbon kullanildiginda
adsorpsiyon kapasitesi 1,5 mg/g, Halim ve arkadaslari
[38] tarafindan ise maksimum adsorpsiyon kapasitesi
5,0 mg/g olarak hesaplanmistir.

Adsorpsiyon ve desorpsiyon slresince  c¢ikis
¢ozeltisinin pH'1 10,29 ile 9,71 arasinda degismis,
adsorpsiyon asamasinda pH degeri artarken

desorpsiyon asamasinda ise bu deger azalmistir.
Ayrica, adsorplanan ve geri kazanilan iyon miktarinin
kantitatif olarak belirlenmesi icin belirli zaman
araliklarinda ¢ikis akimindan numuneler alinmis ve
analiz edilmistir. Adsorpsiyon ve desorpsiyon sirecinde
akis hlicresinin sematik gosterimi Sekil 5’de verilmistir.
5. déngl sonunda adsorsiyon ve desorpsiyon verimi
%90,3 ve %88,7 olarak hesaplanmistir.
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Sekil 5. Adsorpsiyon ve desorpsiyon silrecinde akis
hiicresinin sematik gosterimi (Schematic representation of
the flow cell during adsorption and desorption)

Bu calismada ayrica akis hizinin adsorpisyon ve
desorpsiyon verimine etkisi incelemistir. Bu kapsamda,
sabit potansiyel degerinde (+1,0/-1,0 V) 4 ve 10 mi/dk
akis hizi olmak Uzere iki farkli akis hizinda élgimler
alinmis ve sonuclar Sekil 6'da verilmistir. 5. dongu
sonunda elde edilen bor giderim verimi 4 ve 10 ml/
dk akis hizi icin sirasiyla %81,6 ve %67,1 olarak
hesaplanmistir.
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4. Sonuglar (Conclusions)

Bu calismada, surekli akis kosullarinda bor iyonlarinin
sulu c¢Ozeltilerden elektrokimyasal ayirma ydntemi
ile gideriimesi ve geri kazanimi incelenmistir. Bu

kapsamda, ilk olarak aktif karbon ile kaplanmis
elektrotlar hazirlanmis ve Kkarakterize edilmigtir.
Dontsumli  voltametri  sonuglari  elektrokimyasal

acidan kararh elektrotlarin elde edildigi ve SEM
goruntuleri elektrot yuzeylerinin gbézenekli bir yapiya
sahip oldugunu gdstermistir. Ayrica, elektrotlarin BET
spesifik ylizey alani 694 m?/g olarak olgllmustir. Daha
sonra akisg ortaminda adsorpsiyon ve desorpsiyon
calismalarinin  yUrdtllebilmesi icin  akis hucresi
tasarlanmistir. Surekli akis kosullarinda, 0,75, 1,0,
1,25 ve 1,5 V voltaj degerlerinde tutunan bor iyonu
miktar sirasiyla 11,5, 17,2, 20,5 ve 25,7 mg/g olarak
hesaplanmigstir. Tasarlanan elektrokimyasal ayirma
prosesi sulu ¢ozeltilerde bulunan bor iyonlarinin hem
adsorpsiyon hem de desorpsiyonunun basariyla
gerceklestiriimesini saglamigtir. Bu proses kullanilarak
surekli akis kosullarinda %90’nin tzerinde bor giderimi
saglanmistir. Bu calismadan elde edilen sonuglarin
hem bor iyonlarinin giderimi ve geri kazanimi
agisindan yenilikgi teknolojiler gelistirmesine hem de
su kirligi, cevrenin korunumu ve su surdurulebilirligine
katki saglayacagi dustnulmektedir.

(b) 15
£ 124
=
=
<)
-
i
£
=
g o
S
-
6 -
T T T T T T
0 500 1000 1500 2000 2500 3000
Zaman (saniye)
(d) 15
= 124
=9
2
=
=
=
£
=
=]
o
6 -
T T T T T T
0 500 1000 1500 2000 2500 3000

Zaman (saniye)

Sekil 6. Farkli akis hizlarinda elektrotlarin dénglsel performans analiz sonuglari. 4 ml/dk akis hizi igin a) akim-potansiyel-
zaman ve b) konsantrasyon-zaman grafigi, 10 ml/dk akis hizi igin c) akim-potansiyel-zaman ve d) konsantrasyon-zaman
grafigi (Cyclic performance of analysis results of electrodes at different flow rates. a) Current-voltage-time profiles and b)
concentration-time profiles for 4 ml/min, ¢) current-voltage-time profiles and d) concentration-time profiles for 10 ml/min)
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Calcium fructoborate (CaFB) has gathered attention due to its boron and calcium
content, both of which are known to support bone health, deposition and regeneration.
Previous studies have shown that CaFB has a positive effect on bone health and has
been proven to promote bone-like properties. In light of this information, a local CaFB
delivering scaffold could improve bone regeneration in cases of bone tissue loss.
This study aimed to design a layer-by-layer polymeric sponge capable of achieving
controlled local delivery of CaFB to improve bone tissue healing. The dose-dependent
effect of CaFB on the cell viability of the Saos-2 cell line was investigated in vitro. Layer-
by-layer structure of the polymeric scaffold supported controlled release of CaFB, with
33.917.4% released after 7 days of incubation. CaFB at 31.25 ug/mL concentration
was able to improve Saos-2 cell viability up to 174.7+24.1% and 127.7+8.7% after 1
and 4 days of incubation. After 7 days of incubation CaFB treatment at concentrations
of 250, 125, 62.5 and 31.25 pg/mL improved cell viability up to 194.3+47.7, 155.3+£17.7,
149.4+5 .4 and 132.5+13.3%. The polycaprolactone/polyvinyl alcohol/polycaprolactone
(PCL/PVA/PCL) scaffold supported the viability of cells for 7 days and was shown to be
biocompatible. The results of this study showed that CaFB is a potential compound that
can be locally delivered within a scaffold system to improve bone tissue regeneration.

1. Introduction

Boron is a trace element that exhibits both metal
and non-metal properties and has several beneficial
effects on human health such as influencing calcium
metabolism, enhancing bone growth, and affecting
nutrient and hormone metabolism. The main source
of boron for humans is diet. Only plants can directly
metabolize boric acid and borate compounds,
converting them into monoester or diester forms,
which are then consumed by humans and animals.
Boron is essential for enhancing bone growth and
strength. Boron is also known for its ability to regulate
vitamin D metabolism, which has been shown to
positively affect bone growth and differentiation [1,2].
Also, increased boron supplementation has been
attributed to improved serum levels of vitamin D in
deficient subjects [3]. Previous in vitro and in vivo
studies have reported that boron can improve bone
regeneration and strength [4-9]. When interacted with
osteoblast cells, even at low doses, boron has been
reported to activate cell proliferation and differentiation
[10]. Similarly, low doses of boron have been shown
to promote the expression of osteogenic markers,
like collagen type |, osteopontin, bone sialoprotein,
osteocalcin and runX2 while increasing levels of
bone morphogenetic proteins (BMP-4, -6, -7) [9]. In
vivo studies have shown a strong relation between

increased bone strength and boron supplementation
in Weanling pigs [5] and Sprague Dawley rats [6]. The
positive effects of boron containing biomaterials on
bone tissue healing are well defined in the literature.
Boron bearing materials like bone cement, boron-
doped hydroxyapatite (HAp), bioactive glasses,
nanofibers and 3D-printed polymeric matrixes have
been fabricated and shown to improve structural
properties as well as bioactivity for bone regeneration
[11-13].

Fructoborates are organic compounds consisting of
boron and fructose and are naturally found in several
fruits like apples, pears, and grapes [1]. Fructoborates
exhibit no toxicity and accumulation and show better
absorption than other boron compounds. Among
fructoborates, calcium fructoborate (CaFB) has drawn
attention for human health due to its calcium content
[14]. CaFB can also be synthetically produced by
allowing boric acid to form complexes with organic
compounds like d-fructose [15]. Calcium, the other
key component of CaFB, is a well-known ion that has
been proven to support bone growth and strength by
benefiting bone metabolism [16-18]. In vivo studies
with CaFB have shown that CaFB can be systemically
absorbed by the body [14,19]. When CaFB is taken via
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diet, low pH in the stomach and enzymes can catalyze
the hydrolysis of ester bonds to form fructose and boric
acid which can be readily absorbed [20].

CaFB supplementation has been reported to stimulate
osteoblast for mineralization when introduced along
with dexamethasone [21]. In a pilot study, CaFB, when
supplemented for six months, was reported to improve
bone density in subjects with osteoporosis [22]. CaFB
has also been incorporated into the surface coating
of hydroxyapatite-coated titanium samples where its
rapid release was reported to promote osteointegration
[23]. CaFB can also improve bone health by regulating
vitamin D metabolism. A previous pilot clinical trial has
shown that boron supplementation in the form of CaFB
can increase serum vitamin D and can be effective in
improving bone and joint health in elderly patients [3].
Inflammation is another factor that is associated with
bone loss due to increased osteoclastogenesis by
proinflammatory cytokines and bone resorption. CaFB
has been shown to lower inflammation by interacting
with inflammatory molecules at cellular and enzymatic
level, modulating the serum levels of reactive protein
C (CRP) and other cytokines [19,24]. Today, as an
alternative boron source, CaFB supplement products
are available. Study by Marone et al. has evaluated
the safety of CaFB supplements with an in vivo study
and demonstrated that CaFB products have no
mutagenic or genotoxic potential while no adverse
toxicologic effects were found after a 90-day sub-
chronic toxicology study [25].

These findings support the idea that a controlled
local delivery system for CaFB could improve bone
tissue regeneration by enhancing osteogenesis and
osteoconduction. CaFB is a water-soluble molecule,
that is why CaFB release from a traditional hydrogel
is expected to be fast by water diffusion. If a CaFB-
loaded hydrogel is implanted into the body, CaFB
could be lost in a very short period and cannot sustain
a therapeutic dose over bone tissue healing time. This
reveals the need for a novel biodegradable scaffold
that can control the local release of CaFB and sustain
steady release over healing time. In light of previous
literature, this study hypothesizes that local CaFB
delivery can improve bone tissue regeneration, and
a biodegradable polymeric scaffold can sustain a
controlled release of CaFB. To achieve controlled
release of CaFB, this study aimed to design a layer-
by-layer polymeric scaffold (PCL/PVA/PCL) as a local
delivery system. CaFB-loaded PCL/PVA/PCL scaffold
was prepared from poly(e-caprolactone) (PCL) and
polyvinyl alcohol (PVA) polymers using consecutive
freeze-drying steps.

Layer-by-layer scaffold fabrication for PCL and PVA
has previously been reported for technologies like
3D printing and electrospinning [26,27]. The layered
formation has enabled composites of polymers with
different chemistry to be fabricated into the same
scaffold which allows to tailor drug release and
degradation rate [26]. PVA is a hydrophilic polymer

that can be degraded in a short time in the body which
causes the loss of mechanical strength. To support
the mechanical strength of the scaffold, a synthetic
polymer like PCL that has slower biodegradation
should be used to form a composite [28,29]. In this
study, freeze-drying technique was used to produce
PCL/PVA/PCL composite scaffold which will carry
CaFB in the core PVA layer. PCL layer was formed
around the PVA to control the release rate and support
the tissue mechanically through healing.

The fabricated scaffold was analyzed in terms of micro-
and nano-morphology, time-dependent weight loss,
and the capacity of PCL/PVA/PCL scaffold to controlling
the release of CaFB. In vitro cell viability studies were
conducted using Saos-2 (Human osteosarcoma cell
line) cells which exhibit an osteoblast phenotype and
have shown to be successful in replicating primary
human osteoblast interaction with biomaterials [30].
Initially, the effect of CaFB on bone cells was analyzed
in detail using in vitro cell culture techniques to assess
Saos-2 cell viability under varying concentrations of
CaFB. Then, the effect of CaFB-loaded PCL/PVA/PCL
scaffold was analyzed via direct incubation of cells on
the scaffold surface via an in vitro cell viability test.

2. Materials and Methods
2.1. Fabrication of Layer-by-Layer Scaffold

The tri-layered scaffold was fabricated using PCL (Mw:
70.000-90.000 g/mol, Sigma-Aldrich, USA) and PVA
(Mw: 72.000 g/mol, Sigma-Aldrich, USA) polymers.
Compositions of experimental groups are presented
in Table 1 and the steps of scaffold fabrication are
presented in Figure 1a.

Table 1. Percent weight composition of experimental groups
PVA and PCL/PVA/PCL

Materials
wt wt wt wt wt wt
(mg) (%) (mg) (%) (mg) (%)
PVA 50 95.2 - - 25 4.8
PCL/PVA/IPCL 50 187 215 804 25 0.9

Cross-section and schematic representation of the
PCL/PVA/PCL scaffold is presented in Figure 1b. PCL
solution (10% wt/v) was prepared in glacial acetic
acid (Sigma-Aldrich, USA.), which has a freezing
temperature around 17°C. To form the bottom layer of
the scaffold, 0.7 mL of PCL solution was poured into
a 24-well plate and incubated at -80°C overnight. To
prepare the PVA layer, 0.5 mL of 10% PVA solution
(10% wt/v, dH20), containing 5 mg/mL of CaFB (Via-
Bor, Turkiye) was freeze-dried in a 48-well plate. The
PVA sponge was then extracted from the well and
placed onto the frozen PCL layer in the 24-well plate.
To fill the space surrounding the PVA layer and to
achieve the same PCL layer thickness above, 1.4 mL
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Experiment Name

(a) PVA solution (0.5 mL) with (b)
0.75 mL of PCL solution CaFB (S.mg/mL) .
Incubation (-80°C overnight) was freeze dried to produce Cross section of a cut scaffold
PVA disc Reveals 3 layers
£ PVA Sponge
o
PCL (10%) L,’ £ Frozen PCL (10%)
‘ 10 mm
1.4 mL of PCL solution was added
Incubation (-80°C overnight) Layer by layer
Freeze-drying Polymer sponge
B —— 15 mm R ——
PVA (10%)+ CaFB 1, PVA Layer
PCL Sponge PCL Layer
(c)

‘Weight Loss

Incubation in PBS (0.1 M, pH 7.4, 0.01 % Sodium azide, 0.1 % Lysozyme)

Da Day 4

Analysis i—»Rinsed (d_HzO)
Dry weight - >Rinsed (dH,0) —>Rinsed (dH,0) —> Freeze-dried
measured —Freeze-dried (24 h) ——Freeze-dried (24 h) —Dry weigth recorded
——Dry weigth recorded —— Dry weigth recorded
CaFB Release P ;
Study Incubation in PBS (0.1 M, pH 7.4, 0.01 % Sodium azide) —Aliquots collected
— Curcumin complex
— Aliquots collected — Aliquots collected L 5 O mcasurement
—— Curcumin complex — Curcumin complex
— 0D measurement —>OD measurement
Cell Viability AN
(CaFB Conc.) Incubation in growth media with concentrations between 0-500 pg/mL
5x103 cells/well —»Deep Blue Assay
12 h Preincubation —>Deep Blue Assay +—»Deep Blue Assay
—— CaFB conc. media replenished —CaFB conc. media replenished
Cell Viability I
(PCL/PVA/PCL) Incubation in growth media
?;e;:llla:l;::lbaﬁon — Deep Blue Assay — Deep Blue Assay = DeepBlusiAssay
Cell seeding —>Media replenished —>Media replenished

Figure 1. a) Schematic representation of the layer-by-layer scaffold fabrication via freeze drying method. b) Cross section of
the PCL/PVA/PCL scaffold and schematic representation of the final form of the layer-by-layer scaffold. c) Diagram showing

the experimental steps performed at incubation time points

of PCL solution was added on top of the PVA to form
the third layer. The amount of PCL solution needed
was calculated according to the volume that will fill the
space at the edges of the PVA disc and achieve the
same thickness for the top PCL layer. After incubation
at -80°C overnight, the plate was freeze-dried to obtain
the final layer-by-layer scaffold. The diagram showing
the following experiments and incubation time points is
presented in Figure 1c.

2.2. Morphological Analysis via Scanning Electron
Microscopy

The surface morphology of PCL and PVA layers
was characterized via high-resolution field emission
scanning electron microscopy (FE-SEM, SU7000,
HITACHI, Japan). The surfaces of the samples were
coated with a 5 nm gold layer prior to analysis using a
vacuum sputter coater (EMACE 600, Leica, Germany).

2.3. Fourier Transform Infrared (FTIR) Spectroscopy
Analysis

Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) was used to confirm the
chemical structure of CaFB. The IR spectra were
recorded using a Spectrum 100 FTIR spectrometer

equipped with an ATR accessory (Perkin Elmer, USA).
The samples were positioned on the ATR crystal plate
and scanned at room temperature across the mid-
infrared region (650-4000 cm™) with a resolution of 4
cm™ in absorbance mode.

2.4. Weight Loss Analysis

After fabricating the layer-by-layer scaffold with
freeze-drying, samples were taken out from the wells
in which they were cast, and their initial dry weight
was measured. To determine the overall hydrolytic
and enzymatic degradation rate of the samples over
7 days, they were incubated in a shaking incubator at
37°C (JSR JSSI-300C, Korea), in phosphate buffer
solution (PBS) (0.1 M, pH 7.4, 4 mL) containing 0.01 %
sodium azide and 0.1 % lysozyme enzyme. A single-
layer PVA hydrogel was also tested as the control
group for comparison. At each incubation time point,
samples were gently rinsed with dH,O and freeze-
dried for 24 h before their weights were recorded. The
in vitro degradation rate was calculated according to
Equ 1.

W, — W,
uxloo

Weight loss (%) = W)
0

(1)
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2.5. Study of CaFB Release

To detect CaFB dose-dependent optical density
by ultraviolet (UV) absorption, a complex between
curcuminand CaFBwas formed, and a dose-dependent
calibration curve was plotted. Curcumin was initially
extracted from turmeric by ethanol extraction method.
Briefly, 20 g of turmeric was incubated in an ethanol
solution (80%) for 3 h and the solution was filtered
through filter paper to remove solid particles from
ethanol. Then ethanol was removed under vacuum
to obtain the curcumin-bearing extract. Then the
weighted extract was resuspended in methanol (10
mg/mL). To study CaFB release, CaFB-loaded PCL/
PVA/PCL scaffolds were incubated in 4 mL of PBS (0.1
M, pH 7.4, 0.01 % sodium azide) and aliquots from the
release media were collected over 7 days for optical
density measurement. For comparison, CaFB release
from the single-layer PVA hydrogel was also tested
as a control. To detect CaFB in the release media,
1 mL release media and 50 pL of curcumin extract
solution were added to an Eppendorf tube and the
suspension was vortexed for 1 min. The PBS phase
was then removed for optical density measurement
at 410 nm wavelength via UV spectrophotometer (PG
Instruments Ltd., UK). The amount of CaFB released
was calculated from a calibration curve prepared with
known concentrations of CaFB.

2.6. In Vitro Cell Viability Analysis

In vitro cell viability tests were conducted using the
Saos-2 cell line (ATCC, USA) to determine the effect
of different CaFB concentrations on cell metabolism.
Dulbecco’s Modified Eagle Medium (DMEM) with high
glucose, supplemented with 10% fetal bovine serum
(FBS) and %1 Penicillin/Streptomycin was used as the
growth media. Cell cultures were maintained in a CO,
incubator (New Brunswick, Galaxy 170 S, Eppendorf,
Germany) at 37°C. For the viability experiments to
determine concentration-dependent cell viability,
5x103 cells/well were seeded in 96-well plate and left
for incubation overnight. CaFB was dissolved in the
cell media at concentrations ranging between 0-500
pg/mL and introduced to the wells. The Deep Blue cell
viability kit (Biolegend, USA) was used to measure
cell viability after 1, 4, and 7 days of incubation.
Briefly, the Deep Blue solution was added to the wells
to achieve a final concentration of 10% (v/v) and
the plate was incubated for 4 h at 37°C. Deep Blue
solutions were then transferred to a new 96-well plate
to measure fluorescence at 535 nm excitation and
590 nm emission with a microplate reader (Varioskan
Lux, Thermo Scientific, USA). The media in all the
wells were replaced with fresh media, maintaining the
same CaFB concentrations and incubation continued.
Results were compared to the control group, which did
not contain CaFB.

The effect of direct contact with CaFB releasing
scaffold on cell viability was analyzed by direct seeding
of cells on the surface of the scaffold. After the scaffold

was fabricated via freeze-drying, each surface of the
samples was sterilized with UV light for 30 min in a
well plate. The samples were then incubated in cell
media overnight and the wet scaffolds were used
for cell seeding after the media was removed. Cells
(2.5%10*cells/scaffold) were transferred to the scaffold
surface in a 20 uL drop of media and incubated for 2 h
in a humidified CO, incubator to ensure that the cells
attached to the scaffold. Each well was then filled with
media to cover the scaffolds. Deep Blue tests were
conducted on days 1, 4, and 7. Media for each scaffold
was changed to fresh DMEM media on the test days.

2.7. Statistical Analysis

Statistically significant differences between
experimental groups were calculated using SPSS
software (Version 22, IBM, USA). Independent
samples t-tests and One-Way Analysis of Variance
(ANOVA) were used to compare mean values and
measure statistically significant differences between
groups. The level of significance was set at P<0.05.

3. Results and Discussion

The surface micro-nano morphology of the layered
scaffold was observed by FE-SEM analyses and the
morphology of the inner PVA layer was observed after
separating the scaffold layers (Figure 2).

SBU SU7000 2.00kV 7.9mm M-X5.00k UD

Figure 2. FE-SEM images of scaffold layers, PCL (a) and
PVA (b). Arrows show the pores that have been created on
the surface. Images were taken at 5000X magnification and
scale bars show 10 ym length
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PCL layer was designed to surround the surface of the
inner PVA layer of the scaffold to control the release
of CaFB from the inner PVA layer. FE-SEM images of
the PCL layer present a rough surface with pores that
connect to the depths of the layer (Figure 2a). Pore
size is one of the factors that determines the interaction
of bone cells with the scaffold which will determine cell
fate and tissue regeneration [31]. Porous structure
and interconnectivity in scaffolds have been reported
to be essential for osteoconduction. A minimum pore
size of 100 ym has been reported to be essential for
osteointegration and pores larger than 300 um have
been reported to be needed for the vascularization of
the healing bone tissue [32]. Surface with a smaller pore
size of around 62 um has been reported to promote
osteogenic gene expression (RUNX2, ALP, BSP, COL,
and OPN) while viability and proliferation of osteoblast
cells were reported to be improved on surfaces with
larger pores [33]. A study of Lee et al. has evaluated
the interaction of MG63 osteoblast-like cells with PCL
membrane surfaces that have pore sizes between 0.2
to 8 ym. Studies have revealed that as the pore size
increases and gets closer to 8 um, cell differentiation
and matrix production are increased which was
observed by higher total protein synthesis and ALP
specific activity [34]. These results have shown that
the effect of porosity on osteoblast-like cells can vary
on different surfaces and has no strict boundaries. The
outermost surface of the PCL/PVA/PCL scaffold is the
PCL layer and SEM images of the PCL surface have
revealed micropores between 2to 10 um. The observed
pore diameter has previously been associated with
enhanced cell differentiation, and matrix production
in osteoblast-like cells [34]. Also, after implantation,
the polymer surface is expected to biodegrade over
time, and this biodegradation could open new pores
and increase the diameter of the existing pores which
will support better osteointegration. The presence of
surface roughness is known to enhance osteoblasts
attachment and adhesion while improving osteogenic
activity and mineralization [35,36]. Therefore,
roughness is expected to support a better interaction
with bone tissue and create an osteoconductive
scaffold. Surface roughness is also known to increase
protein adhesion which will improve cell adhesion
and differentiation of bone cells was reported to be
enhanced on rough surfaces compared to smooth
surfaces [37]. On the other hand, the inner layer of the
scaffold, the PVA layer, has shown a smoother micro-
nano surface topography with close pore structures.
The main role of the PVA layer is to carry CaFB in
the core of the scaffold and support the controlled
release of CaFB over time. Therefore, the PVA layer is
not expected to have direct contact with regenerating
tissue as PVA polymer will also leave the scaffold over
time by degradation.

FTIR analysis was performed to verify the chemical
structure of CaFB (Figure 3). The broad band centered
at 3247 cm™ was observed in the IR spectrum of metal
complexes of saccharides and can be attributed to the
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Figure 3. FTIR-ATR spectrum of CaFB

B-O bond. The stretching of the CH, group creates a
band at 2928 cm with a shoulder around 2880 cm-'.
The band at 1650 cm™ is attributed to the stretching
motion of the terminal B-O linkage of fructoborate [15].
The IR spectrum formed by chemical groups CH, OH,
COH, CH,OH, and CH, in the CaFB structure can be
observed in the bands around 1421 cm™ and a band
created by water crystallization can be seen at 1256
cm™. Vibrational bands of characteristics groups to
fructose and CaFB, CO, CH,OH, C-CH, CH,, C-C, and
C-O-C, can be observed between 1200 to 650 cm™
[38].

Weight loss analysis of the scaffold was conducted in
PBS solution that contains lysozyme enzyme (Figure
4a). Lysozyme was added to mimic physiologic
conditions since lysozyme is a common enzyme that
exists in blood and serum. The use of the enzyme
also mimics the wound site since the natural level
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Figure 4. Percent weight loss of single-layered PVA hydrogel
and PCL/PVA/PCL scaffold through 7 days of incubation in
PBS supplemented with lysozyme (a) and percent CaFB
cumulative release of single-layered PVA hydrogel and PCL/
PVA/PCL scaffold through 7 days of incubation in PBS (b)
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of this enzyme increases in tissues when there is an
inflammation or infection [39]. PCL is a hydrophobic
biodegradable polymer that has long-term stability in
the body and is expected to remain structurally stable in
vitro with little to no degradation in several weeks [40].
The tri-layered scaffold was produced by freeze-drying
and during the freezing step, PVA polymer chains form
intermolecular and intramolecular hydrogen bonds and
crystalline regions which achieve physical crosslinking
[41]. Although PVA is a water-soluble polymer, the
ability of PVA to form physical crosslinking has
previously been reported to decrease its degradation
rate and weight loss in aqueous environment. Previous
studies have applied several freeze and thaw cycles
to improve physical crosslinking and achieved slower
degradation [42-44]. On the other hand, in this study
PVA layer was produced via freeze dryer, directly
after freezing in order to avoid further delaying PVA
degradation, thereby promoting CaFB release. Also,
a hydrophobic PCL layer was fabricated to cover the
PVA surface to control CaFB release. When PVA as a
single layer was incubated for 24 h, 50.41+4.7% of the
hydrogel was lost. After 3 and 7 days in PBS, weight
loss of the single-layer PVA scaffold has increased to
65.917.1% and 68.0316.1% (Figure 4a). The initial fast
degradation can be attributed to polymer chains that
did not form entanglement and physical crosslinking.
After initial mass loss, the weight of the hydrogel
remained stable. Weight loss of the tri-layered scaffold
was lower compared to the single-layer PVA scaffold
(26.845.7% at 7 days of incubation). Also, initial weight
loss was only at 10.8+3.1% after one day of incubation.
This is due to the hydrophobic PCL layer covering the
PVA surface and slowing down the water diffusion into
the PVA layer [45]. Since the PCL layer covering the
PVA will decrease the diffusion of aqueous media, the
weight loss of the PVA layer will be lower in the same
incubation period. The same reason also created a
control mechanism for CaFB release from the scaffold
groups and achieved long-term release (Figure 4b).
The single-layer PVA hydrogel created a burst CaFB
release of 43.9+8.6% on day one and achieved a
cumulative release of 84.2+2.6% after 7 days of
release. On the other hand, the PCL layer surrounding
the tri-layered scaffold was able to control and prevent
the bust release of CaFB achieving a steady increase
in cumulative release with a 33.9+7.4% release after 7
days. Tri-layered design of the scaffold has proven to
be successful in controlling the release of CaFB.

The effect of CaFB dose on Saos-2 cell viability was
analyzed with CaFB concentrations between 1.95 to
500 ug/ml after 1, 4, and 7 days of incubation (Figure
5a). Results have shown that, even at concentrations
as high as 500 pg/ml, CaFB has not shown a negative
effect on cells, and viability was preserved through 7
days. After 1 and 4 days of incubation cells treated
with 31.25 pg/ml CaFB have shown improved cell
viability. After 7 days of incubation, cell viability was
higher in groups treated with 250, 125, 62.5, and 31.25
pg/ml CaFB concentrations. In the second trial for cell

viability, Saos-2 cells were directly seeded onto the
PCL/PVA/PCL scaffold with CaFB loaded inside the
PVA layer at the core (Figure 5b). The results of cell
viability under different CaFB doses and CaFB release
studies were considered to decide the amount of CaFB
that will be loaded into the PCL/PVA/PCL scaffold. The
CaFB dose study has shown that CaFB concentration
between 62.5 and 250 ug/mL has supported the highest
cell viability after 7 days of incubation. According to
the results of the release study, after 1, 4, and 7 days
of incubation, the cumulative release of CaFB was
expected to be roughly around 9.7, 21.2, and 33.9%.
With an initial CaFB loading of 2.5 mg, the scaffold
was expected to release, 60.6, 71.9, and 79.3 pg/mL
CaFB between incubation time points in 4 mL of media
when media replenishment was also considered. To
obtain a steady CaFB release within the effective dose,
2.5 mg of CaFB was loaded into the scaffold. Results
showed that the PCL/PVA/PCL scaffold has supported
the viability of cells through 7 days when compared
to a monolayer of cells seeded in a well. After 7 days
of incubation, the viability of cells on the scaffold was
slightly higher as compared to the control group. The
CaFB release from the tri-layered scaffold was shown
to be at a slow rate and reaching 33.917.4% after 7
days and the CaFB dose study revealed that CaFB
treatment starts to improve cell viability after 7 days
of incubation at certain concentrations. This could
explain why the CaFB-releasing scaffold improved
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Figure 5. The effect of CaFB concentrations on Saos-2
cell viability through 7 days of incubation. The percent cell
viability was calculated with respect to cells incubated with
only growth media without CaFB as the control (a). Saos-
2 cell viability through 7 days of incubation on control well
and PCL/PVA/PCL scaffold (b). a: Statistically significant
difference of 31.25 pg/ml group from other groups at day 1
of incubation (P<0.05). 3: Statistically significant difference
of 31.25 ug/ml group from other groups except group 1.95
pg/ml at day 4 (P<0.05). y: Statistically significant difference
of 250, 125 and 62.5 pug/ml groups from 500, 7.81, 1.95 ug/
ml groups at day 7 (P<0.05)
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viability after 7 days when compared to the control.
The calcium and boron ions in CaFB were responsible
for enhanced viability of Saos-2 cells which are known
to promote osteogenic activities and enhance bone cell
viability [46,47]. The study of Capati et al. analyzed the
effects of boron on osteoblastic activity in NOS-1 cells
in vitro and reported that even in low concentrations,
boron promotes proliferation and differentiation [10].
Another study showed that boron is able to improve
bone health and strength in vivo in rabbits [4]. CaFB
was previously reported to increase osteopontin and
osteocalcin expression in bone tissue and the boron
that it contains has a role in increasing the expression
of genes responsible for mineralization and hormones
like 17B-estradiol (E2) and testosterone) [12,48]. A
pilot study that treats 13 middle-aged subjects who
are deficient in vitamin D with CaFB supplementation
for 60 days, has reported a significant increase in
25 (OH) vitamin D levels [3]. This shows that CaFB
can also improve bone health by regulating Vitamin
D metabolism. Several previous studies have also
adapted PCL/PVA/PCL layered scaffold structure
and used different fabrication techniques to achieve
this layered formation. Study of Harmanci et al. used
3D printing to achieve PCL/PVA/PCL layered scaffold
for diabetic wound healing and evaluated scaffolds’
biocompatibility by testing viability of human fibroblast
cell line (HFF-1) in vitro. HFF-1 cell viability on PCL/
PVA/PCL scaffold was reported to be biocompatible
with around 89.2% viability after 7 days [26]. Another
study has also produced a PCL/PVA/PCL layered
scaffold by electrospinning to assess the wound-
healing potential of the scaffold. Biocompatibility of the
scaffold was evaluated on the L929 mouse fibroblast
cell line and the PCL/PVA/PCL scaffold was found
to be compatible with over 80% viability after 2 days
[27]. PCL and PVA polymers have also been used in
bone tissue engineering studies in fiber forms which
were produced by layers or blends [49-53]. Previously,
co-axial fibers have been fabricated by PCL shell
and PVA core, and fabricated scaffold has shown to
support the viability and osteogenic differentiation of
mesenchymal stem cells [49]. Pattanashetti et al.,
demonstrated biocompatibility of multilayered PCL/
PVA scaffolds by showing the proliferation of MG-
63 bone osteosarcoma cells [53]. Ebrahimi et al.
reported the biocompatibility of PCL/PVA nanofibrous
membranes and showed that membranes support
the differentiation of human endometrial stem cells
to osteogenic linage [51]. Similarly, Maheshwari et al.
reported enhanced adhesion and proliferation of MG-
63 osteoblast cells on PVA/HAp/PCL scaffolds [52].
These studies have shown the potential of PCL/PVA
composite scaffold used for bone tissue engineering.
This study demonstrated the fabrication of a PCL/PVA/
PCL scaffold via freeze-drying method and proved
that the PCL/PVA/PCL scaffold supports the viability
of Saos-2 cells.

The results of this study have shown that local release
of CaFB from a bone scaffold can improve bone

tissue regeneration by controlled release of CaFB.
The results showed that a designed layered scaffold
was able to control the release of CaFB and loading
of CaFB into a biodegradable scaffold was found to be
a promising approach for local delivery. Additionally,
CaFB has shown to increase cell viability while CaFB-
loaded scaffold was successfully supported cell
viability. These results have supported the hypothesis
of the study by proving control of the PCL/PVA/PCL
scaffold on CaFB release and the ability of the scaffold
to support cell viability.

4. Conclusions

This study has demonstrated the production of
a CaFB-releasing polymeric scaffold system for
bone tissue regeneration. A tri-layered PCL/PVA/
PCL scaffold was designed to carry CaFB within the
hydrophilic PVA core and the core was surrounded
by hydrophobic PCL polymer. The presence of the
PCL layer has been shown to successfully control
PVA weight loss, achieving a stable scaffold structure.
The hydrophobic PCL layer was also successful in
slowing down the CaFB release rate by limiting the
rate of water diffusion. An in vitro study has shown
that CaFB has dose dependent effect on Saos-2
cell viability and the highest improvement in viability
was recorded after 7 days of CaFB treatment. The
fabricated CaFB-releasing tri-layered PCL/PVA/PCL
scaffold has supported cell viability through 7 days and
was shown to be biocompatible. This study has shown
that controlled release of CaFB can be achieved with
polymeric scaffolds and scaffolds carrying CaFB are
promising as biomaterials to improve bone tissue
regeneration.
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Piezoelektrik malzemeler, mekanik enerjiyi elektrik enerjisine ve tersinir olarak da elektrik
enerjisini mekanik enerjiye doénustirme kabiliyetleri sayesinde otomotivden sagliga
kadar pek ¢ok sektorde; sensor, aktliatér ve transdiser gibi uygulamalar i¢in yodun ilgi
gOrmektedir. Cevreci ve yenilenebilir enerji tretiminin blylik 6nem kazandigi ginimuzde,
yeni gelistirilen piezoelektrik malzemeler pek ¢ok alanda ideal ¢ézimler sunmaktadirlar.
Nanomalzemeler ve karakterizasyon tekniklerinde yasanan ilerlemeler de arastirmacilara
yenilikgi yaklagimlar gelistirme imkanlari sunmaktadir. Son yillarda artan ¢evre duyarliligi
ile birlikte Pb igerikli malzeme kompozisyonlarina alternatif benzer tsttin 6zellikli malzeme
gelistiriimesi arastirmalari dnemli ¢iktilar ortaya koymustur. Bu ¢ercevede bu galismada,
en yaygin kullanilan Pb igerikli kursun zirkonat titanat (PZT) seramiklere benzer yapi
ve 6zellikler sunan 0,94(Bi; ;Na ,)TiO,-0,06BaTiO, BNT-6BT piezoseramiklerin bor (B*)
katkili tozlarinin tretimi ve bu tozlarin poliviniliden flortir (PVDF) polimerinde kullanimi ile
Ustlin ozellikli hafif ve esnek kompozitlerin Uretimi amaglanmistir. Hidrotermal yéntemle
Uretilen piezoseramik tozlarin karakterizasyonu x-isini difraksyonu (XRD) ve taramali
elektron mikroskobu (SEM-EDX) analizleri ile gerceklestirilmistir. Piezoseramik tozlar,
PVDF polimerine katki maddesi olarak eklendikten sonra elektroedirme ydntemiyle
fiber yapilar olusturulmustur. Fiberlerin morfolojisi SEM-EDX teknikleri, piezoelektrik
ozellikleri saglayan B fazindaki degisim ise Fourier donusimli kizildtesi spektroskopisi
(FT-IR) gibi detayli analizlerle incelenmistir. Elde edilen sonuglar, bor katkili piezoseramik
tozlarin PVDF polimerine eklenmesiyle piezoelektrik 6zelliklerde iyilesmeler saglandigini
gOstermektedir.

Production and characterization of boron-doped BNT-6BT piezoceramic
powder-reinforced PVDF composites
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Piezoelectric materials attract intensive attention from the automotive to health industries
for such applications as sensors, actuators, and transducers due to their ability to convert
mechanical energy to electrical energy and also, as a reversible effect, electrical energy
to mechanical energy. Since eco-friendly and renewable energy generation has gained
crucial importance, piezoelectric materials offer ideal solutions in many fields. The
improvements in nanomaterials and characterization techniques also offer the possibility
of creating novel approaches for researchers. Along with the rising environmental
awareness in recent years, studies on developing alternative materials to Pb containing
compositions with similar superior properties present important outputs. In this context,
this study aims to produce light and flexible composites with superior characteristics by
synthesizing boron (B*) doped 0,94(Bi Na, )TiO,-0,06BaTiO, BNT-6BT piezoceramics,
which offer similar structure and properties as the most commonly used Pb-containing
Lead zirconate titanate (PZT) ceramics, and used in polyvinylidene fluoride (PVDF)
polymers. Characterization of the piezoceramic powders synthesized by hydrothermal
method was performed using x-ray diffraction (XRD) and scanning electron microscopy
(SEM-EDX) analyses. After the addition of the piezoceramic powders into PVDF polymer
as filler material, fiber structure was obtained using the electrospinning method. The
morphology of the fibers was investigated using SEM-EDX techniques, while a detailed
analysis as Fourier-transform infrared spectroscopy (FT-IR) was used for observing the
alteration in B phase, which provides the piezoelectric properties. The obtained results
indicate that substantial improvements in the piezoelectric properties were observed by
adding boron-doped piezoceramics into the PVDF polymers.
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1. Girig (Introduction)

Gunumuzde eneriji ihtiyaci yeni teknolojik gelismelerle
birlikte farkli uygulama alanlarinda c¢esitlenerek
surekli bir artis gdstermektedir. Kullanim alanlarinin
gerektirdigi tir ve miktara goére enerji ihtiyacinin
karsilanmasi icin yenilikci ve yuksek performansli
malzemelerin  gelistiriimesine  ybnelik  bilimsel
arastirmalar da yogunlagsmaktadir. Piezoelektrik
malzemeler enerjiyi, mekanik ile elektrik enerjisi
arasinda iki yonli donUstlrebilme kabiliyeti nedeniyle
yogun ilgi gormektedir ve otomotivden (yakit
enjeksiyonu) saglik (ultrasonik goérintileme) alanina
kadar pek c¢ok sektdorde kullaniimaktadir [1]. Son
yillarda, tikenmeden ve cgevreye zarar vermeden
enerji Uretimine olanak taniyan malzemeler ile bu
malzemelerden Uretilen yapilar, yenilenebilir veya yesil
enerji olarak adlandiriimakta ve birgok muhendislik
dalinda 6nemli bir arastirma alani haline gelmistir.
Piezoelektrik malzemeler, akill malzeme kategorisine
giren, vyapi ve c¢alisma prensipleri sayesinde
yenilenebilir enerji Gretimini mimkdn kilan malzemeler
olarak degerlendiriimektedir. Baslangi¢ta yalnizca
belirli kristallerde gbézlemlenen bu 6zellik, zamanla
bazi seramik ve polimer yapilara da kazandirilabilmigtir
[2]. 1880'lerden beri bazi malzemelerin piezoelektrik
Ozellikler sergileyebildigi bilinmektedir. Gunimize
kadar yaygin olarak kullanim imkani bulmus olan
baslica piezoelektrik malzemelerin basinda Pb(Zr,Ti)
O, (PZT) ve kimyasal modifikasyonlari gelmektedir
[3]. Halen giinimizde en Ustin piezoelektrik 6zellikleri
saglayan perovskit kristal yapili PZT-esasli malzemeler,
bilesimdeki kursunun (Pb) toksik olmasi nedeniyle
Uretimi ve kullanimina bazi yasal kisitlamalar getirilmistir
[4]. Bu nedenle son yillarda gevre dostu kursunsuz
piezoelektriklerin Uretimi ve karakterizasyonu Uzerine
yogun arastirmalar yapilarak PZT esasl sistemlere
esdegder onemli seramik kompozisyonlar gelistirilmisgtir.
Aslinda PZT'den 6nce kesfedilmis olan yine perovskit
kristal yapili BaTiO, (BT) ile birlikte olumlu sonuglar
veren iki diger perovskit kristal yapih kursunsuz
piezoelektrik seramik malzemeler (K,Na)NbO, (KNN)
ve (Bi,Na)TiO, (BNT) sistemleridir [5]. Son yillarda en iyi
Ozellikleri saglayan sistemler arasinda BNT-BT ikili kati
¢ozelti sistemleri dnemli yer tutmaktadir [6]. Genellikle
seramik kompozisyonlara izovalent, donér ya da
akseptor islevi olan bazi farkh dopant element ilaveleri
yapilarak malzeme o6zelliklerinde 6nemli gelistirmeler
saglanmaktadir. Bu strateji dogrultusunda Ulkemizin
ulusal bir degeri olan borun (B*®) katkilanmasiyla
pek ¢ok piezoelektrik seramikte o6zelliklerde ciddi
iyilesmeler rapor edilmigtir [7]. Arastirma grubumuzda
da cevre dostu ve kursunsuz piezoelektrik 6zellige
sahip  0,94(Bi, ,Na,)TiO,-0,06BaTiO,  (BNT-6BT)
tozlarin literatirde ilk kez B,O, katkili olarak kati hal
yontemiyle Uretimi gergeklestiriimis ve piezoelektrik
Ozelliklerde c¢ok ciddi artislar goézlemlenmistir [8].
Ancak, seramik malzemelerde kirilganhk problemi pek
¢ok uygulamalarda kullanimi sinirlayan bir sorundur.
Ote yandan hafiflik, esneklik ve diisiik sicakliklarda
uretilebilirlik gibi pek ¢ok avantaj saglayabilen polimer

malzemelerutzerindeilk galismalar 1960'larin sonlarinda
gerceklestiriimis ve piezoelektrik 6zelliklerin yalnizca
belirli polimerlere kazandirlabilecegi anlasiimistir.
Bu polimerler arasinda en ¢ok bilinen, —CH,-CF -
formiline sahip polivinil florir (PVDF)dir. PVDF'nin
mikrometre boyutlarinda filament olarak dretilmesiyle,
piezoelektrik kaplamalar [9] ve kumas Uretiminin
yolu agilmis ve mekanik enerjiyi elektrik enerjisine
donustirebilen ylzeylerin, kumas ve tekstil yapilarinin
Uretimine baslanmistir. 1969 vyilinda, piezoelektrik
ozelligi kesfedilen PVDF esasli piezoelektrik polimerler
ve potansiyel uygulama alanlarina iligkin ¢aligmalar
yogun olarak surdurtulmektedir. Farkli kristal katkilari
ile  zenginlestirilen PVDF polimerlerin elektriksel
Ozelliklerinde iyilestirme c¢alismalari baslica kritik
oneme sahip konular arasinda yer almakta olup bu
anlamda ciddi gelismeler literatirde rapor edilmistir.
[2]. PVDF esasli polimerlerin hafiflik ve esneklik gibi
avantajlarina ragmen goérece dusuk olan piezoelektrik
Ozelliklerini  gelistrme yontemlerinden biri  olan
kompozit yapma yaklasimi giderek yayginlasan
pratik bir tekniktir. Bu anlamda Ustin piezoelektrik
Ozellikli seramik partikillerin  dolgu olarak PVDF
polimer matrise katkilanmasi Uzerine pek g¢ok calisma
gerceklestiriimektedir. Kompozit yapma islemleri
sirasinda yasanilabilecek dispersiyon ve topaklanma
sorunlarinin asilmasi ve PVDF polimerde beklenen
iyilesmelerin  saglanabilmesi icin dolgu olarak
kullanilabilecek nano boyutta piezoseramik toz Gretimi
kritik dneme sahiptir. Bu amagcla son yillarda Ustin
piezoelektrik Ozellikleri literatlirde rapor edilmis olan
polimer-seramik kompozit yapilar incelendiginde bunlar
arasinda PZT gibi kursun igerikli kompozisyonlarin
[10] yani sira, BT [11], KNN [12] ve BNT [13] gibi
cevre dostu ve kursunsuz piezoelektrik 6zellige sahip
seramik partikullerin kullanildigi gérilmektedir. Ayrica,
hidrotermal yontem ile Uretilen BNT-6BT nanofiberlerin
ayni yOntemle Uretilen farkh kompozisyonlara
kiyasla daha yiksek piezoelektrik 6zellik (26 pm V')
gOsterdigi rapor edilmistir [14]. Literattrde ilk kez Gstin
Ozellikleri rapor edilen kati hal ydntemiyle Uretilmis
B,O, (B®) katkil 0,94(Bi,,Na, TiO,-0,06BaTiO,
(BNT-6BT) tozlarin bu ¢alismada hidrotermal yontem
ile Uretimi ve Kkarakterizasyonu hedeflenmigtir.
Boylece kompozit yapimina daha elverigli olmasi
amaclanmaktadir. Calismanin ciktilari ile literatirde
cokca calisilan gevre ve insan saghgina zararli Pb
katkili piezoelektrik malzemelerin yerini alabilecek
Ozellik ve performansi saglayan alternatif kursunsuz,
doga ve cevre dostu piezoseramik kristalin tozlar
uretilerek polimer malzemelere katki olarak kullanima
uygun malzeme gelistirme slrecine katki yapmak
hedeflenmektedir. Calismanin sonraki adimi olarak
Uretilen piezoseramik tozlarin, katki (dolgu) olarak
PVDF polimerinde kullanilarak elektroegirme ile
fiber olusumu  gergeklestirimesi  planlanmistir.
Arastirma kapsaminda elde edilecek olumlu sonuglar
mikroelektronik endustrisinin en yenilikgi UGrlnleri olan
minyatur sistemlerin enerji gereksinimi igin klguk dlgekli
bir enerji kaynadi olarak piezoelektrik malzemelerin
ve havaciliktan biyomedikal uygulamalara kadar
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Onemi artarak devam eden piezoelektrik polimerlerin
uretiminde borun ozellikleri gelistirici iglevselliginin
daha iyi anlagiimasina katki saglama potansiyeline
sahiptir.

2. Malzemeler ve Yontemler (Materials and Methods)

BNT ile ilgili yapilan galismalarda minerallestiricinin
konsantrasyonu, BNT nanopartikllerinin yapisinin ve
morfolojisinin kontroliinde baskin rol oynamistir. BNT
nanoliflerinin blyUmesi i¢in en uygun minerallestirici
konsantrasyonunun NaOH=12 M oldugu bulunmustur
[14]. Ayrica, 48 saatlik hidrotermal stre ve 200°C
sicakhk, saf perovskit fazli BNT nanoliflerinin
uretimini  gerceklestirmek icin optimize edilmis
kosullar olarak kabul edilmistir [15]. Bu galismada
da hidrotermal reaksiyon igin sicaklik 200°C ve sire
48 saat olarak belirlenmistir ve 0,94(Bij Na,,)TiO,-
0,06BaTiO, tozlarin Uretimi katkisiz BNT-6BT ve %1
mol Bor (B*?) katkisi ile BNT-6BT+ %1 mol B*3 olarak
gergeklestiriimistir.  Uretim asamasinda sodyum
kaynagi olarak kullanilan NaOH konsantrasyonu 12
M olarak, diger bilesenler icin ise tuzlar, hidroksitler
ve oksitler kullanilimigtir.  Sonrasinda  Uretilen
tozlar agirlikga %10 oraninda PVDF polimerine
katkilandiriimigtir.

Hidrotermal yontemde molce %1 B*® katkih BNT-
6BT seramik tozlarinin sentezinde baslangi¢ tozlari
olarak literatirde de uygun oldugu rapor edilen
[16] BICl, (%98, Abcr, Almanya), NaOH (%97 AFG
Bioscience, ABD), BaOH (%95, Abcr, Aimanya), TiO,
(%99,7, TCI, Belgika) ve B,0, (%99,98, Alfa Aesar,
ABD) kullaniimigtir. Katki oraninin molce %1 olarak
segilmesinde, daha Once ticari B,O, kullanilarak
gergeklestirilen bir calismada en Ustln piezoelektrik
Ozelliklerin %1 mol B* ilavesiyle elde edilmesi
belirleyici olmustur [8]. YuUksek safliktaki baslangic
hammaddeleri stokiyometriye uygun olarak tartilip,
Onceden hazirlanan 12 M NaOH c¢ozeltisine ilave
edilmistir. Hazirlanan NaOH ¢ozeltisine stokiyometrik
olarak 0,1 M B,O,, 1 M BiCl,, 0,1 M Ba(OH), ve 0,2
M TiO, tozu ilave edilmistir. Hidrotermal reaktor 100
ml oldugu i¢in ¢dzelti 12 M NaOH konsantrasyonu igin
80 ml hazirlanmigtir ve Tablo 1’de toz Uretim regeteleri
verilmigtir.

Cozelti 3 saat boyunca manyetik karistiricida oda
sicakliginda  karistinldiktan ~ sonra  hidrotermal
reaktére alinmistir. Reaktdér déner mekanizmaya

sahip etlive baglandiktan sonra 200°C’de 48 saat
streyle reaksiyonun gerceklesmesi saglanmistir.
Etlv oda sicakhdina geldikten sonra ¢ozelti kantitatif
filtre kagitlariyla (mavi band-¢ok yavas) filtrasyon
islemi gergeklestiriimistir. NaOH ¢dzeltisinin tamamen
uzaklasmasini saglamak amaciyla filtrelenen tozlar
manyetik karistiricida saf su ile G¢ sefer yikanip, her
yikamanin ardindan tekrar filtre edilmigtir.

Sadece PVDF ile yapilan ¢alismalarda
konsantrasyonunun %15’in altina dusmesi; ayni
sekilde 15 kV uygulanarak ve optimal kosullar
kullanilarak kusurlu, yani boncuklu yapiya sahip
nano lifler elde edildigi literatirde rapor edilmistir.
Egirme voltaji 20 kV’a ¢ikartildiginda boncuklu yapida
azalma oldugu goézlemlenmistir. Bu sonuglardan da
anlasilacag! uzere diguk voltajin, uygun gerdirme
kuvvetlerine izin vermedigi gortlmektedir [17]. Bu
bulgular dogrultusunda elektroegirme surecinde 10,
15 ve 20 kV farkli egirme voltajlari ve akis hizi 0,5 ve 1
ml/sa olarak belirlenmistir. Elektroegirme islemi dncesi
hazirlanan c¢ozeltilerde polimer konsantrasyonu ve
katki orani sabit tutulmus olup, 70/30 DMF/aseton
solvent orani kullaniimis ve baslangi¢ polimeri (PVDF)
konsantrasyonu agirlikga %15 olarak belirlenmigtir.

Oda sicakhginda kurutulan tozlara sonrasinda X-isini
kirnimi (XRD) analizi (D8 Advance model, CuKa
A=1.5406 A, Bruker, ABD) yapilarak istenilen kristal
fazlarin olusup olugsmadidi incelenmistir. Hazirlanan
NaOH cdzeltisiyle elde edilen toz pargaciklarina ve
elektroedirme sonucu olusan fiber yapilara mikroyapi
gorintilemesi ve yari kantitatif elementel analizleri
Enerji Dagitict X-lsini  Spektroskopisi (EDX) ile
birlestirilmis Taramali Elektron Mikroskobu (SEM-
EDX; LEO 1430VP, Zeiss, Almanya) teknigi ile 10 veya
20 KX buylitmelerde gergeklestiriimistir. Sonrasinda
PVDF polimerinde piezoelektrik 6zellik gosteren 3
fazinin yizde miktarinin hesaplanabilmesi icin fourier
donusumli kizilétesi spektroskopisi (FT-IR; L1600401,
Perkin Elmer, ABD) analizi yapilmis ve sonuglar
literattr 1siginda degerlendirilmistir.

3. Sonuglar ve Tartigsma (Results and Discussion)

Sekil 1’de, 12 M NaOH c¢ozeltisiyle hazirlanan BNT-
6BT ve BNT-6BT+ %1 mol B*3 piezoseramik tozlarinin
26=20-70° araligindaki XRD sonuglari verilmigtir.
Katkisiz ve B*® katkili tozlara ait XRD desenleri
incelendiginde, %1 mol oraninda B*? katkili 6rneklerde

Tablo 1. Hidrotermal yontem ve 12 M NaOH ¢ozeltisi ile uretilen BNT-BT+ %1 mol B*® toz regetesi (Recipe of BNT-6BT+1
mol % B*" powders synthesized via hydrothermal method with 12M NaOH solution)

Hammadde Kompozisyon Molarite Molekul Agirhgi 100 ml 80 mi Nihai Agirhik
(g/mol) (9)
BiCl, 0,94 0,1 315,34 2,9642 2,37136
NaOH 0,94 12 39,997 47,9964 38,3971
TiO, 1 0,2 79,866 1,5973 1,27784
Ba(OH), 0,06 0,1 171,344 0,1028 0,08224
B,O, 0,005 0,1 69,62 0,0035 0,00280
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Sekil 1. Hidrotermal yontem ile 12M NaOH cozeltisi ile
Uretilen BNT-6BT ve BNT-6BT+%1 mol B*® tozlarinin XRD
spektrumlari (XRD spectra of BNT-6BT and BNT-6BT+1 mol
% B® powders synthesized via hydrothermal method with

12M NaOH solution)

disUk siddetli farkli bazi pikler gozlenmekle birlikte tim
orneklerde major piklerin perovskit kristal yapisi (PDF
01-074-9531) ile uyumlu oldugu gortlmustir. Sonug
olarak gerek katkisiz gerekse B*® katkili drneklere ait
XRD desenleri belirgin olarak tek perovskit BNT-BT
faz yapisinin olustugunu géstermektedir.

Belirgin olarak ikincil bir faz tespit edilmemistir, bu da
B**un homojen bir kati ¢ozelti olusturmak Gzere BNT-
BT perovskit kristal kafesine yayildigini gosterir. Kristal
kafesi olusturan Ba*2, Na*, Bi*3, Ti** ve B*® katyonlarinin
iyonik yaricaplari sirasiyla 0,160, 0,139, 0,128, 0,061
ve 0,020 nm'dir. Hume-Rothery kurallarina gére son
derece kiguk iyonik yarigap! nedeniyle, B*® iyonunun
BNT-6BT perovskit kafesinde ara yerlere yerlesmesi
beklenmektedir [8]. Bu durum literatlr verileriyle de
uyumludur [18].

Hidrotermal ydntem ile dretimleri gerceklestirilen,
piezoelektrik toz parcaciklarina ve elektroegirme
sonucu olusan fiber yapilarin karakterizasyonu igin
gerceklestiriien SEM-EDX analizlerinden saglanan
morfoloji ve yari kantitatif elementel bilesimlere iliskin
veriler deg@erlendirilmistir. Sekil 2’'de, 12 M NaOH
¢Ozeltisiyle Uretilmis BNT-6BT+%1 mol B*? tozunun
SEM gorintuleri; Sekil 3'te ise ayni toza ait EDX analiz
sonuglari yer almaktadir.

Sekil 4'te, 12 M NaOH c¢ozeltisiyle Uretilmis BNT-6BT
tozlarinin sirasiyla SEM gorintileri ve EDX analiz
sonuglari verilmigtir.

Sekil 2 ve 4’te verilen SEM gorintuleri incelendiginde
go6zlemlenen fiber, plakacik ve kiibik yapi olugsumlarinin
literatlr ile uyumlu oldugu gortlmektedir [15]. Tozlarda
meydana gelen aglomerasyon normal kabul edilir ve
katki olarak kullanildiginda ¢ozelti icerisinde dagildigt,
bu aglomerasyonun ortadan kalktigi géralmuastir. Sekil
3 ve 4’te verilen EDX analiz sonuglarinda baslangig
hammaddeleri olarak kullanilan tozlarin elementel
olarak varligi tespit edilmistir.

PVDF ile hazirlanan ve elektroegirme yontemi
kullanilarak bakir (Cu) hedef Uzerine toplanan

Mag= 20.00KX
EHT = 2000 kV.

12M-BNT-6BT+B

ag= 10.00KX
EHT =20.00kV.

Sekil 2. 20.000X (a) ve 10.000X (b) 12M NaOH ¢ozeltisi
ile Uretilen BNT-6BT+ %1 mol B*® tozunun SEM goruntileri
(Olgek gubuklari a) 200 nm, b) 1 um). (20,000X (a) and
10,000X (b) SEM images of BNT-6BT+1 mol % B®*" powders
synthesized via hydrothermal method with 12M NaOH
solution (Scale bars a) 200 nm, b) 1 ym)

nanolifler, altin (Au) ile kaplanmistir ve SEM-EDX
analiz sonuglari Sekil 4, 5, 6 ve 7’de verilmektedir. Bu
sonuglara bakildiginda olusan boncuklu yapinin var
olabileceg@i anlasiimaktadir [19]. Ayrica olusan liflerin
kalinhgi dretilen 6rneklerle uyumludur. Bu veriler

6 "
R

(b) 0
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5 = Bi
Ba

M

ot o ;"‘s P e
Sekil 3. 12M NaOH cozeltisi ile Gretilen BNT-6BT+ %1 mol
B**tozunun a) 10.000X SEM gériintiisii (Olgek cubugu: 5 pm)
ve b) EDX spektrumu. (a) 10.000X SEM image (Scale bar: 5
pm) and b) EDX spectrum of BNT-6BT+1 mol % B** powders
synthesizedviahydrothermalmethodwith 12MNaOHsolution)
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Sekil 4. 12M NaOH cozeltisi ile Gretilen BNT-6BT tozunun a) 20.000X (Olgek cubugu: 5 um) ve b) 10.000X (Olgek gubugu:
10 um) SEM spektrumu. 12M NaOH cozeltisi ile Gretilen BNT-6BT tozunun c) 10.000X SEM gériintiisti (Olgek gubugu: 5
pum) ve d) EDX spektrumu. 12M NaOH ¢ozeltisi ile Gretilen BNT-6BT+ %1 mol B*® tozunun, 70/30 DMF/aseton-%15 PVDF
cozeltisine %10 katkiyla €)10 kV )15 kV g)20 kV ile 0,5 ml/sa akis hizinda Uretilen SEM gérintileri ve EDX spektrumlari
(Olgek gubugu: 1um). (a) 20.000X (Scale bar: 5 ym) and b) 10.000X (Scale bar: 10 ym) SEM spectrum of BNT-6BT powders
synthesized via hydrothermal method with 12M NaOH solution. ¢) 10.000X SEM image (Scale bar: 5 ym) and d) EDX
spectrum of BNT-6BT+1 mol % B*" powders synthesized via hydrothermal method with 12M NaOH solution. SEM images
and EDX spectra of 10% BNT-6BT+1 mol % B** powders fabricated with 12M NaOH solution, with 10% addition to 70/30
DMF/acetone-15% PVDF solution, produced with €)10 kV )15 kV g)20 kV at a flow rate of 0.5 ml/h SEM images and EDX
spectra (Scale bar: 1um)
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Isiginda katkilanan BNT-BT ve BNT-BT+%1 mol B*?
piezoelektrik seramik tozunun, olusan fiber kalinhiginda
olumsuz bir etkisinin olmadidi anlagiimaktadir.

Sekil 4 ve 5 incelendiginde 0,5 ml akis hizinin 0,1 mi
akis hizina goére, bu kompozisyon igin nispeten daha
ince fiber olusumuna katkida bulundugu gézlemlendi.
Ayrica voltajin artmasiyla birlikte fiber ortalama
¢apinin arttigi goruldi. Benzer durum Sekil 6 ve 7
incelendiginde de gegerlidir. FT-IR analizi sonucunda
B fazindaki artis gobzlemlenmesi, piezoelektrik
Ozelliklerin arttig1 yéninde yorumlanmaktadir [17].
Piezoelektrik B fazinin tayini bu agidan dnemlidir.
PVDF polimer malzemelerde piezoelektrik 6zellik
gosteren faz B fazidir. PVDF; yapisi ile de dogal olarak
iligkili olan piezo, piroelektrik 6zelliklerinden dolayi
yaygin sekilde incelenmis, yari kristalin bir polimerdir.
iclerinde o ve B fazlarinin en yaygin fazlar oldugu 5
farkli kristal yapi (a, B, y, © ve €) rapor edilmistir. PVDF
birincil olarak a fazindan olugsmaktadir ve bu faz termal
olarak kararli olup, molekdler dipollerin antiparalel
oldugu TGTG' (T-trans, G-gauche+, G’-gauche)
dihedral yapi gésterir, bu da non-polar kristal yapi ile

4
Mag= 10.00KX
EHT =20.00 kv

Mag= 10.00KX

T <0001V %10(12M-BNT-6BT+8)-1-1h-15kV

1um

%10(12M-BNT-68T+B)-1-1h-20kv i

al A = SE1 Mag= 10.00KX
18 mm EHT =20.00 kV

sonuglanir. B fazi, polar C-F ve C-H baglarinin karbon
omurgasina dikey bir dipol momentine sahip oldugu
TTTT yapisi gOsterir. Ek olarak, tim zincirler dipollerle
paralel dogrultuda ydnlenmektedir, bu nedenle
fazi diger fazlar arasinda en yiksek kendiliginden
polarizasyona sahip olan fazdir. Ortam sicakligi ve
basinci altinda kinetik olarak kararli olan 3 fazi, Ustiin
piezo ve piroelektrik 6zellikler gésteren ve dolayisiyla
piezoelektrik kumasglarin tasarimi i¢in en ilgi ¢ekici
fazdir [20]. Bu nedenle numunelere FT-IR analizi
yapilmis ve sonuglar Sekil 7°de verilmistir. PVDF'nin Ug
ana q, B ve y polimorfu igin FT-IR absorpsiyon zirveleri
Uc ana kategoriye ayrilabilir. Bunlar; her ¢ fazda
da ortaya cikan ortak pikler, ¢ asamadan yalnizca
birinde goriinen 6zel zirveler ve iki farkli fazdan
gelebilecek cift zirveler. Genel olarak, spektrum 881,
1071, 1176 ve 1401 cm™ civarinda yiliksek yogunluk
daha énce bazi makalelerde kristal fazlari karakterize
etmek i¢in kullanilmistir. Bununla birlikte, 876-885,
1067-1075, 1171-1182 ve 1398-1404 cm™ araligindaki
pikler, a, B~ ve y fazlarinin érneklerinde veya diger
karisik sistemlerde benzer 6zelliklere sahiptir. Baska
bir deyisle, bunlar her ¢ fazda da ortaya ¢ikan ortak
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Sekil 5. 12M NaOH cozeltisi ile Uretilen BNT-6BT+ %1 mol B*® tozunun, 70/30 DMF/aseton-%15 PVDF ¢ozeltisine %10
katkiyla a)10 kV b)15 kV ¢)20 kV ile 1 ml/sa akis hizinda iiretilen SEM gériintiileri ve EDX spektrumlari (Olgek cubugu:
1um). (SEM images and EDX spectra of 10% BNT-6BT+1 mol % B** powders fabricated with 12M NaOH solution, with 10%
addition to 70/30 DMF/acetone-15% PVDF solution, produced with a)10 kV b)15 kV ¢)20 kV at a flow rate of 1 ml/h SEM

images and EDX spectra (Scale bar: 1um)

158



Tikiz S.and Ozgiil M. / BORON 9(4), 153 - 162, 2024

PN Signal A = SE1
W WD = 18 mm

Mag= 10.00KX % 10(12M-BNT-6BT10.5. 110KV
EHT=2000ky  2610(12M-BNT-6BT)-0,5-1h-10kV

Mag = 1000KX o 10(12M-BNT-

EHT 20.00 kv

v L\L,—J,M J -

4 6 8 0 12 14 16 18 20
keVv

mm

i ,hmwdtw 4 ,i,‘

2 4 6 8 12 14 16 18 20

Sekil 6. 12M NaOH ¢oze tISI ile uretllen BNT BBT tozunun, 70/30 DMF/aseton- %15 PVDF ¢ozeltisine %10 katkiyla a)10 kV
b)15 kV ¢)20 kV ile 0,5 ml/sa akis hizinda iiretilen SEM gériintiileri ve EDX spektrumlari (Olgek gubugu: a)2um, b, c) 1um).
(SEM images and EDX spectra of 10% BNT-6BT powders fabricated with 12M NaOH solution, with 10% addition to 70/30
DMF/acetone-15% PVDF solution, produced with a)10 kV b)15 kV ¢)20 kV at a flow rate of 0.5 ml/h SEM images and EDX

spectra (Scale bar: a) 2um, b, ¢) 1um)

zirvelerdir. Ozel tepe noktalari, karsilik gelen kristal
fazlari tanimlamak icin kullanilabilirken, ikili tepe
noktalari, kiiglk dalga sayisi kaymalari (tipik olarak
2 cm™ iginde) veya deneysel kosullara bagll olarak
gercekten farkh fazlar icin deneysel belirsizligin
sonuglari olabilir. Spesifik olarak, a fazi i¢in 6zel tepe
noktalari (a fazinin karakteristik bantlar) 410, 489,
532, 614, 763, 795, 854, 975, 1149, 1209, 1383 ve
1423 cm civarindadir; B fazi igin 6zel tepe noktalari
445, 473 ve 1275 cm™ civarindadir ve y fazi igin 6zel
tepe noktalari 431, 482, 811 ve 1234 cm civarindadir.
Buna karsilik, zirveler 837-841 ve 508-512 cm
araligi, bircok farkli numunede goérinebilmesine
ragmen, B ve y fazi i¢cin absorbans, a fazininkinden
¢ok daha gugcludir. Bu nedenle bu iki tepe noktasi
(840* ve 510* cm™) elektroaktif B ve/veya y fazlarini
karakterize etmek icin kullanilabilir. B ve y fazlar
1428-1432 cm™ araliinda ¢ok yakin pikler gosterse
de, cesitli sonuglar sirasiyla 1431 ve 1429 cm™'deki
piklerin B ve y fazlarinin karakteristik bantlari olarak
kullanilabilecegini desteklemektedir. Daha 6nce bazi
yazarlar tarafindan B fazina atanan 600 cm™ bandi,
PVDF' i karakterize etmek icin kullanilmamalidir,

¢lnkii bu bant, 613 cm™deki diger yogun tepe
noktasi nedeniyle, a fazi olanlar da dahil olmak Gzere
bircok numunede yaygin olarak gorilir. Sadece
yuksek sicaklikta kristallesme y-fazinda, 776 ve 833
cm™ bantlarinin diger y-fazi hakimiyet 6rneklerinde
oldukga nadiren gdzlendigi belirtiimektedir. Ug fazin
miktarlari herhangi bir yizdede olabilecedinden, bu
fazlari izlemek icin evrensel ama basit bir prosedir
olusturmak bu nedenle ¢ok 6nemlidir. 763 vel/veya
614, 1275 ve 1234 cm™'deki bantlarin sirasiyla a,
ve y fazlarini ayirt etmek ve tanimlamak igin tutarh bir
sekilde kullanilabilecedi bulunmustur [21].

840* cm™ bandi, diger bant bilgilerine dayali olarak
B, v veya her iki faza atanabildiginden, elektroaktif
ve y fazlarinin (F_,) herhangi bir numunedeki kristal
bilesenler cinsinden fraksiyonu, 6érnegin sadece iki faz
(a+B,a+yveyap +y)veya lgfaz (a + B +y)iceren
bir numune, Es. 1 ile dlgulebilir:

I
EA X100

Fea= gt
K (1)
(Kito )1763 + Iga
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Sekil 7. 12M NaOH c¢ozeltisi ile Uretilen BNT-6BT tozunun, 70/30 DMF/aseton-%15 PVDF ¢ozeltisine %10 katkiyla a)10 kV
b)15 kV ¢)20 kV ile 1 mi/sa akis hizinda Uretilen SEM gérintiileri ve EDX spektrumlari (Olgek gubugu: 1um). 12M NaOH
¢Ozeltisi ile sentezlenen BNT-6BT+ %1 mol B*® ve BNT-6BT tozu kullanilarak ve 10, 15 ve 20 kV egirme voltaji uygulanarak
d) ve e) 0,5, f) ve g)1 ml akis hizinda gekilen fiber yapinin FT-IR analiz sonuglari (SEM images and EDX spectra of 10% BNT-
6BT powders fabricated with 12M NaOH solution, with 10% addition to 70/30 DMF/acetone-15% PVDF solution, produced
with a)10 kV b)15 kV ¢)20 kV at a flow rate of 1 ml/h SEM images and EDX spectra (Scale bar: 1um). FT-IR results of the
fiber structure produced with d) and €)0.5 and f) and g)1 ml of flow rates applying 10, 15 and 20 kV of spinning voltages and
using BNT-6BT+1 mol % B®* and BNT-6BT powders synthesized with 12M NaOH solution)
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Tablo 2. 12M NaOH ¢ozeltisi ile sentezlenen BNT-6BT+ %1 mol B*® ve BNT-6BT tozu kullanilarak ve 10, 15 ve 20 kV egirme
voltaji uygulanarak 0,5 ve 1 ml akis hizinda Uretilen fiber yapinin FT-IR analiz sonuglari (FT-IR results of the fiber structure
produced with a)0.5 and b)1 ml of flow rates applying 10, 15 and 20 kV of spinning voltages and using BNT-6BT+1 mol % B3*

and BNT-6BT powders synthesized with 12M NaOH solution)

0,5ml-2h 1ml-1h
10kV 15kV 20kV 10kV 15kV 20kV
Katkisiz 53,7549 57,2876 51,3687 53,7612 52,9793 54,2348
B** Katkili 59,3990 58,3594 60,5651 55,5921 57,5586 59,5497

Degisim (%) 10,50 1,87

17,90

3,41 8,64 9,80

Burada, I, ve |, sirasiyla 840* ve 763 cm™deki
absorpsiyon degerleridir; K, .. ve K., degerleri
siraslyla 7,7x10* ve 6,1x10* cm? mol olan ilgili dalga

sayllarindaki absorpsiyon katsayilaridir [21].

B Fazinin miktarini belirlerken fazlara ait karakteristik
pik siddetleri yukaridaki Es. 2 yardimiyla hesaplanmig
sonuglar Tablo 2'de paylasiimistir.

Ag

Fg=—t——
B (1,26)A, + Ag

X100 2)

4. Sonuglar (Conclusions)

Bu calismada, B,0, kaynagi kullanilarak dretilen
%1 mol B*® katkili BNT-6BT piezoseramik tozlarin
12M NaOH c¢ozeltisi ile gercgeklestirilen toz Uretim
isleminin, PVDF piezoelektrik polimerine katki
olarak kullanilabilirligi incelenmigtir. Uretilen tiim
piezoseramik tozlarin perovskit kristal yapi ile uyumlu
oldugu XRD desenleri ile dogrulanmistir. Hidrotermal
yontemin en Onemli avantaji morfolojinin kontrol
edilebilmesi ve sentezlemenin daha disuk sicaklikta
gerceklesmesiyle birlikte enerji sarfiyatinin dismesidir.

Bu sonuglar, ulkemiz zenginliklerinden farkli bor
madenlerinin  polimer-seramik kompozit yapidaki
piezoelektrik malzemelerde o&zellikleri iyilestirmek

amaciyla kullanilabilecek potansiyel bir katki olarak
degerlendirilebilmesi konusunda isik tutmaktadir.
XRD analizleri sonucunda; hidrotermal yontem ve
12M NaOH cozeltisi ile Uretimi gergeklestiriimis olan
BNT-6BT ve BNT-6BT+ %1 mol B*® piezoelektrik
tozlarindan alinan X-Iginlari Kirinimi (XRD) analizi
sonucunda istenen perovskit fazinin olustugunu
ortaya koymaktadir. SEM analizleri sonucunda; egirme
voltajinin fiber kalinhdi degisiminde blyuk degisimlere
neden olmadigi, Egdirme voltajinin ferroelektrik
Ozelliklere katkida bulunabilecegi, EDX analizlerinde
katki olarak kullanilan tozun fiber yapisina dahil oldugu
anlasilmistir. Literatiirde verilen PVDF ile Uretilmis
fiber yapisiyla uyumlu oldugu goértlmektedir. FT-IR
analizleri sonucunda; B*® katkisiyla Uretilen BNT-
6BT PVDF’e katki olarak kullanildiginda 6&rneklerin
tamaminda B fazinda %1,87 ile %17,90 arasinda
degdisen oranlarda artisa neden olmustur.

5. Tesekkiirler (Acknowledgements)

Bu calisma, Afyon Kocatepe Universitesi, Bilimsel
Arastirma Projeleri Koordinasyon Birimi tarafindan
21.FEN.BIL.41 numaral proje ile desteklenmektedir.

6. Yazar Katkisi Beyani (Author Contribution
Statement)
Serhat Tikizz Deneysel c¢alismalar, metodoloji,

analizler, kaynaklar, makale yazimi.

Metin Ozgiil: Kavramsal planlama, metodoloji, analiz
sonuglarinin irdelenmesi, makale yazimi ve inceleme,
danismanlik.

Kaynaklar (References)

[1] Dittmer, R. (2013). Lead-free piezoceramics: Ergodic
and nonergodic relaxor ferro-electrics based on bismuth
sodium titanate. [Doctoral dissertation, Wilmington
Darmstadt Technical University]. https://core.ac.uk/
download/pdf/17179686.pdf

[2] Genenko, Y. A., Glaum, J., Hoffmann, M. J., & Albe,
K. (2015). Mechanisms of aging and fatigue in
ferroelectrics. Materials Science and Engineering B:
Solid-State Materials for Advanced Technology, 192(C),
52-82. https://doi.org/10.1016/j.mseb.2014.10.003

[3] Panda, P. K., & Sahoo, B. (2015). PZT to Lead free
piezo ceramics: A review. Ferroelectrics, 474(1), 128-
143. https://doi.org/10.1080/00150193.2015.997146

[4] Li, Y, Moon, K., & Wong, C. P. (2005). Electronics
without lead. Science, 308(5727), 1419-1420. https:/
doi.org/10.1126/science.1110168

[5] Nguyen, T. N, Thong, H. C., Zhu, Z. X., Nie, J. K., Liu,
Y. X, Xu, Z., ... & Wang, K. (2021). Hardening effect
in lead-free piezoelectric ceramics. Journal of Materials
Research, 36(5), 996-1014. https://doi.org/10.1557/
s43578-020-00016-1

[6] Zidani,J.,Alaoui,|.H.,Zannen, M., Birks, E., Chchiyai, Z.,
Majdoub, M., ... & Lahmar, A. (2024). On the lanthanide
effect on functional properties of 0.94Na0.5Bi0.5TiO3-
0.06BaTiO3 ceramic. Materials, 17(8). https://doi.
org/10.3390/ma17081783

[7]1 Salimkhani, H., Fulanovi¢, L., & Fromling, T. (2024).
Sinterability of sodium bismuth titanate-based
electroceramics at low temperatures. Journal of the
European Ceramic Society, 44(3), 1570-1580. https://
doi.org/10.1016/j.jeurceramsoc.2023.10.056

161



Tikiz S.and Ozgiil M. / BORON 9(4), 153 - 162, 2024

[8] Ozgul, M., & Kucuk, A. (2016). B203 doping
in 0.94(Bi0.5Na0.5)Ti03-0.06BaTiO3 lead-free
piezoelectric ~ ceramics. Ceramics International,
42(16), 19119-19123. https://doi.org/10.1016/j.
ceramint.2016.09.073

[9] Fang, X. Q., Huang, M. J., Liu, J. X., & Feng, W. J.
(2014). Dynamic effective property of piezoelectric
composites with coated piezoelectric nano-fibers.
Composites Science and Technology, 98, 79-85. https://
doi.org/10.1016/j.compscitech.2014.04.017

[10] Jain, A., Prashanth, K. J., Sharma, A. K., Jain, A.,
& Rashmi, P. N. (2015). Dielectric and piezoelectric
properties of PVDF/PZT composites: A review. Polymer
Engineering and Science, 55(7), 1589-1616. https://doi.
org/10.1002/pen.24088

[11] Guo, S., Duan, X., Xie, M., Aw, K. C., & Xue, Q. (2020).
Composites, fabrication and application of polyvinylidene
fluoride for flexible electromechanical devices: A review.
Micromachines, 11(12), 1-29. https://doi.org/10.3390/
mi11121076

[12] Tripathy, A., Maria Joseph Raj, N. P, Kim, S. J., &
Ramadoss, A. (2023). Elucidating the piezoelectric,
ferroelectric, and dielectric performance of lead-free
KNN/PVDF and its copolymer-based flexible composite
films. ACS Applied Electronic Materials, 5(10), 5422-
5431. https://doi.org/10.1021/acsaelm.3c00306

[13] Kurakula, A., Graham, S. A., Manchi, P., Paranjape,
M. V., & Yu, J. S. (2024). Enhanced energy harvesting
ability of bismuth sodium titanate/polyvinylidene fluoride
composite film-based piezoelectric nanogenerators
for mechanical energy scavenging and safety-walker
applications. Materials Today Sustainability, 25. https://
doi.org/10.1016/j.mtsust.2023.1006 16

[14] Ghasemian, M. B., Rawal, A., Wang, F., Chu, D., &
Wang, D. (2017). Lattice evolution and enhanced
piezoelectric properties of hydrothermally synthesised
0.94(Bi0.5Na0.5)TiO03-0.06BaTiO3 nanofibers. Journal
of Materials Chemistry C, 5(42), 10976-10984. https://
doi.org/10.1039/c7tc03812g

[15]Lu, R., Yuan, J., Shi, H., Li, B., Wang, W., Wang, D.,
& Cao, M. (2013). Morphology-controlled synthesis
and growth mechanism of lead-free bismuth sodium
titanate nanostructures via the hydrothermal route.
CrystEngComm,  15(19), 3984-3991. https://doi.
org/10.1039/c3ce40139a

[16] Ghasemian, M. B., Lin, Q., Adabifiroozjaei, E., Wang,
F., Chu, D., & Wang, D. (2017). Morphology control and
large piezoresponse of hydrothermally synthesized lead-
free piezoelectric (Bi0.5Na0.5)TiO3 nanofibres. RSC
Advances, 7(25), 15020-15026. https://doi.org/10.1039/
c7ra01293d

[17]1 Cozza, E. S., Monticelli, O., Marsano, E., & Cebe, P.
(2013). On the electrospinning of PVDF: Influence of
the experimental conditions on the nanofiber properties.
Polymer International, 62(1), 41-48. https://doi.
org/10.1002/pi.4314

[18]Qi, J. Q., Chen, W. P.,, Wang, Y., Chan, H. L. W., &Li, L. T.
(2004). Dielectric properties of barium titanate ceramics
doped by B203 vapor. Journal of Applied Physics,
96(11), 6937-6939. https://doi.org/10.1063/1.1814167

[19] Haghi, A. K., & Akbari, M. (2007). Trends in
electrospinning of natural nanofibers. Physica Status
Solidi (A) Applications and Materials Science, 204(6),
1830-1834. https://doi.org/10.1002/pssa.200675301

[20] Soin, N., Shah, T. H., Anand, S. C., Geng, J.,,
Pornwannachai, W., Mandal, P, & Siores, E.
(2014). Novel “3-D spacer” all fibre piezoelectric
textiles for energy harvesting applications. Energy and
Environmental Science, 7(5), 1670-1679. https://doi.
org/10.1039/c3ee43987a

[21] Cai, X., Lei, T., Sun, D., & Lin, L. (2017). A critical
analysis of the a, B and y phases in poly(vinylidene
fluoride) using FTIR. RSC Advances, 7(25), 15382-
15389. https://doi.org/10.1039/c7ra01267e

162



BORON 9(4), 163 - 172, 2024

BOR DERGisi

TENMAK

BO

BOR ARASTIRMA ENSTITUSU

JOURNAL OF BORON

https://dergipark.org.tr/boron

Valorization of boron derivatives in polyurethane-based foams for reduced
ignitability and thermal conductivity

Gokhan Giirlek

17, Litfiye Altay '

'Ege University, Faculty of Engineering, Department of Mechanical Engineering, izmir, 35100, Tiirkiye

ARTICLE INFO

ABSTRACT

Article history:

Received September 16, 2024
Accepted October 30, 2024
Available online December 31, 2024

Research Article

DOI: 10.30728/boron.1551164

Keywords:

Boron derivatives
Ignitability
Polyurethane
Thermal conductivity

Polyurethane (PU) based materials have wide application areas, especially in the
thermal insulation, construction, and automotive sectors, due to their properties such as
thermal and electrical insulation, lightness, and high compressive strength. In addition,
studies on converting boron and its derivatives into value-added products have gained
importance. In this study, the mechanical, physical, thermal, and ignitability properties
of the composite materials obtained by adding boron derivatives of different weight
fractions into PU were examined. Boron derivatives such as ground ulexite (U), borax
pentahydrate, borax decahydrate, and ground colemanite (Col) were addedtoPU at 1, 3
and 5% by weight. It was shown that the density, thermal conductivity and compression
modulus values increase when boron derivatives are used in PU-based composites.
At the same time, the addition of ground U or Col to the PU foam reduced the water
absorption value and made a positive contribution to the water absorption capacity.
The PU material with 5 wt % Col added produced the greatest results, whereas 3.14%
was discovered to be the lowest water absorption capability. The addition of boron
derivatives increased the ignitability properties of PU foam composites. In particular,
ground U or borax pentahydrate fillers showed substantial improvement in ignitability
tests of PU foam composites. U (1%) demonstrated exceptional performance, reducing
the PU's self-extinguishing time from 2.96 to 0 s.

1. Introduction

Sustainability has become increasingly important in
the construction industry, especially because of its
enormous ecological impact on all aspects of life and
science. Reducing heat losses in buildings and thus
increasing energy efficiency is crucial for sustainability
[1]. One of the most important issues to consider
in the design and construction of energy-efficient
buildings is the selection of insulation materials [2].
These insulation materials include stone wool, glass
wool, cellulose, sheep wool, polyurethane (PU) foam,
expanded polystyrene, and extruded polystyrene [3].
PU foam is known for its excellent thermal insulation
properties due to its low thermal conductivity (0.020-
0.027 W/mK) compared to other materials, and
accounts for approximately 80-90% of the insulation
materials used in applications [3,4].

PU foams have been widely used in thermal insulation
products such as refrigerators, freezers, and water
heaters, as well as in panels designed for heat,
sound and vibration insulation in buildings. They
are also used in automobile and aircraft seating,
interior panels for aircraft, sandwich structures in
high-performance sports cars, biofilters in water
treatment and waste air, microporous absorption
materials, biocatalyst (enzyme) transporters in

biotechnologies and lightweight packaging materials
with high surface area [5-8]. Due to their wide range
of applications, research into developing PU-based
foams with properties tailored for specific industries,
thermal insulation and the automotive industry, has
accelerated in recent years. A study investigated the
effects of different sizes expended graphite (EG) on
the flame-retardant properties of rigid PU foam (RPUF)
with a high density of 0.45 g/cm? [9]. They concluded
that larger EG particles significantly improved the
flame retardant (FR) properties of RPUF composites,
while smaller EG particles resulted in poorer flame
retardancy in the composites [9]. The effects of EG/
bis(4-aminoanilinium) phenyl phosphonate (FR1) and
pure EG FR additives on the cellular structure, thermal
characteristics, flame retardancy, and compression
strength of RPUF were also examined. When the
ratio of EG to FR1 is 12 to 1, they obtained the best
flame-retardant results [10]. Another study aimed
to increase the fire resistance of rigid PU foams by
adding 5, 10 and 15 wt. % nano clay and intumescent
FR [11]. The experimental findings demonstrated that,
despite a modest increase in thermal conductivity, the
addition of nano clay or intumescent FR improved
the foams' thermal conductivities, thermal stability,
and fire resistance [11]. When the research was
examined, it was seen that it focuses on issues such
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as thermal insulation, combustion resistance, thermal
degradation, durability, sound absorption, and density.
A common theme in these studies was the ignitability
of PU foam materials, reflecting an ongoing effort to
improve fire safety properties in various applications.

PU-based foam products are highly combustible when
exposed to extreme heat or oxygen. These materials
have caused worldwide concern due to their high
ignitability and improving their fire safety is of extreme
importance [12]. PU-based foam materials emit large
amounts of smoke and toxic gases during combustion
[13]. These toxic effects can be reduced by the addition
of FR additives. The main FRs used depending on
the structure of PU-based foam materials include
inorganic FRs, intumescent systems, FRs containing
phosphorus, silicon and boron. These additives
play a key role in reducing thermal degradation, the
release of toxic smoke and the burning tendency of
PU-based foam materials, making their use essential
in ensuring fire safety [14]. There are several studies
discussing the use and potential industrial applications
of chlorinated FRs in PU foams. Chlorinated FRs are
common in PU manufacturing due to their efficiency in
inhibiting flame spread, but they pose environmental
concerns and health risks, leading to increased
research on alternatives.

Some studies note that mineral-based additives (such
as clay and metal hydroxides), while inexpensive, tend
to affect the processing of foam materials due to their
particle size, have the potential to cause blockages
in production lines, and be chemically inert to the PU
matrix [15]. As seen from studies, small particles tend
to agglomerate. These large agglomerates can cause
blockages as they pass through pipes and prevent
the fluid from being properly delivered. This can
cause production downtime. An uneven distribution of
material can negatively impact the quality of the final
product, which can lead to rework requirements during
the production process. Large particles can block flow
or make it harder for the fluid to move. Large particles
also settle to the bottom more quickly or cause
blockages. This can increase processing time and
reduce efficiency. Large particles are generally denser,
which can lead to handling and storage difficulties.
Despite such production disadvantages, it is possible
to overcome these problems with optimum particle
size and homogenization.

Taking these problems into consideration, studies
have focused on the use of boron derivatives as flame
retardant. Due to the good ignitability properties of
boron derivatives, they can prevent further spread
of combustion by forming an impermeable glass-
like coating on the material surface during thermal
degradation [16]. Studies have shown that boron
derivatives are effective as FRs in polymer-based
systems [17]. The most commercially significant
boron minerals include tincal, boracite, colemanite
(Coal), ulexite (U), pandermite, szaybelite, kernit, and
hydroboracite, although more than 230 boron minerals

are known in nature. The primary boron minerals are
Col (76%), tincal (22%), U (2%), which are converted
into high-value products. Concentrated tincal, boric
acid, borax decahydrate (BD), Etidot-67, borax
pentahydrate (BP), anhydrous borax, zinc borate,
sodium perborate, boron oxide, ground colemanite,
calcined tincal, and ground U are the products that
can be extracted from these ores [18]. While the boron
reserve in Turkiye was around 600 million tons in
1978, according to the latest research, today Turkiye
has around 3 billion tons of boron reserves. While
Turkiye held a 16% share of the global boron market
in the 1970s, it has recently become the world's
largest borate producer, with a 47% market share [19].
Studies on the production of PU-based foam materials
using boron derivatives are very limited in literature.
A study explored its usability as FR by mixing N,N'-
di(methyleneoxy-3-hydroxypropyl) urea and boric
acid into the rigid PU-polyisocyanurate foam (PUR-
PIR) [20] . As a result of the study, it was observed
that with the addition of the boric acid, the brittleness
of the PUR-PIR foam decreased and it showed good
resistance to burning [20]. Another study incorporated
boron oxide (B,0,) and its derivatives as fillers at
5-20% in weight fractions, which increased the rigid
PU foam materials' resistance to thermal deterioration
and combustion [21]. While the inclusion of boron oxide
increased the thermal conductivity of the material,
which could be seen as a drawback, the study found
that as the B,O, ratio increased, both the combustion
resistance and the mass remaining after combustion
significantly improved. [21]. A study examined studied
the use of derivatives of hydroxyethyl urea that were
boron-modified to create foamed PU materials, further
exploring the FR properties of boron-based additives
[22]. Following the study, it was observed that the boron-
modified PU foams demonstrated good dimensional
stability, compressive strength, and thermal insulation
properties when compared to the non-modified PU
foams obtained using hydroxyethyl urea derivatives
[22]. The impact of untreated and silane-coated boron
nitride nanofillers, as well as wrinkled and holey flash
graphene, on the mechanical, physical, and thermal
characteristics of flexible PU foams was examined
[23]. Their findings indicated that both treated and
untreated boron nitride nanoparticles were effective in
significantly reducing the wet compression set of the
foams, enhancing their mechanical resilience [23]. In
another study, the effect of ammonium pentaborate
added to PU foam material together with FRs on
ignition properties was investigated. It was observed
that the FR formed a thermal barrier by cross-
linking with boron chemicals during combustion and
increased combustion resistance [24]. In their study,
Chmiel et al. synthesized oligoetherol PU foams from
ethylene carbonate and boron derivative melamine
diborate [25]. It was found that the products had high
thermal resistance and could withstand temperatures
around 175°C [25]. In another study, they included
two boron-containing inorganic compounds, zinc
borate and boron phosphate, into rigid PU foams
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and examined the smoke suppression performance
and FR effect of the system. It was revealed that
both boron-containing inorganic compounds inhibited
smoke/heat release [26]. TA study prepared sodium
polyborate by dissolving boric acid and sodium
tetraborate decahydrate in water and examined its
flame retardancy properties [27]. The new material
was produced by first wrapping polyvinyl alcohol on
expandable graphite and then dipping it in boric acid
aqueous solution. The improved flame retardancy was
attributed to the suppression of the "popcorn” effect of
expanded graphite by polyvinyl alcohol-boric acid [28].
Another study assessed studied the effects of triphenyl
phosphate, aluminum trihydrate and zinc borate on
thermal insulation, mechanical and FR properties of
rigid PU foam composites [29].

Although many different additives and boron derivatives
were investigated in rigid PU foam materials preferred
as insulation materials, there is no study in which
ground U, BP, BD, and ground Col are considered
together and compared. In this study, the investigation
of the effects of different boron derivatives such as
ground U, BP, BD and ground Col with different water
contents on the thermal conductivity, compressive
strength, ignitability, density and water absorption
capacity of the insulation material will make an original
contribution to the literature.

In this study, boron derivatives were utilized as FRs in
the development of a new PU-based foam material.
PU-based composite material was produced by
adding, 1-5 wt% of ground U, BP, BD, and ground
Col as boron derivatives to enhance its thermal,
mechanical, and physical properties. The thermal
conductivity, compressive strength, ignitability, density,
and water absorption capacity of the composites were
investigated by various characterization techniques.

2. Materials and Methods
2.1. Materials

In this study, a mixture of 100 g/140 g polyol/isocyanate
(Yucel Composite, Turkiye) was used to produce PU
foam. Ground U (particle size, 75um), BP (75pm), BD
(63um), and ground Col (45um) were used as fillers

Mixer

@ Boron

So
o
00

Polyol

PU+Boron
Composite Board

Figure 1. Production process o

in the composites at 1, 3, and 5 wt% in composites
(Eti Maden, Turkiye). Boron minerals of Na origin are
called ‘borax’, those of Ca origin are called ‘colemanite’
and those of Na-Ca origin are called ‘U’. As the
amount of water in borax decreases, it transforms from
decahydrate to pentahydrate.

2.2. Preparation @ of Composite @ Foams
Consisting of Polyurethane and Boron Derivatives

Polyol and boron derivatives were mixed using a
mechanical mixer at 800 rpm for 30 min. Isocyanate
was then added to the homogeneous mixture and
stirred for an additional 10 s before being poured into
a 300 mm x 300 mm x 30 mm mold. The compositions
of the test samples are given in Table 1.

Table 1. Mixing ratios for PU and boron derivatives

Sample PU% BD% BP% U% Col%
PU 100 - - - -
PU+BD1 99 1 - - -
PU+BD3 97 3 - - -
PU+BD5 95 5 - - -
PU+BP1 99 - 1 - -
PU+BP3 97 - 3 - -
PU+BP5 95 - 5 - -
PU+U1 99 - - 1 -
PU+U3 97 - - 3 -
PU+U5 95 - - 5 -
PU+Col1 99 - - - 1
PU+Col3 97 - - - 3
PU+Col5 95 - - - 5

Teflon cloth was used to coat the mold prior to the
molding process to keep the material from sticking.
The mold's cover was sealed and tightened after the
material was poured into it. Following a curing period
of 24 h at room temperature (22+3°C), the mold was
opened, and the PU composite foam material with the
desired mixture properties was removed from the mold
as seen in Figure 1.

Mixer
Isocyanate @

Mixer

%

Boron+

Polyol-Isocyanate

|L//:/ Teflon Fabric
f the composite board
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2.3. Characterization
2.3.1. Density measurement

Using a densimeter (Mirage, Densimeter MD-200S,
Japan) the specimens' densities were measured in
accordance with ASTM D792.

2.3.2. SEM analysis

Scanning electron microscopy (SEM, Thermo
Scientific, Apreo S, USA) was used to visualize the
morphology of the neat PU and boron derivatives
composites. Using a coating device (Leica, EM
ACEB00, Germany), samples were coated with Au/Pd
prior to analysis.

2.3.3. Thermal conductivity

A heat flow meter (TA Insturments, FOX 314 Heat
Flow Meter, USA) was used to measure, the thermal
conductivity value of 300 mm x 300 mm x 10 mm PU
samples and its composites in accordance with ISO
12667 standards.

2.3.4. Ignitability tests

The ignitability of test specimens was investigated in
accordance with ISO 11925-2 standard. The midpoint
of the specimens' lower edge was exposed to flame
for 15 s during the ignitability test. Next, the amount
of time it took for the flame to extend 150 mm above
the application point was noted, and the amount of
particles that caught fire during the 20 s was calculated
in Figure 2.

Figure 2. Ignitability test

2.3.5. Compression test

Compression tests were carried out using an autograph
(Shimadzu, Autograph AG-IS Series, Japan) universal
testing apparatus in compliance with ISO 29469
standards. On the specimens with dimensions of 50
mm x 50 mm x 20 mm, a load was applied at a rate of
2 mm/min during the test. The elasticity modulus was
calculated using the linear regression method.

2.3.6. Water absorption capacity measurement

Short-term water absorption capacity tests of the
prepared composite samples were carried out
according to ISO 29767. The samples were subjected
to short-term water absorption tests at 23+5°C ambient
temperature and 50+5% relative humidity conditions.
Tests were conducted for 24 h under the specified
conditions. Water absorption was calculated using
Equ 1 [30] where w, refers to dry sample weight before
immersion and w, stands for the weight of sample after
immersion in water.

Wi — Wy

Water absorption % (WA ) = x100 (1)

0
3. Results and Discussion
3.1. Density

Table 2 illustrates that the density values for the
composites were greater than those of the pure PU.
As expected, the density of the composites increased
as the filler's weight percentage increased. It has
been known that the density of PUs depends largely
upon the density of the fillers [31]. Since the densities
of U (2.13 g/cm?), Col (2.42 g/cm?®), BD (1.73 g/cm3),
and BP (1.815 g/cm?®) are higher than that of PU,
PU composite materials showed increased density
values [32-34]. The highest density was found for PU
composite material containing 5 wt% ground U and 5
wt% ground Col.

Table 2. Density values and ignitability test results of PU and
its composites

PU 0.052+0.00570 could not pass
PU+BD1 0.054+0.00245 could not pass
PU+BD3 0.057+0.00326 pass
PU+BD5 0.061+0.00245 pass
PU+BP1  0.055+0.00400 pass
PU+BP3 0.058+0.00735 pass
PU+BP5 0.061+0.00980 pass
PU+U1 0.053+0.00326 pass
PU+U3 0.056+0.00980 pass
PU+U5 0.062+0.00816 pass
PU+Col1 0.055+0.00490 pass
PU+Col3 0.059+0.00245 pass
PU+Col5 0.062+0.00490 could not pass

3.2. Morphology

Figure 3 shows the effects of different amounts of
U contents, which give the worst results in terms of
thermal conductivity values, on the morphological
structure of PU foam. Most of the cell types of pure PU
were hexagonal, the cell morphology was relatively
complete, and the cell size distribution was relatively
uniform. It was seen that the foam is a closed-cell
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type. Here, the smooth texture of the foam material
was disrupted when U is added. It was thought that
increasing U amounts (especially 5%) caused the cells
to shrink, due to the fact that the added U prevented the
foam from expanding during curing and the increase in
viscosity of the material [26]. However, the additives
encourage more cell formation [35]. According to SEM
images, adding 5% U in particular caused the cell
walls to distort and reduced the homogeneity of the
cell structure, which increased thermal conductivity
and decreases compressive strength.

Figure 3. SEM images of a) neat PU, b) PU+U1, c) PU+U3,
d) PU+U5

The SEM images of the morphology of the PU network
after boron loading did not show much difference
due to the low-weight fractions of the minerals and
possible inhomogeneous distribution. Therefore,
for visibility, SEM images of PU foams containing
5% boron derivative are given in Figure 4. No signs
of aggregation were observed in the added boron
particles. Relatively large particle sizes were found in

the images with the same magnification value (x500)
(Figure 4b, c). On the other hand, it was seen that the
additive sizes in the images were smaller than the
maximum grain sizes specified by the manufacturer.

Figure 4. SEM images of a) PU+BD5, b) PU+BP5, c)
PU+US5, d) PU+Col5

3.3. Thermal Conductivity

Figure 5 displays the thermal conductivity values of
PU and its composites. Each sample was measured
three times, and the average of the results was used.
The results showed that PU had a thermal conductivity
of 0.0289 W/mK. It was observed that the addition of
boron derivatives to the material reduced the thermal
conductivity. Typically, PU foam materials have thermal
conductivity values between 0.02 and 0.03 W/mK [36].
Thermal conductivity values of U, Col, BP, and BD are
given as 0.482 W/mK, 0.526 W/mK, 0.647 W/mK, and
0.740 WImK, respectively [33,34,37].
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Figure 5. Thermal conductivity values of PU and its
composites

It was observed that the addition of BD, BP, and Col
contributes to the thermal insulation property of the
material by decreasing the thermal conductivity value of
the PU. The addition of BD and BP boron derivatives at
low rates significantly reduced the thermal conductivity
and made a greater contribution to the material. On
the other hand, as the amount of Col increased in the
composite foam, a significant decrease was observed
in the thermal conductivity of the material. Interestingly,
the only observed negative effect was associated
with the composite foam containing ground U, which
demonstrated reduced insulation properties compared
to pure PU. The interface between polymer and filler
plays an important role in determining the thermal
conductivity of a composite material. Dislocations, point
defects, and interface incompatibility with polymers
and crystalline fillers such as boron derivatives cause
a decrease in thermal conductivity [38]. In addition, the
large particle size of ground U may have facilitated the
filling of air gaps within the PU foam, further increasing
thermal conductivity.

3.4. Ignitability

The ignitability test results are given in Table 2 and
Figure 6. Figure 6a illustrates that the PU sample
failed the test due to rapid flame spread and quick
time to reach the 150 mm line. However, when boron
derivatives were added to the PU, materials showed
improved ignitability results as is seen in Figure 6.
Notably, the slowest flame propagation was observed
with a 5 wt% loading of U, as seen in Figure 6b.

) 1 [

i
|

Figure 6. Ignitability test a) PU, b) PU+BP1, c) PU+BP3, d)
PU+BP5, e) PU+BD1, f) PU+BD3, g) PU+BD5, h) PU+Col1,
i) PU+Col3, j) PU+Col5, k) PU+U1, 1) PU+U3, m) PU+U5

Figure 7 shows the self-extinguishing times of the
foam materials after being exposed to flames for 15
s. The pure PU foam material extinguished itself in
about 3 s. The foam material with the addition of 1%
U was extinguished immediately upon removal of the
flame. Although some increases in extinguishing time

were observed with higher amounts of U, it still yielded
better results compared to pure PU. The addition of BP
significantly reduced the self-extinguishing time, with
shorter extinguishing times noted across all weight
fractions compared to pure PU foam. Considering
the Col-filled PU composites, it affected the self-
extinguishing results worse than the other fillers. It
was observed that foam materials with 5% Col and 1%
BD were added quenched longer than pure PU foam
material. Boron compounds were reported to improve
the FR properties of polymeric composites [39]. It was
concluded that due to the flame-retardant properties of
boron compounds, BD and boric acid fillers, reduced
the ignitability of the composites obtained [40]. It
has also reached the category of self-extinguishing
materials at higher boric acid filler composites [40].
It was concluded in a study that boron-filed PU
composites had reduced ignitability compared to PUs
[41]. Current results revealed that the ignitability of the
PU foam material increased with the addition of U and
BP. On the other hand, Col and BD were found to be
effective on ignitability at certain rates. Higher thermal
conductivity allows heatto spread rapidly throughoutthe
material, reducing the likelihood of heat accumulation
at specific points. This can mean that heat from any
ignition source is rapidly dissipated within the material,
preventing the material from reaching the critical
temperature required to sustain combustion. As a
result, the material can self-extinguish more effectively
when the heat source is removed. This is clearly seen
in the example of U. In the self-extinguishing test, PU
materials modified with BD performed worse than
those modified with BP. However, as the amount of
water in the additive increases, it is expected that the
material will burn more difficultly and extinguish faster,
but this is only up to a certain point. When there is
more than a certain amount of water in the material
and this water evaporates when the material is heated,
the vapor comes out of the material in the vapor
phase. Meanwhile, the increasing vapor pressure in
the material causes the material to physically crack or
deform [42]. The structure with surface fractures will be
more exposed to flames, which reduces its resistance
to burning.

PU+BDS
PU+BD3
PU+BD1
PU+Col5
PU+Col3
PU+Coll
PU+US
PU+U3
PUAUL o

PU+BPS
PU+BP3
PU+BP1

PU

Time (s)

Burning Time (s) Self Extinguishing Time (5)

Figure 7. Self-extinguishing times of PU and its composites

3.5. Compression Tests

The compression strength and modulus of the PU
composites were measured to gain additional insight
into their mechanical properties. Each sample was
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measured three times, and the average of the results
was recorded. The compression properties of materials

are given in Figure 8.
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Figure 8. Compresswn strength (a) and compression
modulus (b) of PU and its composites

When the compressive strengths are examined,
it is seen that there is no significant change in
strength with the addition of 1% and 3% of BD, BP,
U, and Col fillers. However, when fillers are added
at 5% their compressive strength decreases. Bishay
et al. concluded that at higher filler contents, the
compressive strength of the composites may decrease
due to the inhibition of interaction between fillers and
polymer matrix [43]. Similarly, it can be said that
the decrease in compressive strength is due to the
inhibition of the movement of the polymer chains due
to the inhomogeneous distribution of boron fillers and
may also be due to the deformation of the cell walls,
especially at high additive levels such as 5%. The
knowledge that the improvement of the mechanical
properties of the composite material depends largely
on the homogeneous distribution of the fillers is also
supported by the literature [39]. Simultaneously,
the formulae of BP and BD compounds (BP:
Na,B40,.5H,0, BD: Na,B,0,.10H,0) contain water
molecules ThIS can result in mlcro—voids at the
interface between the polymer and fillers, which
lower the mechanical properties of the material [44].
The decrease in compressive strength indicates the
poor distribution of boron derivative fillers in the PU,
the presence of defects such as voids, and interfacial
incompatibility [45].

It is well known that cellular structure and density
typically affect a material's mechanical properties
[46]. When the compressive modulus values are
examined, it is seen that the modulus increase with
the increase in the ratio of fillers. This is because fillers
give the composite its strength and modulus, whereas
polymers are far weaker than fillers [47].

3.6. Water Absorption Capacity

The water absorption values of PU composite materials
are shown in Figure 9.
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Figure 9. The water absorption capacity of PU and its
composites
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The water absorption capacity of the PU was found
to be 4.51%. Among all the composite foam materials
examined, the highest water absorption capacity
was obtained in the 5 wt % BP filled PU composite
with a value of 12.81%. Conversely, the lowest water
absorption capacity was recorded for the 5% Col-filled
PU composite, at 3.14. As the weight fraction of BP
and BD increased, the water absorption capacity of
the PU also increased. It is seen that boron derivatives
containing borax contribute negatively to the water
absorption property of the material. It is seen that the
addition of U and Col at high fractions (5%) reduces
the water absorption capacity of the material. The
water absorption capacities increased slightly with the
addition of boron derivatives at low fractions (1-3%).
Specifically, the water absorption capacity decreased
to 3.91% with the addition of 5% U to the PU, while it
decreased to 3.14% when 5% Col was added to the
PU. The difference in water absorption capacity is
related to the chemical structures and crystal water
content of these substances. BP and BD contain
crystal structures that contain a certain amount of
water molecules. The water-binding capacity of BP
and BD forms is due to the ability of crystal structures
to physically hold water. Water is found as a part of
this crystal structure and therefore has a high water
absorption capacity. U and Col, on the other hand, are
structures that contain less water and have a lower
capacity to hold water. In addition, the fact that the
voids in the crystal structures of these compounds are
in a structure that makes it difficult for water molecules
to be held may also affect this situation.

4. Conclusions

In this study, effects of addition of boron derivatives on
ignitability, thermal, mechanical and water absorption
properties of PU composites were investigated. It was
concluded that the density of the composites increased
via the incorporation of boron derivatives into PU.
According to the ignitability test, the U and BP fillers
improved the ignitability properties PU foam material
as it shortened the self-extinguishing time. Especially
U (1%) provided outstanding performance and
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decreased the self-extinguishing time of PU from 2.96
to 0 s. The addition of BD and BP boron derivatives at
low fractions made a great contribution to the material
by significantly reducing the thermal conductivity value
of the PU foam material. With the addition of ground
Col, the lowest thermal conductivity values were
obtained, and the PU thermal conductivity value, which
was 0.028 W/mK, decreased to 0.0272 W/mK. It was
seen that the compressive modulus values increase
with the addition of boron-derived fillers, but there was
no significant change in compressive strength values
when 1wt % and 3wt % BD, BP, U and Col are added.
When the water absorption capacities were examined
for all composite foam materials, it was observed
that the addition of 5wt % U or 5wt % Col contributed
positively to the PU foam material, but the addition
of borax-containing boron derivatives (BP and BD)
negatively contributed to the water absorption of the
material. The best result was obtained with 5wt % Col
was added to the PU material, and the lowest water
absorption capacity was found to be 3.14%. This study
has shown that material properties can be improved
by adding different boron derivatives for different
utilization purposes of PU foam materials. PU foams
with lower thermal conductivity and better flammability
properties have great potential for use in exterior
construction applications and various industries where
flammability is a major concern.
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Wound treatment and skin regeneration are complex processes, and non-healing
wounds pose a major socioeconomic burden in terms of health. Effective and
alternative approaches are needed for successful wound management. Although
boronic acid derivatives have been reported to have positive and strong effects on
wound healing, phenyl-substituted boronic acid derivatives can be used as more
regenerative and effective compounds in healing. In this study, the in vitro cytotoxic
effects of 2-formylphenylboronic acid and 3-chlorophenylboronic acid on L929 fibroblast
cell lines were investigated using WST-8 analysis, and their wound healing effects
were investigated by cell migration test. Our data reveal concentration-dependent
effects of both boronic acid derivatives. For 2-formylphenylboronic acid, dosage
applications between 3.90-31.25 pg/ml showed a viability of 84% and above, and at
higher concentrations, the viability was found to be 5-10%. For 3-chlorophenylboronic
acid, a viability rate of 64-109% is observed as a result of dosage applications between
3.90-250 pg/ml, while the percentage of viability decreases to 17% at a concentration
of 500 pg/ml. Cell migration test data show that the effects of phenylboronic acid (PBA)
derivatives in terms of cell migration increase as time increases, and the effect of
2-formylphenylboronic acid at the 24" hour is quite effective in terms of cell migration.
Since the wound healing effect of PBA derivatives is concentration dependent, it should
be taken into consideration that the use of high concentrations may be toxic.
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Wound healing

in plants, pollination, growth, flowering, or seed
formation, its roles in the human and animal bodies
have not yet been fully clarified. Boron is found in a
number of natural products isolated from bacteria and
may show antibiotic activity. These natural products
also support that boron can be tolerated in biological
systems. Boron also attracts great attention in the
field of health and has positive effects on cancer,
bone health, wound healing, and the immune system.
It is reported in the literature that boron plays a role
in events such as ion transport, hormone production,
calcium metabolism or bone development, and that
it increases the healing rate in deep wounds and
reduces the duration of stay in intensive care. It is also
stated that boron derivatives increase keratinocyte
migration and extracellular matrix turnover by
increasing matrix metalloproteinase expression [3,
4]. Organic compounds containing boron moieties
have a wide range of applications in synthetic organic

1. Introduction

Wounds that disrupt the integrity of the skin and
mucosa due to various factors can heal through a very
complex process in the body. While factors such as
age, nutrition, and smoking affect healing, infections
caused by microorganisms in the wound area are also
quite common. Nutrition of the scar tissue by ensuring
perfusion and oxygen exchange in the wound area is
a critical factor [1]. Therefore, wound management
imposes a serious economic burden on healthcare
systems and has dramatic effects on individuals with
chronic, traumatic, or surgical wounds [2]. Various
materials such as films, foams, hydrogels, and
hydrocolloids are recommended for dressing purposes
or as tissue adhesives in treatment, but problems such
as poor biocompatibility or limited tissue adhesion
have still not been fully overcome. New and effective

alternatives that prevent wound healing are needed.

Boron is a trace element that is in group 3A of the
periodic table and is considered a semi-metal and is
found in nature as a compound with oxygen. While
it is reported that boron is necessary in physiological
events such as ensuring the rigidity of the cell wall

chemistry. Boronic acid contains organic compounds
containing a trivalent boron structure. One of them has
an alkyl substitution and the other two have a hydroxyl
group [5]. Boronic acids are not found in nature and
are synthesized in the laboratory [6]. In addition to
their high reactivity and stability, an important feature
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is that they have a very low toxicological profile [7].
They are also very popular because they are easy
to synthesize and can be used in many chemical
and biological reactions [8]. Boronic acids, with their
'saccharide binding' properties, attract great attention
both in the research of biological systems and in
the identification of metabolites in the pathology of
diseases such as diabetes. Various studies state that
they can bind to glycoproteins in the cell membrane,
thus accelerating wound healing by proliferating cells
such as lymphocytes. It is also known that boronic
acid can bind to macromolecules containing cis-diol
functional groups, thanks to its boronate ester rings.
This situation causes boronic acid to covalently
interact with components with cis-diol functionality,
such as teichoic acid or lipopolysaccharide, found in
the bacterial cell wall [9, 10]. Since phenyl-substituted
boronic acid (PBA) derivatives exhibit interesting
properties in terms of synthetic, application, and
structural aspects, they are used in many areas
such as sensors, receptors, polymers, drug active
ingredients, cancer treatment, organic synthesis,
and functionalized nanoparticles. There are many
experimental and theoretical studies on the molecular
structures and spectroscopic properties of PBA and
its derivatives. Recent research reveals the important
antibacterial and anticancer properties of PBA and its
derivatives [5].

Formyl-substituted phenylboronic acids are noteworthy
becausetheycontain areactive aldehyde group and can
interact with the neighboring boronic unit in many ways
thanks to the formyl group [11]. 2-formylphenylboronic
acid shows many interesting properties in terms of
synthetic, application, and structural aspects. Recent
studies support the antimicrobial/antifungal activity
of 2-formylphenylboronic acid and its anticancer or
wound healing properties by adding it to the structure
of various nanomaterials [12-14]. To our knowledge,
there is no study yet on the biological effects of
3-chlorophenylboronic acid in the literature. In this
study, the in vitro cytotoxicity of 2-formylphenylboronic
acid and 3-chlorophenylboronic acid on L929 cell lines
was evaluated and the effects of these components
on cell migration were investigated in the light of the
findings.

2. Materials and Methods
2.1. Cytotoxicity Test

The fibroblast L929 cell line of ATCC CCL-1 origin and
passage number 16 was used in the study. Cells were
grown in T25 flasks and EMEM medium containing
10% FBS (P30-1301, Pan Biotech, Germany) and
checked twice a day. The cells were allowed to reach
over 70 % confluency (Doubling time: 22-26 hours).
After the samples were prepared at a concentration
of 1 mg/mL, they were exposed to UV light for 30
minutes, dissolved in 100 yL DMSO and homogenized
with the medium. Concentrations to be used later were
diluted with complete medium. After adding 500 uL

Trypsin-EDTA (15400054, Gibco, USA) to the cells
that reached confluency, they were waited for 3-5
minutes at a 37°C and 5% CO, environment. The cells
were examined under an inverted microscope (Zeiss
Primovert, Germany), and when it was determined
that they were dissociated, medium containing 10%
FBS was added. It was centrifuged at 300xg for 5
minutes, the medium was discarded, and 1 mL EMEM
medium was added onto the cells. Counting was done
with trypan blue (1525061, Gibco, USA) on the Logos
Luna Il device (Logos Biosystems, South Korea), and
10% FBS medium was added to obtain 10* cells per
well.

For the purpose of performing the cytotoxicity test,
the medium in the culture plate was removed when
70% confluency was reached in each well. After the
addition of fresh medium, samples were added to the
cell dish. Three replicates were studied for each group.
Eight different concentrations of both boronic acid
derivatives were applied to the cells (500, 250, 125,
62.5, 31.25, 15.62, 7.81, 3.90 pg/mL). Cells were kept
in the incubator for 22 hours after exposure. Apart from
the test samples, the so-called negative well contained
only medium and cells (growth control). The positive
well contained 2 uL H,O, (a drug control with known
toxicity) in addition to the medium and cells. Finally,
blank wells were prepared by adding only the medium.
At the end of 22 hours, 10% of the well volume (equal
to 20 yL WST-8 in the experiment) of WST-8 solution
was added. The cell culture container was wrapped
with aluminum foil and kept in the incubator for another
2 hours, and at the end of 2 hours, spectrophotometric
readings were taken at wavelengths of 450 nm and
630 nm. The results were formulated, and the %
viability was determined (Equation 1):
(Sample Well — Blank)

% Viability = X 100 1
Y Viability (Negative Control — Blank) )

2.2. In vitro Cell Migration Tests

In order to determine the cell migration of boronic
acid cells and therefore the possibility of wounding, a
wound healing model should be prepared by testing
cell components, looking at L929, which is a fibroblast
cell. The samples were added to 48-well tissue culture
dishes in EMEM medium supplemented with 10% FBS,
1% penicillin-streptomycin, and 4 mM L-glutamine at
a volume of 2x10* cells/ml and kept until the grown
monolayer was covered. Then, the surface was
scratched from one end to the other in a single move
with a sterile pipette tip (200 pl), and the in vitro wound
model was recorded. To remove the shield protection
during the scratching process, the upper medium was
removed and washed with PBS. After the cytotoxicity
experiment, effective substances containing boronic
acid derivatives were applied at recorded doses and
incubated for 24 hours at 37°C in a 5% CO, incubator.
The negative control group was also included in the
study, the created wound model was viewed on an
inverted microscope (Zeiss Primovert, Germany) and
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placed at hour 0 with at least two images from the well.
Likewise, the samples were digitally photographed
at the 12 and 24" hours to integrate the necessary
programming. The captured images were analyzed
using the Image J image analysis program. The entire
area and wound areas of this intended program were
calculated. The wound closure rate was calculated
with the following formula (Equation 2):

Areayy — Areayy,
Wound closure rate = [T] x 100 (2)
to

Here, Area,, refers to the measured area of the photo
taken at the beginning, and Area,,, refers to the area of
the photo taken at the 121-24" hour.

2.3. Statistical Analyses

All experiments were independently repeated three
times, and the data were recorded as the mean value
with standard deviation. In order to determine the
significant differences among ANOVA, Tukey honest
significance test (HSD) test, and single direction
variance analysis. The wound closure rate between
treatment groups and control groups was analyzed
using the SPSS26 package (USA). All data analyses
were assessed based on 0.05 and 0.01 significance.

3. Results

According to 24-hour WST-8 cytotoxicity analysis
data, it was determined that both phenylboronic acid
derivatives used in the study were not toxic to the
cells. Table 1 and Figure 1 express the percentage
viability of 2-formylphenylboronic acid on L929 cells.
When the percentage viability values observed in the
cells according to the concentrations studied were
examined, the percentage viability rates were quite

Table 1. Absorbance values (ABS), mean percent
viability (MEAN), and percent standard deviation (STD) of
viability values (24 hours) obtained as a result of applying
2-formylphenylboronic acid at concentration rates of 500-
3.90 pg/mL on L929 fibroblast cells (p <0.05)

2-formylphenylboronic acid

- N N

(2} o ] o ) B

o o o o o
= 9PN

Cell Viability (%of Control)
iy
o

N
o

Control 500 250 1 62.5 31.25 16.62 7.81 3.9
Concentrations pg/mL

Figure 1. Column graph showing the percent viability rates

as a result of applying 2-formylphenylboronic acid at con-

centration rates of 500-3.90 pyg/mL on L929 fibroblast cells.

Different lowercase letters indicate that the concentrations

for each 2-formylphenylboronic acid were significantly diffe-

rent from each other according to Tukey's HSD test (p <0.05)

\ N
N N
N \
25

low at the concentrations of 2-formylphenylboronic
acid applied between 500 and 62.5 yg/mL and were
approximately 5-10%, but a significant increase in
viability began to be observed at the concentration
applied at 31.25 pg/mL (p < 0.05). This rate was
found to be approximately 90.9%. In line with the
data obtained at lower doses, the highest survival
percentage was obtained at a concentration of 7.81
pg/mL, approximately 115%, and this concentration
was chosen to be used in the wound healing study (p
< 0.05).

Table 2 and Figure 2 express the percentage viability
rates of 3-chlorophenylboronic acid on L929 cells.
When the percentage viability values observed in
the cells according to the concentrations studied

Table 2. Absorbance values (ABS), mean percent viability
(MEAN), and percent standard deviation of viability values (24
hours) obtained as a result of applying 3-chlorophenylboronic
acid at concentration rates of 500-3.90 pg/mL on L929
fibroblast cells (p <0.05)

Tukey's Tukey's
Concentrations ABS MEAN STD HSD Concentrations ABS MEAN STD HSD
test test
500 pug/mL 0.372 0.394 0.405 9.219 1.482 g 500 pug/mL 0.457 0.478 0.467 17.537 0.927 c
250 pg/mL 0.360 0.366 0.354 5.942 0.529 h 250 pg/mL 0.801 1.007 0.904 64.710 9.085 b,c
125 pg/mL 0.384 0.420 0.400 10.407 1.591 f 125 pg/mL 0.896 0.904 1.055 69.860 7.901 a,b,c
62.5ug/mL  0.390 0.404 0.408 10.335 0.834 f 62.5ug/mL  1.072 1270 1.171 93554 8732 a,b,c
31.25ug/mL  1.232 1.110 1.100 90.997 6.483 d 31.25ug/mL  1.141 1.274 1.208 97.515 5866 a,b
15.62 ug/mL  1.311 1.321 1.240 106.482 3.895 b 15.62 ug/mL  1.304 1.215 1.428 109.183 9.436 a
7.81 ug/mL 1438 1.401 1292 115808 6.695 a 7.81ug/mL  1.298 1.145 1.321 102.593 8.439 a
3.90 yg/mL  1.107 1.059 1.092 84.372 2.166 e 3.90 yg/mL  0.953 0.908 0.996 69.932 3.881 a,b,c
POZ 0.531 0.507 0.528 23.443 1.153 POZ 0.531 0.507 0.528 23.443 1.153
NEG 1.235 1.202 1.255 100  2.361 c NEG 1235 1202 1.255 100 2361 a,b
BLANK 0.309 0.294 0.312 0 0.851 BLANK 0.309 0.294 0.312 0 0.851

(*Different lowercase letters indicate that the concentrations for each
2-formylphenylboronic acid were significantly different from each other
according to Tukey's HSD test.)

(*Different lowercase letters indicate that the concentrations for each
2-formylphenylboronic acid were significantly different from each other
according to Tukey's HSD test.)
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3-chlorophenylboronic acid
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Figure 2. Column graph showing the percent viability

rates as a result of applying 3-chlorophenylboronic
acid at concentration rates of 500-3.90 pg/mL on L929
fibroblast cells. Different lowercase letters indicate that the
concentrations for each 3-chlorophenylboronic acid were
significantly different from each other according to Tukey's
HSD test (p <0.05)

were examined, when 3-chlorophenylboronic acid
was applied at a concentration of 500 ug/mL, the
percentage viability rate was quite low (17.5%), but
a significant increase in viability was observed at the
concentration applied at 250 pyg/mL, and this rate was
approximately 64% (p <0.05). The concentration with
a significant increase in viability was determined as
62.5 pg/mL (93%). The concentration that showed the
highest cell viability at lower concentrations was 15.62
pg/mL (109%), and this concentration was chosen to
be used in the wound healing study (p <0.05).

olh

Control

2-formylphenylboronic

500 um
——

3-chlorophenylboronic

500 ym
—

In the cell stratch test, cell images obtained with an
inverted microscope as a result of the 0", 12", and 24"
hour applications of both boronic acid derivatives are
presented in Figure 3, and the percent wound closure
rates are presented in Figure 4. According to the data
obtained, it was observed that there was a cell migration
of 7.04 inches at the 0™ hour, 6.81 inches at the 12"
hour, and 6.55 inches at the 24™ hour in the control

b

‘ a

Control 2-formylphenylboronic 3-chlorophenylboronic
acid acid

60

50

w IN
o o

Wound Closure (%)
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Figure 4. Percent wound clogllJTg rates were obtained as a
result of 12, and 24 hour application of 2-formylphenylboronic
acid (7.81 uyg/mL) and 3-chlorophenylboronic acid (15.62
pg/mL) on L929 cell lines by cell stratch test. Different
lowercase letters indicate that the concentrations for each
2-formylphenylboronic acid and 3-chlorophenylboronic acid
were significantly different from each other according to
Tukey's HSD test (p <0.05)

120 24

500 ym
—

500 pm
—

Figure 3. Inverted microscope iage were obtained from the application of 2-formy|phen|boron|c acid (7.81 pg/mL) and
3-chlorophenylboronic acid (15.62 ug/mL) for 0, 12, and 24 hours using the cell stratch test on L929 fibroblast cell lines (Scale

bar: 500 pm)
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group. In the 2-formylphenylboronic acid-applied
group, there was a cell migration of 8.25 inches at the
0" hour, 6.05 inches at the 12" hour, and 4.44 inches at
the 24™ hour, and this result was higher than the effect
seen in the control. When evaluated statistically, there
was a significant difference in wound healing between
the control group and the group receiving 7.81 pg/
mL 2-formylphenyl boronic acid in the 12 and 24 hour
periods (P<0.01). In the 3-chlorophenylboronic acid-
applied group, it was observed that there was a cell
migration of 7.98 inches at the 0 hour, 5.18 inches at
the 12" hour, and 4.76 inches at the 24" hour. This group
also had a stronger effect compared to the control, but
it was observed that there was a similar but slower
effective cell migration to the 2-formylphenylboronic
acid-applied group. When evaluated statistically, there
was a significant difference in wound healing between
the control group and the group receiving 15.62 g/
mL 3-chlorophenylboronic acid in the 12 and 24 hour
periods (P<0.01).

In line with the data presented in Figure 4, a wound
closure rate of 3.36% at the 12" hour and 6.96% at
the 24™ hour was achieved in the control group. In
the 2-formylphenylboronic acid-applied group, there
was a wound closure of 26% at the 12" hour and
46% at the 24" hour. As a result of the application of
3-chlorophenylboronic acid, a wound closure of 35%
was detected at the 12" hour and 40% at the 24" hour.
At the same time, with the multiple comparison test,
there are significant differences between the groups,
namely between the control and 2-formylphenylboronic
acid, between 2-formylphenylboronic acid
and 3-chlorophenylboronic acid, and between
3-chlorophenylboronic and the control group (P<0.01).

4. Discussion

Boron is absorbed into the human body in the form
of boric acid and circulates. It has been reported in
the literature that boric acid is protective against lung
cancer, and some in vitro studies have reported that
it reduces cell proliferation, migration, and invasion in
tumors such as melanoma, prostate, breast cancer,
colon cancer, and hepatocellular carcinoma [15-
18]. In a previous study, the effects of boric acid on
human non-small cell lung cancer cells (A549) were
investigated through the TGF-B signaling pathway.
The authors investigated cytotoxicity analysis with
the MTT test, apoptosis test with Annexin V/Pl and
immunofluorescence analyses, and expression
levels of TGF-B and SMAD2/3/4 genes with real-time
polymerase chain reaction (RT-gPCR) and found
that boric acid has both anti-proliferative and anti-
proliferative properties. They also showed that it has
anti-apoptotic activity [19].

Boronic acids, a group of boron compounds, are very
popular with their properties, such as being stable, non-
toxic, and easy to synthesize, and they can be used in
many chemical and biological reactions [8]. They are
of great importance due to their high reactivity and

stability and are used in many areas such as sensors,
receptors, polymers, drug active ingredients, cancer
treatment, organic synthesis, and functionalized
nanoparticles. Research on boronic acid today covers
new compound classes and various application areas
of these compounds. The tetrahedral boron atom
geometry in boronic acid is very similar to the enzyme-
catalyzed substrate tetrahedral transition state.
This has enabled the biological activities of boron-
containing compounds to be intensively examined
[20]. Substituents in the phenylboronic acid structure
greatly affect the molecular and chemical structure
of the molecule, and therefore its properties [21]. It
is reported in the literature that phenylboronic acid
is much more potent than boric acid in targeting the
metastatic and proliferative properties of cancer cells.
Additionally, boronic acid and its esters are thought
to have no intrinsic toxicity problems. However, it is
still unknown how PBA inhibits cell growth in vitro
and in vivo [22, 23]. Studies showing the potential
effects of phenylboronic acid derivatives on wound
healing are quite limited and detailed studies are
needed. This study covers the evaluation of the in
vitro cytotoxicity and effects of two different boronic
acid derivatives (2-formylphenylboronic acid and
3-chlorophenylboronic acid) on cell migration.

Our cytotoxicity test data support that both
phenylboronic acids used are not toxic to the L929
cell line, but high concentrations lead to a decrease in
viability. In their study examining the cytotoxic activity
of phenyl boroxine acid, Marasovic and colleagues
used mouse mammary adenocarcinoma 4T1, mouse
squamous cell carcinoma SCCVII, hamster lung
fibroblast V79, and mouse dermal fibroblasts L929 cell
lines. The cytotoxic effects on the tested tumor and
non-tumor cell lines showed dose-dependent changes,
among the concentrations studied (0.1, 1.0, and 10 mg/
ml), a PBA dose of 10 mg/ml significantly reduced the
survival of the cells compared to the control group
[24]. In our study, much lower PBA concentrations
were used (500-3.90 ug/ml), and the lowest viability
observed concentration was determined as 500 ug/ml.

The majority of studies on the biological properties
of phenylboronic acid in the literature include their
antimicrobial and antifungal activites and their
incorporation into various biopolymers, hydrogels or
nanomaterial structures to reduce cytotoxicity [24].
PBA derivatives have the ability to transform from
hydrophobic form to hydrophilic form by adjusting pH
and diol concentration. This feature offers the ability
to apply in many different areas, such as diabetes
treatment [25]. Abid and colleagues investigated the
antibacterial and wound healing effects of Quercetin-
4-formyl phenylboronic acid (4FPBA-Q) against
bacterial pathogens responsible for diabetic foot
ulcers. 4FPBA-Q showed a significant effect on both
gram-positive and gram-negative bacteria. In the
experimental model, wound healing was observed
to be increased after 10 days in diabetic rats [26].
Similar studies show the antimicrobial effects of
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formyl phenylboronic acid and that it is beneficial
for diabetic foot ulcers due to the presence of two
hydroxyl groups [10]. In another study, a new boron-
based compound was synthesized using PBA and
quercetin, and its antioxidant, antibacterial, antiurease,
anticholine esterase, antithyrosinase, and anticancer
properties were investigated. This process was then
tested dermatologically and biologically in an in vivo
experiment to examine its effectiveness in cream
formulation. The authors stated that the component
synthesized using PBA-quercetin may have higher
potential compared to the use of quercetin alone and
suggested that the relevant component could be used
in areas such as the food, pharmaceutical, or cosmetic
industry [27].

Boron derivatives have important biological
properties such as antimicrobial activity, keratinocyte
migration, proliferation, vascularization, growth factor
expression, and effectively accelerating the wound
healing process [28]. It is also reported in the literature
that boron derivatives improve extracellular matrix
transformation, increase the release of proteoglycan,
collagen, and proteins, which have important roles
in the wound healing process, and also stimulate the
synthesis of tumor necrosis factor (TNF-a) [29]. In a
previous study, the effects of curcumin and PBA-linked
hydrogel (GOHA-Cur) on diabetic wound healing
were investigated, based on the dynamic interaction
of hemoglobin and oxygen in red blood cells. In vivo
data have shown that GOHA-Cur enhances wound
healing by inhibiting inflammation [30]. Similarly,
Demirci and colleagues developed a new antimicrobial
carbopol-based hydrogel formulated with boron and
pluronic block copolymers and examined the wound
healing potential of this hydrogel on in vitro cell culture
techniques and an experimental burn model. The
authors reported that this formulation triggered wound
healing through complex mechanisms by stimulating
cell migration, growth factor expression, inflammatory
response, and vascularization [16].

5. Conclusion

As a result, 2-formylphenylboronic acid and
3-chlorophenylboronic acid used in our study
showed dose-dependent effects on L929 fibroblast
cells and had a non-toxic effect unless very high
concentrations were used. In fact, it has been
observed that proliferation increases significantly at
certain concentrations. In addition, according to the
cell migration test results, which allow us to obtain
rapid and preliminary information about the wound-
closing feature, the effects of both PBA derivatives
in terms of cell migration increased over time. In
particular, the effect of 2-formylphenylboronic acid at
the 24" hour was significantly increased compared
to its effect at the 12" hour (P<0.01). The multiple
comparison test showed that, there are significant
differences between the groups, namely between
the control and 2-formylphenylboronic acid, between
2-formylphenylboronic acid and 3-chlorophenylboronic

acid, and between 3-chlorophenylboronic
and the control group (P<0.01). The effect of
3-chlorophenylboronic acid also increased in a time-
dependent manner (P<0.01), but the difference
between the 12" and 24" hours was less than that
observed in the 2-formylphenylboronic acid group.
Our data support the concentration-dependent
wound healing effects of both PBA derivatives.
2-formylphenylboronic acid exhibited more effective
results in terms of cell migration, especially at
the 24" hour, compared to 3-chlorophenylboronic
acid. However, the concentration dose used here
is extremely important, and if this dose is not taken
into account, 2-formylphenylboronic acid may have
a more toxic effect. Considering that boron is the
most important strategic mineral of our country, the
wound healing potential of boronic acid derivatives
2-formylphenylboronic acid and 3-chlorophenylboronic
acid should be supported by detailed in vitro and in
vivo studies. The data obtained may provide insight
into the use of these components in the production
of wound creams or dressings, but the possible toxic
effects of high concentrations should also be carefully
considered in the evaluation.
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