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ABSTRACT

Synthesis and Characterization of Monticellite (CaMgSiO,)

Based Bioactive Ceramic Powders Obtained from Boron Derivative Waste

Levent KOROGLU

Department of Materials Science and Engineering
Anadolu University, Graduate School of Science, January 2018
Supervisor: Assoc. Prof. Dr. Erhan AYAS

In this thesis, the presenting of a novel approach in a cost-effective and
environmentally friendly way for the synthesis of monticellite based bioactive ceramic
powders from boron derivative waste was intended. The aims of the study are the solid-
state synthesis of monticellite based ceramic powders from boron derivative waste,
the investigation of the effect of particle size on bone-like apatite formation ability of
monticellite based ceramic powders and the determination of the cytotoxicity of
monticellite based ceramic powder. Also, the phase transformation mechanism of boron
derivative waste was investigated during systematic heat-treatments and monticellite
phase could be formed at 650°C. The most stable monticellite based ceramic powder was
synthesized at 800°C for 4 h (SP-800°C-4h) and its ball-milling time was optimized.
Following to immersion of wafers composed of crushed SP-800°C-4h and ball-milled
SP-800°C-4h for 2 h in Lac-SBF for 7 days, the obtained results showed that monticellite
based ceramic powders have bone-like apatite formation ability and it is improved by the
particle size reduction. The cytotoxicity of monticellite based ceramic powder, comprising
monticellite, akermanite, diopside and calcium magnesium borate phases, on different
mammalian cell lines (3T3-L1, HUVEC, CRL-2120) was determined by in vitro assays
of MTT, NRU and JC-1 staining at the concentrations of 10, 50, 100, 200, 400, 500 and
800 pg/ mL. The results indicated the biocompatible characteristic of monticellite based
ceramic powder at the concentration range of 10 - 200 ug/ mL.

Keywords: Monticellite (CaMgSiO4), Bioactive Ceramics, Solid-State Powder

Synthesis, Boron Derivative Waste, In Vitro Tests

il



OZET

Bor Tiirev Atigindan Montiselit (CaMgSiO,) Esasl

Biyoaktif Seramik Tozlarin Sentezi ve Karakterizasyonu

Levent KOROGLU

Malzeme Bilimi ve Mithendisligi Anabilim Dal1i
Anadolu Universitesi, Fen Bilimleri Enstitiisii, Ocak 2018

Danigsman: Dog. Dr. Erhan AYAS

Bu tez g¢alismasinda, ekonomik ve g¢evreci bir yontem ile bor tiirev atigindan
montiselit esasli biyoaktif seramik tozlarinin sentezlenmesi adina yeni bir yaklagim
sunmak istenmistir. Bor tiirev atigindan montiselit esasli seramik tozlarin kati-hal sentezi,
sentezlenen tozlarin tane boyutunun kemik-benzeri apatit olusumu iizerine etkilerinin
arastirilmasit ve montiselit esasli seramik tozlarin sitotoksisitesinin incelenmesi bu
caligmanin amaglarini olusturmaktadir. Bununla birlikte sistematik 1s1l iglemler esliginde
atigin faz donlisim mekanizmasi arastirilmistir ve montiselit fazi 650°C’de elde
edilmigtir. En kararli montiselit esasli seramik tozu 800°C’de 4 saat siiresince
sentezlenmistir ve bu tozu (SP-800°C-4h) ogiitme siiresi bilyali degirmen kullanilarak
optimize edilmistir. Kirtlmis ve 2 saat siiresince 0giitlilmiis tozlardan olusan peletlerin
Lac-SBF igerisinde 7 giin bekletilmesinin ardindan elde edilen sonuglar, montiselit esash
seramik tozlarin kemik-benzeri apatit olusumunu sagladigini ve tane boyutun azalmasi ile
bu olusumun hizlandigin1 gostermektedir. Montiselit, akermanit, diopsit ve kalsiyum
magnezyum borat fazlarindan olusan montiselit esasli seramik tozun farklt memeli
hiicreleri (3T3-L1, HUVEC, CRL-2120) iizerindeki sitotoksisitesi in vitro MTT, NRU ve
JC-1 renklendirme testleri ile farkli konsantrasyonlarda (10, 50, 100, 200, 400, 500, 800
pg/ mL) degerlendirilmistir. Sonuglar, montiselit esasli seramik tozun 10 - 200 pg/ mL
konsantrasyon araliginda biyouyumlu olduguna igaret etmektedir.

Anahtar Soézciikler: Montiselit (CaMgSiOy4), Biyoaktif Seramikler, Kati-Hal Toz

Sentezi, Bor Tiirev Atig1, In Vitro Testler
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1. INTRODUCTION

The world population was 7.5 billion in 2017 and it will reach to 9.7 billion by 2050
according to the United Nations Department of Economic and Social Affairs (UN DESA).
Also, it is announced that the ratio of elderly population aged 65 years and over is
expected to unprecedentedly rise from 8.7 % in 2017 to 15.8 % in 2050. Due to
significantly high human population and elderly population, there will be a significant
increase in the number of deformity and loss of bone tissue resulting from arthritis and
osteoporosis. In last decades, the unavoidable increment in musculoskeletal system
diseases and injuries, caused by in a number of high energy accidents (traumas) especially
in developing countries, have caused to be defined the first decade of the 21st century as
"Bone and Joint 10 Year" in the worldwide. The main aim of making this definition “Bone
and Joint 10 Year” are to increase awareness, to encourage the patients to take decisions
about treatment and care and also, to increase the number of funds to conduct more
research focused on low cost treatment methods [1-4]. At this point, in order to treat
musculoskeletal system diseases and injuries arising from traumas and/or diseases, the
duty of biomaterials scientists and biomaterials engineers is to produce high performance
biomaterials or to improve existent biomaterials in a cost-effective and environmentally

friendly way.

2. BONE, BONE GRAFTS AND BONE HEALING MECHANISMS

2.1. Structure and Properties of Bone
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Figure 2.1. The hierarchical structure of bone tissue



Human bone is a composite tissue which protects the body, provides the movement
along with the muscles, regenerates the blood and stem cells in marrow and storages some
minerals. Bone tissue is a complex and permanently varying system. Its structure is
divided into two parts as organic and inorganic architectures. The organic structure
comprises mainly collagen (35 wt.%) whereas the inorganic structure is composed of
bone minerals (69 wt.%) and water (9 wt.%). The rest is of non-collagenous proteins,
polysaccharides and lipoids. Bone minerals are formed of hydroxyapatite
(HA, Ca;9(PO4)s(OH),) and tricalcium phosphate (TCP, Ca3(POs),) in 85 wt.%, calcium
carbonate in 10 wt.%, calcium fluoride in 2-3 wt.% and magnesium fluoride in 2-3 wt.%.
Collagen provides rigidity, viscoelasticity and toughness, minerals give stiffness and
homeostasis to the bone and other proteins creates a microenvironment stimulatory to
cellular functions [1, 5-6]. The hierarchical structure of bone tissue is given in Fig. 2.1
[7]. Sub-nanostructure of bone tissue includes mineral, collagen, and non-collagenous
organic proteins. Collagen in the form of fibrils with a diameter range of 100 to 2000 nm
and embedded HA crystals in needle shape in dimensions of averagely 50x25x2 nm
construct the collagen fibers. Even if the collagen fibers are abundant in different
microstructures, haversian systems and osteons built up cortical (compact) part and single
trabeculae develops the trabecular (cancellous or spongy) part of the bone tissue. The
structural unit of cortical bone is called osteon. Osseous cylinders create dense and hard
intertwined framework where they inserted in another one. Therefore, cortical bone
optimizes articular load transfer and provides high strength and fracture toughness. Also,
bone tissue is covered with periosteum layer and the high number of osteoblasts located
in the inner layer of periosteum. Vessels and nerves in periosteum layer allow nutrient

transportation while osteoblasts are responsible for bone growth [1, 5-6].

Table 2.1. Physical and mechanical properties of cortical and trabecular bone

Bone Density Porosity Strain  Young Fracture
(g/cms) (%) (%) Modulus Toughness
(GPa)  (MPam'?)
Cortical 1.80 3-12 1-3 7-30 2-12
Trabecular 0.2 50-90 5-7 0.5-0.05 -

Physical and mechanical properties of cortical and trabecular bone are given in
Table 2.1. [1, 5-6]. Trabecular bone has too low density (0.2 g/cm®) and very high porous
2



matrix (50-90%) with an average trabecular spacing of around 1 mm. The interconnecting
framework of rod and plate-shaped in trabeculae can absorb loads accompanied by high
strain (5-7%). However, non-uniform porous matrix makes it non-possible to obtain a
high value of Young modulus and fracture toughness. Unlike trabecular bone, cortical
bone has an average density of 1.80 g/cm’ due to its denser structure with a porosity of 3-
12 %. Concentric cylindrical lamellar elements of osteon are roughly parallel to the long
axis of the bone. For this reason, cortical bone has lower strain (1-3 %) and higher Young
modulus (7-30 GPa) values than trabecular bone. Moreover, high fracture toughness
(2-12 MPa.m'?) is obtained by this complex structure in line through fracture
mechanisms of brittle-matrix composites. As a result, bone can be considered as an
anisotropic material. It possesses interesting hierarchical architecture and complex
cellular composition. Its mechanical properties such as Young’s modulus, tensile strength
and compressive strength show variability depending on many parameters such as age
and disease condition of the patient, microstructure and mineralization of bone,
anatomical location and especially direction of the applied load as longitudinal or

transverse [1, 5-6].

2.2. Bone Grafts

The human skeleton has an outstanding ability to regenerate itself as an adult human
liver. However, spontaneous bone healing in terms of shape, size and strength are not
always ideal [8]. For this reason, bone grafts are widely used in order to treat skeletal
fractures, or replace and regenerate lost bone tissue and or accelerate bone healing with
growth factors and related agents that impart a substantial part of modern medical practice
[1,2,9,10]. The field of orthopedic surgery has gained extensive experience about bone
grafts over the last 20 years [8]. 2.2 million bone grafts are annually employed in
worldwide during bone repair surgeries [1].

Bone grafts are classified into four groups: autografts, allografts, xenografts and
bone graft substitutes. Autograft (autologous bone graft) is an osseous matter which is
taken from one anatomic site of own patient and transplanted to another site. Although
this type of bone grafting offers complete histocompatibility, it has plenty of limitations
including limited supply, donor site pain, blood loss, high operative time, donor site
infection and morbidity. Limited supply is a special challenge in pediatric patients and

donor site pain is specified as the most common complication. Allograft (allopathic bone
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graft) and xenograft are bone parts harvested from a human cadaver and an animal
cadaver, respectively. They can be obtained from bone banks. They are transplanted to a
recipient after sterilizing. The lack of donor site morbidity and decreased surgical times
make them more preferable compared to autografts. For instance, over 200,000 allografts
are used per year in the USA. However, they have still some restrictions such as high
cost, the risk of infectious agents carried through the blood which can cause hepatitis
diseases and also immune rejection. Bone graft substitutes are synthetic materials
produced artificially. In comparison with autografts, allografts and xenografts, bone
grafts substitutes (synthetic bone grafts) have neither morbidity problems nor risks of
viral transmission. Moreover, they are cheaper and its availability is practically limitless.
Bone graft substitutes can be implanted in the forms of particle or bulk solid such as
powders, beads, strips and scaffolds (pellets) for the purposes of void filling, fixation and
supporting of bone and coating on implants. In addition, they can be mixed with
biologically active components such as antibiotics, collagens, growth factors and even
mesenchymal stem cells (MSCs). Therefore, bone graft substitute is the most widely used
one among bone grafts as bone-tissue repair materials and also, they have attracted
growing interests for tissue engineering applications which focused on the development

of osteogenic, osteoconductive and osteoinductive mechanisms [1, 8, 11].

2.3. Bone Healing Mechanisms

Bone graft substitutes provide natural bone healing through two mechanisms:

Osteoconductivity gives implanted bone graft substitutes a feature which allows
bone growth on implant surface or down into pores and channels by stimulating bone
cells and encouraging them to migrate into the scaffold. An interfacial surface is provided
that permits bone migration by ingrowth of host capillaries, perivascular tissue and
mesenchymal stem cells (MSCs). The initiation of osteoconductive bone response
depends on the chemical composition and surface texture of bone graft substitute.

Osteoinductivity is a property which stimulates mesenchymal stem cells (MSCs) or
mesenchymal progenitor cells to proliferate and differentiate in order to develop into
osteoblasts within close proximity of bone graft substitute and newly formed bone,
regardless of the site of implantation. On the concept of bone tissue engineering, bone
repair and regeneration could be enhanced by incorporating of bone progenitor cells and

growth factors into bone graft substitutes. Primarily used growth-factors are bone
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morphogenetic proteins (BMP), platelet-derived growth factor (PDGF), interleukins,
fibroblast growth factors (FGF), granulocyte-macrophage colony-stimulating factors and

angiogenic factors [1,8,12].

3. BIOMATERIALS

Biomaterial is defined by The National Institute of Health Consensus Development
Conference of November 1982 as “any substance (other than a drug) or combination of
substances, synthetic or natural in origin, which can be used for any period of time, as a
whole or as a part of a system which treats, augments, or replaces any tissue, organ, or
function of the body [13]. The introduction of biomaterials into the human body has taken
place for last 4000 years. To give some well-known examples for implantation throughout
history, the ancient Mayans used sea shells as artificial teeth in 600 A.D. Similarly, a
wrought iron was implanted for dental application in 200 A.D. in France and
osseointegration was achieved. Nevertheless, early attempts for implantation of
biomaterials into the body were rather hit-or-miss. In 1508, Leonardo da Vinci described
the notion of contact lenses. William Harvey created an idea for replacing of heart by an
artificial pump in 1628. In the early twentieth century, the interaction between body and
implant started to be investigated by a number of physicians. After the first formal
assessments of “biocompatibility” by Harold Ridley, he developed artificial intraocular
lens made from polymethylmethacrylate. Nowadays, it is widely used to replace eye lens
damaged by cataract. Moreover, bone graft substitutes, dental implants, breast implants,
stents, heart valves, etc. improve the life standards of millions of people in worldwide.
These biomaterials can be implanted into body systems (skeletal, muscular, nervous,
endocrine, etc.) for a short period of time or a lifetime thanks to realized developments in
the field of biomaterials in last years as a result of the endeavors of biomaterial scientists
[14-16]. Illustrations of various implants and medical devices for human anatomy are

given in Fig. 3.1 [17].
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Figure 3.1. [llustrations of various implants and medical devices for human anatomy

Manufacturer companies have to get an approval from related administrations to

show biomaterials up in the market before the usage. According to United States Food

and Drug Administration (FDA), new developed biomaterials must firstly provide

“biocompatibility” which is the ability of the material to take place in tissues of the human

body without any rejection or toxic effect. Biocompatibility assessment should include

tests of acute systemic toxicity, cytotoxicity, hemolysis, intravenous toxicity,

mutagenicity, oral toxicity, pyrogenicity and sensitization. In the case of non-

biocompatibility (toxicity) characteristic of applied biomaterials (e.g. scaffolds and bone

cements), implantation is concluded with irritation, inflammation and/or necrosis

(death of cells in living tissue). [1,13-15,17-19].



3.1. Classification of Biomaterials

In most commonly, biomaterials are classified into four groups: polymeric
biomaterials, metallic biomaterials, ceramic biomaterials and composite biomaterials.
In order to mimic the bone structure, natural biopolymers (collagen/gelatin, chitosan, silk,
alginate, peptides, etc.) and synthetic biopolymers (polyesters and copolymers) are used
for tissue engineering applications. The well-known biometals are stainless steels
(316 L), Ti and its alloys (Ti-6A1-4V) and Co—Cr alloys. Bioceramics are generally
composed of alumina (Al,O3), zirconia (ZrO,), titania (TiO,), 45S5 Bioglass®, HA, TCP
and corals. Also, polymer/ceramic, metal/ceramic and metal/polymer biocomposites have
been investigated as bone graft substitutes.

Researchers also classified biomaterials in a different way. When biomaterials are
placed in the body, some responses have been taken from the tissues depending on the
structure of the material. The tissue-implant interaction mechanism varies depending on
the response of the tissue and implant surface. Within this approach, biomaterials can be
classified into 3 different groups: bioinert, bioresorbable and bioactive. The term of
bioinert refers to the absence or minimal level of surrounded tissue response.
Bioresorbable materials start to dissolve (resorbed) following the implantation and they
replaced by tissue (bone) over a period of time. The bioactive characteristic, developed
by Hench and his coworkers in 1969, leads the formation of a bone-like calcium
phosphate layer at the tissue-implant interface upon immersion in biological fluids. Bone-
like calcium phosphate layer has a close resemblance to the bone mineral in terms of
composition and structure. That provides osteoconductivity and then chemically stable

and strong implant-bone bond can be formed [12,20,21].

3.1.1. Bioceramics and bioactive ceramics

The different types of biomaterials present variable both advantages and
disadvantages. Among them, biometals have superior mechanical properties due to their
ductility and high fracture toughness whereas they possess high density and high concern
about the biocompatibility. Because they can corrode in vivo environment and metallic
elements cannot be tolerated in high contents by the body. The outcomes of corrosion are
the disintegration of the implant (weakness) and harmful effects on the surrounding
tissues and organs [15,16]. Biopolymers can be fabricated easily however, they are not

strong as biometals, bioceramics and biocomposites [15]. In addition, biopolymers with
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high molecular weight remain in the blood circulation for a long time. For instance, large
ultra-high molecular weight polyethylene (UHMWPE) particles cannot be easily digested
by cells, proteins and body fluids. Small particles have a negative effect on the body
system like disrupting the integrity of cells, proteins and body fluids [16,22]. Although
biocomposites give strength to structure and provide multiple properties depending on
composition and structure, it is generally difficult to produce them. In addition, it is
important that each constituent of the biocomposite must be biocompatible [15,16]. Even
if bioceramics are brittle, they have significant advantages compared to biometals and
biopolymers such as excellent biocompatibility, higher resistance to microbial attack,
temperature, solvent conditions, pH changes, cyclic loads and packing under high
pressure [21,23,24]. Due to these superior properties, bioceramics have been frequently
preferred in recent years in orthopedic surgery and dentistry for repair and reconstruction.
The worldwide market value of bioceramics was $431.4 million in 2005, dominating 50%
of the market volume of biomaterials [12,25]. It is estimated that market value of
bioceramics will reach $2.5 billion by the end of 2017 [26].

The first-generation bone graft substitutes were obtained from materials such as
stainless steel, titanium and its alloys, alumina, zirconia, polymethylmethacrylate and
ultra-high molecular weight polyethylene which have biocompatibility, bioinertness and
also matchable physical properties with the bone tissue [1,20]. However, some biometals
and biopolymers carry a risk of toxicity as mentioned before and all bioinert materials
have high potential to be isolated from surrounding tissues through a fibrous capsule.
Fibrous capsule with the thickness of several hundred micrometers forms in a few weeks
up on implantation due to the foreign body reaction and micromovements took place at
the tissue-implant interface. That leads to quick failure of implant (aseptic loosening) and
then, a secondary surgery is needed for replacement [11,21]. To prevent both immune
response and fibrous tissue formation, and to improve mechanical stability by bioactive
fixation and osseointegration, second-generation bone graft substitutes were developed
by Hench at the beginning of the 1970s. They are composed of bioactive ceramics such
as HA, B-TCP, bioactive glass and apatite/wollastonite glass-ceramics which have
excellent biocompatibility. Their surface chemistry provides mineralization through the
heterogeneous nucleation and crystallization of bone-like apatite in terms of bioactivity.
Subsequently, mineralization allows strong implant-bone bond and tissue ingrowth.

Another type of second-generation bone graft substitutes is composed of bioresorbable



materials such as natural polymers (chitosan and hyaluronic acid), synthetic polymers
(polylactide, poly(e-caprolactone), polyglycolide), calcium carbonate (CaCO;) and
gypsum (CaSQ04.2H,0). They can be resorbed by the body resulting of chemical
breakdown under physiological conditions. The osteoconductivity and mechanical
properties of bioresorbable materials can be improved by producing composites
comprising bioactive ceramics. Nevertheless, adapting of degradation kinetics of
bioresorbable materials is a challenge for the living tissue formation. The main
requirement is to acquire matchable rate of degradation with the healing rate of the injured
bone tissue. Furthermore, the mechanical properties decrease while resorption is
proceeding. Therefore, bioactive ceramics have attracted much more attention due to their
excellent biocompatibility, very high bioactivity and moderate mechanical properties
with a lack of any fibrous tissue formation, immune response and non-matchable rate of

degradation [1,11,16,20,27,28].

3.1.1.1. Bioactivity mechanism

The bioactivity characteristic of ceramics can be assessed in vitro by providing the
formation of apatite layer on ceramic surfaces in simulated body fluids (SBFs). In 1991,
Kokubo et al. had firstly prepared original SBF in order to predict bone activity in vitro
which has closed ion concentrations to human blood plasma. Nowadays, the lactated
Ringer's solution (LRS, also called as Lac-SBF: Lactated-Simulated Body Fluid) is
widely used in hospitals due to no adverse effects reported in patients. Lac-SBF has ions
in concentrations equal to that of human blood plasma and 22 mM Na-Lactate which is
presented in the human body [29,30]. Ion concentrations of human blood plasma, original

SBF and Lac-SBF are given in Table 3.1. [30,31].

Table 3.1. Ion concentrations of human blood plasma, simulated body fluid (SBF) and lactated Ringer's
solution (Lac-SBF)

Ion Concentration . . - - 5 ) Na-
Na K Mg Ca Cr HCO_3 HPO4 ) SO4 :
[mM] Lactate
Human
142.0 | 5.0 1.5 2.5 103.0 27.0 1.0 0.5 -
Blood Plasma
Original SBF 1420 | 5.0 1.5 2.5 148.8 4.2 1.0 0 -
Lac-SBF 142.0 | 5.0 1.5 2.5 103.0 27.0 1.0 0.5 22




Researchers figured out the bone activity and bone formation mechanism in vivo
following to in vitro assessments. In the lights of that, it is known that after implantation
of bioactive materials (bioactive ceramics) into tissue (bone tissue), a bone-like calcium
phosphate layer is mineralized at the tissue-implant interface in vivo through bioactivity
mechanism which includes five steps at the following [11,32,33]:

e Exchange of alkali ions with hydrogen ions from body fluids leading to an
increase in the interfacial pH

e Network dissolution by breaking the Si-O-Si bonds and then formation of silanol
(SiOH) groups

e Polymerization of the SiO,-rich layer with the condensation of silanol groups

e Formation of a CaO-P,0s rich film resulting of the migration of Ca®>" and PO,>
groups onto the surface of silica-rich layer

e Crystallization of amorphous CaO-P,0Os rich film within hours by incorporation

of hydroxyl (OH) and carbonate (CO3”) anions

As stated above hydroxycarbonate apatite (HCA) layer is mineralized in vivo
through bioactivity mechanism. The non-stoichiometric HCA is known as “dahllite” or
“biological apatite”. Besides the HCA and biological apatite, a number of calcium
phosphate-based compounds have been detected along with HA in the hard and
pathological tissues. These biologically relevant calcium orthophosphates have great
potential to be used as bioactive ceramics for bone substitution. The Ca/P ratio,
designation, abbreviation and chemical formula of biologically relevant calcium

orthophosphates are given in Table 3.2.

Table 3.2. The list of biologically relevant calcium orthophosphates

Ca/P Ratio Compound Abbr. Chemical Formula
0.5 Monocalcium phosphate MCPM Ca(H,POy),.H,0O
monohydrate

0.5 Monocalcium phosphate MCPA Ca(H,POy),
anhydrous

1.0 Dicalcium phosphate dihydrate, =~ DCPD CaHPO,4.2H,0
“Brushite”

1.0 Dicalcium phosphate DCPA CaHPO,

anhydrous, “Monetite”

1.33 Octacalcium phosphate OCP Cag(HPO4),(PO4)4.5H,0
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Table 3.2. (continued) The list of biologically relevant calcium orthophosphates

Ca/P Ratio Compound Abbr. Chemical Formula
1.5 a-Tricalcium phosphate a-TCP Ca;3(POy),
1.5 B-Tricalcium phosphate B-TCP Ca;3(POy),
1.5-1.67 Calcium-deficient CDHA Cajox(HPOy)(PO4)s.
hydroxyapatite x-(OH)a (0<x<1)
1.67 Hydroxyapatite HA Cao(PO4)s(OH),
2.00 Tetracalcium phosphate, TTCP CasO(POy),
“Hilgenstockite”
1.2-2.2 Amorphous calcium phosphate ACP Ca,(PO,4)y.nH,O

After the crystallization of bone-like calcium phosphate layer at the tissue-implant
interface, the stages of the surface reaction play a crucial role on the growth of bone tissue
which are [11,32,33]:

¢ Biochemical adsorption of growth factors on HCA layer

¢ Action of macrophages

¢ Attachment of stem cells

e Differentiation of stem cells to osteoblasts and proliferation of osteoblasts

¢ Generation of bone matrix

e Crystallization of bone matrix

e Growth of bone tissue

3.1.1.2. CaO-MgO-SiO0; based bioactive ceramics

Bioactive ceramics have been widely used during last four decades as bone graft
substitutes owing to their excellent biocompatibility and bioactivity where bone-like
apatite layer leads to osteoconductivity and then the formation of chemically stable and
strong implant-bone bond. Among bioactive ceramics, CaO-MgO-SiO, based bioactive
ceramics have attracted growing interest due to their not only excellent biocompatibility
and bioactivity, but also improved mechanical properties and superior biologic properties.

Monticellite (CaMgSiO,), diopside (CaMgSi,Og), akermanite (Ca,MgSirO7),
merwinite (CazMgSi,Og) and bredigite [Ca;MgSi4O,¢] are the members of CaO-MgO-
Si0O; system [10,28,34-39]. It is known that the chemical composition, stoichiometry and
ionic substitution (ion types and concentration) of calcium phosphate-based bioceramics

play a key role in their properties and determines biocompatibility, bioactivity,
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biodegradability and fracture toughness [40]. Previous studies based on Ca, Mg and Si-
containing bioactive ceramics show that Ca and Si ions could stimulate osteoblast
proliferation, gene expression, bone mineralization and collagen synthesis [1]. Also,
Mg ions affect the phenotype of osteogenic cells; directly stimulate osteoblast
differentiation and proliferation; modulate the affinity of the osteoblasts to implants;
considerably promote osteoblast adhesion by bonding to cell membrane adhesion
receptors (integrins); and provide surface modification leaded bioactivity in vitro and in
vivo. Furthermore, Mg improves mechanical properties of bioactive ceramics due to
strong Mg-O bonds [1,28,34,39].

Ca0-MgO-Si0; based bioactive ceramics can be accepted as third generation bone
graft substitutes on the concept of bone tissue engineering because they not only present
superior biological performance as mentioned before but also can enhance further the
bone repair and regeneration by incorporating bone progenitor cells and growth factors
[1]. Therefore, CaO-MgO-SiO, based bioactive ceramics hold great potential to take a
place in the market. For instance, the usage of Ca and Mg-containing cement material
(Osteocrete; Bone Solutions, Inc., Dallas, TX) has already approved by FDA (U.S. Food

and Drug Administration) as a bone void filler for bone tissue regeneration.

4. MONTICELLITE BIOACTIVE CERAMICS
4.1. Structure, Properties and Application Areas of Monticellite Bioactive Ceramics

Among Ca0-MgO-SiO, based bioactive ceramics, monticellite bioactive ceramics
have received much more attention due to improved biologic, mechanical and thermal
properties.

Monticellite belongs to the olivine group which includes a number of silicates
crystallizing in an orthorhombic space group Pmnb. The structure of monticellite was
firstly investigated by Brown and West in 1927. Onken stated the lattice parameters of
monticellite obtained by X-Ray data as a:4.822 A, b:11.108 A, ¢:6.382 A. Independent
Si04 tetrahedra are linked by divalent atoms in six-fold coordination. There are two non-
equivalent octahedral sites. Ca ions occupy the sites on the mirror planes and Mg ions are
at the centers of symmetry. Each Ca and Mg is octahedrally coordinated by O atoms
[41,42]. Crystal structure of monticellite drawn by Crystal Maker software is illustrated
in Fig. 4.1.
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Figure 4.1. Crystal structure of monticellite

Among Ca0-MgO-SiO, based bioactive ceramics, monticellite bioactive ceramics
have the highest content of Mg. Hence, monticellite has the advantage to provide superior
biologic properties (e.g. stimulating osteoblast differentiation and proliferation,

promoting osteoblast adhesion, etc.) for the reasons explained before.

Table 4.1. Mechanical properties of bone and bioactive ceramics

Young’s Fracture

Tissue /
. Modulus  Toughness
Material "
(GPa) (MPam™)
Cortical Bone 7-30 2-12

Spongy Bone 0.5-0.05 -

HA 67-110 0.86-1.0
Bioglass” 45S5 35 0.7-1.1
Monticellite 45 1.65
Akermanite 56 1.53
Merwinite 49 1.57
Diopside 170 3.5
Bredigite 43 1.57
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Young’s modulus and fracture toughness values of cortical bone, spongy bone, HA,
Bioglass” 4585 and CaO-MgO-SiO; based bioactive ceramics are given in Table 4.1.
Young’s modulus and fracture toughness values of cortical bone and spongy bone which
were obtained by longitudinal loading are given in a wide range because the mechanical
properties of bone change depending on the anatomical locations; load directions; gender,
age and health condition of patient; microstructure, porosity, length and mineralization
of bone tissue [1,5,43]. A few studies report mechanical properties of CaO-MgO-SiO,
based bioactive ceramics. Comparable results for monticellite, akermanite and merwinite
ceramics, produced by the same route using identic starting materials, are obtained by
only one research [34]. Related values for diopside and bredigite in Table 4 were adapted
from different studies [39,44]. It is important to explain before making a comparison that

all CaO-MgO-Si0, based bioactive ceramics given in Table 4.1. had been densified by

researchers and they have closed relative densities in the range of 91 and 94 %.

Figure 4.2. Radiographs of right femur a) preoperative radiography, b) immediate postoperative
radiography and c) postoperative radiography in 56th month after total hip arthroplasty

Young’s modulus and fracture toughness are the most critical mechanical properties
of bioactive ceramics. Following to implantation, both bone and implant carry load
instead of solely bone originally. When the bioactive ceramic as a bone graft substitute is
stiffer (has higher Young’s modulus) than the surrounded bone tissue, it takes over more
stress than usual and bone is subjected to reduced stress. This phenomenon is called stress

shielding. Stress shielding leads to a decrease in bone mass (bone resorption) and it results
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in failure of implant. Therefore, it must be avoided from Young’s modulus mismatch
between bone and bioactive ceramic implant [25,45]. Kang et. al [46] conducted a clinical
study in which thirty-seven hip joint replacements for thirty-one patients were evaluated
over a minimum four-year period. VerSys Fiber Metal Taper Hip Prosthesis (FMT;
Zimmer Inc., Warsaw) was implanted which has a circumferential titanium fiber-mesh
surface located proximally, a midshaft circumferential corundum surface extending
longer laterally and a polished, tapered distal part [47]. Fig. 4.2. shows the preoperative
and postoperative radiographs of right femur in 62 years old woman. Neck fracture could
be seen on the preoperative radiography in Fig. 4.2. (a). Immediate postoperative
radiography in Fig. 4.2. (b) and postoperative radiography in Fig. 4.2. (¢) indicates that
hip replacement by uncemented implants caused stress shielding which is more obvious
after 56 months. The clinical results show that thigh pain was noticed in 6 hips (16%) and
proximal femoral bone resorption by stress shielding was observed in 32 hips (86.5%).
Another concern related to bioceramics is fracture toughness. If bioceramics are
implanted into the loadbearing areas, fracture toughness gains more importance. Hence,
fracture toughness should be as close as possible to that of cortical bone to avoid failure
during long-term use [25,48]. In the light of this information, it is reported that well-
known HA ceramics have inhibited its extensive applications to non-load-bearing areas
due to poor mechanical properties and they carry a risk of bone atrophy occurred followed
by stress shielding [28]. However, Bioglass® 45S5, bredigite and monticellite have
closest Young’s Modulus values to that of cortical bone. Furthermore, monticellite has

12 Therefore,

highest fracture toughness among them with the value of 1.65 MPa.m
monticellite ceramics have attracted more attention due to improved mechanical
properties for the applications of bone void filling. They can be used in the forms of bulk

pellets as a scaffold and powder as a bone cement.

Table 4.2. Thermal expansion coefficients of TiAlsV, HA and monticellite

Thermal Expansion

Material L p
Coefficient (°C"x10™°)

Ti-6Al-4V 10.03

HA 13.4

Monticellite 10.76
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Another application area is the coating of bioactive ceramics on Ti-6Al-4V alloys.
Nowadays, Ti-6Al-4V alloys are frequently used in reconstructive total hip surgeries and
they are coated with HA to provide bone-implant integrity. Thermal expansion
coefficients (CTEs) of TiAlsV4, HA and monticellite are given in Table 4.2. However,
the coating of HA suffers from poor adhesion to the Ti-6Al-4V alloy substrate resulting
from non-matchable thermal expansion coefficient [28,45]. Monticellite has closer CTE
value to that of Ti-6Al-4V alloy compared to HA. That makes monticellite bioactive

ceramics promising candidates for the application of coating on Ti-6Al-4V alloy.

4.2. Production Techniques of Monticellite Bioactive Ceramics

A careful survey of the literature shows that monticellite bioactive ceramics had
been produced by the same method. Researchers in the same group prepared the starting
materials by mixing tetraethyl orthosilicate ((C,Hs0O)4Si, TEOS), magnesium nitrate
hexahydrate (Mg(NOs),.6H,0) and calcium nitrate tetrahydrate (Ca(NOs),.4H,O) and
then applied the sol-gel processes to synthesize monticellite powders [28,34]. In order to
obtain monolithic monticellite ceramics, pellets were prepared by uniaxial pressing under
20 MPa using synthesized powders and prepared pellets were sintered at various
temperatures (1350°C, 1400°C and 1480°C) for 6 hours. In vitro bioactivity tests and in
vivo cytotoxicity tests showed that apatite crystals form and osteoblasts proliferate on the
surface of monticellite ceramics as an evidence of bioactivity and biocompatibility
characteristics, respectively.

As stated above, according to literature, monticellite bioactive ceramics were
produced by the same methods including sol-gel synthesis and sintering. However,
various starting materials and also, evaporation and drying processes were needed for
sol-gel synthesis during conducted studies. In addition, sintering process was performed
at high temperatures for long times. Therefore, it is clear that new methods are necessary
to produce monticellite bioactive ceramics in a simple, cost-effective and eco-friendly

way.

5. BORON DERIVATIVE WASTE

Turkey has almost 72% of the boron reserves in the worldwide with the total mass
of 3.3 million tons. Boron deposits are located in specific regions which are

Kirka/Eskisehir, Bigadi¢/Balikesir, Kestelek/Bursa and Emet/Kiitahya [49]. Boron
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minerals have a strategic importance due to their wide range of uses. For instance, borax
pentahydrate (Na,O-2B,0;-5H,0) has been used in many different sectors including
ceramic, glass, agriculture, insulation, textile, detergent, construction, etc. since the 20th
century [50]. Eti Mine Works General Directorate is the sole state-owned company
authorized to control the boron deposits and refine the boron minerals. Almost all of the
borax pentahydrate has been produced in Kirka Plant of Eti Mine Works in Eskisehir that
the region is rich in tincal minerals. During the production of 1 million tons of borax
pentahydrate (Na,O-2B,03-5H,0) from tincal ore, approximately 900.000 tons of solid
boron derivative waste generated. The deposition of boron derivative waste in large
quantities causes costly storage problems and serious environmental pollutions [50].
A permanent solution for these problems could not be found yet by the authorities. For
this reason, different researches conducted lots of studies based on proper utilization
strategies of boron derivative waste which is obtained from Eti Mine Kirka Plant. These
studies are focused on the production of tiles, heavy clay ceramics and cement mortars
incorporated by boron derivative waste or heat-treated boron derivative waste [51-56].
However, to the best of our knowledge, no study based on the production of monticellite
bioactive ceramics using boron derivative waste obtained from Eti Mine Kirka Plant has
been conducted. Therefore, the aim of the current study is synthesis and characterization
of monticellite based bioactive ceramic powders obtained from boron derivative waste.
The aims of this study were the solid-state synthesis of monticellite based bioactive
ceramic powders from boron derivative waste, the investigation of the effect of particle
size on bone-like apatite formation ability of monticellite based ceramic powders and the

determination of the cytotoxicity of monticellite based ceramic powder.

6. EXPERIMENTAL PROCEDURE
6.1. Characterization of Boron Derivative Waste

Boron derivative wastes provided from Eti Mine Works Kirka Borax Plant used as
starting material. The chemical analysis of waste was determined by X-Ray Fluorescence
(XRF) technique (Rigaku Primus ZSX) and the amount of boron oxide (B,O3) in waste
was measured by titration method conducted at Ceramic Research Center (SAM, Anadolu
University). The qualitative phase analysis of boron derivative waste was accomplished
by X-Ray Diffractometer (XRD, Rigaku Rint 2200) with a scan speed of 0.5°/min in the
20 range of 10-80°. Differential Thermal Analysis (DTA) and Thermogravimetry (TG)
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were conducted by Netzsch STA 409 PC/PG under the atmospheric condition with the
temperature range of 25-1100°C to provide information about changes in physical and
chemical properties of waste as a function of increasing temperature. The particle size
measurement of boron derivative waste was performed in distilled water media using a

laser diffraction particle size analyzer (Mastersizer 2000, Malvern Instruments).

6.2. Synthesis of Monticellite Based Ceramic Powders

Monticellite (CaMgSiO4) based ceramic powders (MBCPs) were prepared by solid
state synthesis using boron derivative waste. The waste with a mass of 10 g charged onto
a pure alumina plate. The heat treatments of wastes were carried out at 650°C and 800°C
for various dwell times (1 min, 30 min, 1 h, 2 h, 3 h and 4 h) in an electrically heated
furnace (KRC Lab. Eq.) under atmospheric pressure. After thermal processes, the
refractory plate was taken out from the furnace quickly and quenched in air. The heating
rate was kept 10°C/min. The reason of the quenching of synthesized powders to room
temperature is to enhance apatite formation on powder surfaces through provided low
crystallinity (weak network) and high dissolution rate. It is attributed that random loose
network allows faster ions exchange during soaking in simulated body fluid (SBF) and

enhance apatite formation ability indicating good bioactive response [57].

6.3. Characterization of Synthesized Powders

Following the solid-state synthesis, synthesized powders were crushed and ground
to below 63 pm using a ring milling for 1min. mortar. The qualitative phase analysis of
synthesized powders was accomplished using XRD with a scan speed of 0.5°/min in the
20 range of 10-70°. The measurement time (2 hours) kept long in order to detect phases
in low fraction. Microstructure analysis and semi-quantitative analysis of boron
derivative waste and synthesized powders were performed using a scanning electron
microscope (SEM, Supra 50VP, Zeiss) equipped with Secondary Electron (SE) and
Energy-Dispersive X-ray Spectroscopy (EDS) detectors (Oxford Instruments).

6.4. Ball Milling of Monticellite Based Ceramic Powder

In order to decrease particle size of synthesized monticellite based ceramic powder
at 800°C for 4 h (SP-800°C-4h), following to crushing of synthesized powder in agate
mortar, particle size reduction of powder was performed using a planetary ball mill
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(Pulverisette 6, Fritsch GmbH) at rotational speed of 400 rpm in ZrO, media (80 ml bowl
volume and 10 mm ball diameter, Fritsch) under liquid free environment. 2.810 g of
synthesized powder was charged for each ball-milling cycle. The weight ratio of ball-to-
powder kept 10:1. Stearic acid (CH3(CH,)sCOOH, Merck KGaA) was used as
deflocculant in 1 wt.% of charged powder. The milling times were set to 1, 2, 3 and 4 h.
The direction of rotation of the planetary ball mill was reversed per hour and the sides of
bowl were scraped down per hour. The stearic acid was evaporated by heat-treatment of
ball-milled powders at 400°C for 2 h and then, the particle size measurement and
qualitative phase analysis of crushed powder and ball-milled powders were performed by
laser diffraction particle size analyzer and XRD under same conditions. The crushed
synthesized powder in agate mortar and ball-milled synthesized powders for each milling
time were called SP-800°C-4h-crushed, SP-800°C-4h-milled-1h, SP-800°C-4h-milled-
2h, SP-800°C-4h-milled-3h and SP-800°C-4h-milled-4h, respectively.

6.5. Assessment of In Vitro Bioactivity

Prior to the assessment of in vitro bioactivity, crushed SP-800°C-4h and ball-milled
SP-800°C-4h for 2 h were firstly compacted by uniaxial pressing. Secondly,
the monticellite based ceramic powder wafers with dimensions of @13 x 3.5 mm” were
subjected to cold isostatic press under 200 MPa. Finally, wafers were divided into two
equal pieces to examine the thickness of formed bone-like apatite layer by SEM against
the normalized cross-sectional area. For the assessment of in vitro bioactivity, wafers
were soaked in Lac-SBF for 1, 2, 3, 5,7, 14, 21 and 28 days at pH 7.40 and 36.5 + 0.5°C.
The ratio of wafer surface area to solution volume of Lac-SBF was kept 0.1 cm?/ mL.
The wafers were taken out after selected incubation times, rinsed with deionized water
and dried for 24 h. The weight of wafers and pH of Lac-SBF were measured before and
after the assessment. Also, the formation of bone-like apatite layer on the surfaces of
monticellite based ceramic powder wafers were investigated by SEM equipped with SE

and EDS detectors.
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6.6. Assessment of In Vitro Cytotoxicity
6.6.1. Cell cultures and preparation of stock solutions

Three different cell lines were used for the experiments: nonmalignant murine
fibroblast (3T3-L1, ATCC® CL-173™), human umbilical vein endothelium (HUVEC,
ATCC® CRL-1730™), human normal skin fibroblast (CCD-1094Sk, ATCC® CRL 2120
™) 3T3-L1 and HUVEC cell lines obtained from American Type Culture Collection
(ATCC). CRL 2120 cell lines purchased from ATCC. CRL-2120 cells were cultured in
Minimum Essential Medium Eagle (EMEM) supplemented with 10 % (v/v) fetal bovine
serum, 1 % non-essential amino acid solution, penicillin (100 U/ mL)-streptomycin
(100 pg/ mL) and sodium hydrogen carbonate. 3T3-L1 cells were maintained in
Dulbecco’s Modified Eagle’s (DMEM) medium containing 10 % (v/v) fetal bovine
serum, penicillin (100 U/ mL)-streptomycin (100 pg/ mL) and sodium hydrogen
carbonate. HUVEC cells (HUVECsSs) were grown in Nutrient Mixture F12 HAM medium
supplemented with 20 % fetal bovine serum, heparin (0.1 mg/ mL) and ECGS
(0.5 mg/ mL). The cells were maintained at 37°C in a saturated humidified atmosphere
containing 95 % air/ 5 % (v/v) CO,. The monticellite based ceramic powder (MBCP) was
sterilized at 180°C for 3 h and freshly suspended at 1 mg/ mL concentration in cell culture
medium without FBS and sonicated at room temperature for 15 min to avoid the
aggregation/agglomeration of the particles before exposure. According to ISO 10993-12
standard [58], medical device materials can be delivered to a biological test system such
as a cell culture in a measurable dose. Defining specific doses of the substances of interest
is generally not possible. Generally speaking, the surface area ratio should be used
whenever possible, with a mass-to-volume ratio used only for the testing of irregularly
shaped devices or representative device components. Therefore, in the present study, the
cell exposed final concentrations of 10, 50, 100, 200, 400, 500 and 800 pg/ mL in the
cytotoxicity assays. Material concentrations are determined in a wide range by mass-to-
volume ratio due to representative monticellite based ceramic powder composed of

particles with irregular shapes.

6.6.2. Cell viability assays

The biocompatibility of a material is crucial in branding it as a biomaterial. Cell
viability assays widely accepted that in vitro testing procedures are of considerable
importance in cytotoxicity investigations of a biomaterial [59]. According to International
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Standard (ISO 10993-5) methods [60], MTT and NRU assays can be used for this
evaluation. As viability is determined by various cellular processes, different endpoints
are currently to assess the actual state of cultured cells in vitro. Cytotoxic potential of
MBCP was determined by MTT and NRU assays based on different cellular mechanisms

depending on the damaged region.

6.6.3. Mitochondrial activity (MTT) assay

The cytotoxic effect of MBCP was determined by using in vitro colorimetric MTT
assay [61]. Cells (5 x 10° cells/well) were seeded into 96-well microtiter tissue culture
plates having a final volume of 100 pl. After 24 h of the attachment, the cells were treated
with different concentrations (10, 100, 200, 400, 500 and 800 pg/ mL) of MBCP in the
culture medium. Eight replicate wells per concentration were used and all experiments
were repeated in triplicate. Solvent control (ultra-pure water) was assayed also in parallel.
The cells were incubated for 24 and 48 hours with test material and MTT dye was added
4 h prior to completion of incubation periods. The medium from each well was discarded
and resulting formazan crystals were solubilized by adding 100 pl of dimethylsulphoxide
(DMSO) and quantified by measuring absorbance at 570 nm in an ELx808 Absorbance
Microplate Reader (Bio-Tek, USA). All data expressed as means =+ standard deviation
(SD) using SPSS (Statistical Package for Social Sciences) software. The values were
presented as a viability compared with control wells (the mean optical density of
untreated cells was set 100 % viability), calculated One Way ANOVA (Analysis of
Variance). All independent cytotoxicity experiments were repeated at least three times.

In all cases, p < 0.05 was considered significant.

6.6.4. Neutral red uptake (NRU) assay

NRU cytotoxicity assay is widely used cell viability assay based on the ability of
viable cells to incorporate and bind the supravital dye neutral red in the lysosomes.
The assay was performed following the procedure as described by Borenfreund and
Peurmer [62]. Briefly, CRL-2120, HUVEC and 3T3-L1 cells seeded into 96 well
microtiter tissue culture plates and incubated for 24 h at 37°C in a humidified atmosphere
of 95 % air and 5 % COx to allow cells to adhere to the culture plate. After the incubation
period, cells were treated with monticellite based ceramic powder at the concentrations

of 10, 100, 200, 400, 500 and 800 pg/ mL for 24 and 48 h. At the end of exposure time,
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the test solution was removed and cells were carefully washed with phosphate buffer
saline (PBS) and 100 pl of neutral red dye (50 pg/ mL) dissolved serum-free medium was
added to each well. After 3 h incubation, the medium was discarded and cells were
washed with a solution of 0.5 % formaldehyde and 1 % CaCl,. Subsequently, 100 pl
ethanol/acetic acid solution were added to all wells and cells were incubated 20 min to
extract dye from the cells and to form a homogeneous solution. Absorbance was measured

at 540 nm in ELx808 Absorbance Microplate Reader (Bio-Tek).

6.6.5. JC-1 staining assay

JC-1 (5,5°6,6” - tetrachloro - 1,1°3,3” - tetraethylbenzimidazol - carbocyanine
iodide) staining assay was used to examine the effect of MBCP on the mitochondrial
membrane potential of CRL 2120 cells [63]. Cells were grown on cover slips (Marienfeld)
at a density of 25 x 10* cells per 12 well and treated for 24 hours with different
concentrations (50, 100, 200, 400 and 800 pg/ mL) of the test material. Untreated medium
controls and solvent controls (ultra-pure water at a final concentration of 0.1 %, v/v) were
used also in parallel. Following media aspiration, cells were washed with PBS to clean
the particle residues. JC-1 dye was prepared with 2 uM final concentration and added to
each well. After 30 minutes incubation at 37°C in a % 5 CO; incubator, dye removed and
cells were washed with PBS. Coverslips were taken from the wells and examined with
Olympus BX 50 fluorescence microscope at 570 nm. Images were captured with an

Olympus DP71 camera using the DP Controller acquiring software (Olympus).

7. RESULTS AND DISCUSSION

7.1. Characterization of Boron Derivative Waste

Table 7.1. Chemical composition (%, by weight) of boron derivative waste

Oxides SIOZ CaO MgO B203 NazO A1203 Fe203 SrO
Waste 18.9267 18.4677  13.5513 7.50 5.2884 23140 09111 0.7718
Oxides SO3 K20 BaO CSzo TlOz CI'203 P205 CuO

Waste 0.7656 0.7141 0.6627  0.1968 0.0763  0.0383  0.0246  0.0116
Loss on Ignition (1000°C): 29.7780

The chemical composition of boron derivative waste is given in Table 7.1. The loss

on ignition (L.O.I) value below 1000°C was approximately 30 wt. %. According to
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ASTM standard specification for glass and glass ceramic biomaterials for implantation
(ASTM-F1538-03) the total content of heavy metal elements such as arsenic (As),
cadmium (Cd), mercury (Hg), lead (Pb) should be maximum 50 ppm in bioceramics due
to their toxic effects. The abundance of these heavy metal elements could be accurately
detected at ppm level by XRF technique. XRF analysis results exhibit that there is no
heavy metal elements existed in boron derivative waste.

It is reported that major elements in the waste including silicon, calcium,
magnesium, boron and sodium considered essential and/or beneficial for bone
metabolism. They stimulate collagen synthesis, enhance bone matrix mineralization and
formation of apatite-like surface layers, improve mechanical properties of bone and
prevent bone-related diseases. Morever, deprivation of them leads to adverse effects.
Although some trace elements in the waste may have controversial or deleterious effects
on human health [64], Ferreira and Goel [65] prepared bioactive glass compositions
consist of mainly CaO, MgO, P,0Os, SiO,, CaF, compounds comprising as a doping agent
at least one of the following elements: Na, K, Li, Ru, Cs, Fr, Sr, Bi, Zn, Ag, B, Cu, Mn,
Fe and Ti or an oxide in a molar percentage between 0 - 10. It is stated that sintered
powders derived from bioglass were able to promote the formation of carbonated
hydroxyapatite layer upon immersion in SBF and powders could be used as bone
substitutes and coatings for implants. In addition, Jung and Day [66], provided bioglass
compositions for tissue repair or regeneration in mammals consisting of one or more
director element compounds in a concentration of 0.05 to 5 wt. % comprising of Cu, Sr,
Zn, Fe, Mn, Cr, V, Nb, Mo, W, Ba, Co, S, AL, Ti, Y, Mg, Si and/or Ni. The biocompatible
characteristics of scaffolds were noticed after implantations in vivo. Considering these
results obtained by different patent applications, boron derivative waste has still potential
to use as a raw material for bio-based industrial production, however, the role of trace

elements in toxicity needs to be elucidated.
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Table 7.2. List of abbreviations of compounds in boron derivative waste, their chemical formulas and their

JCPDS card numbers for identification

JCPDS
Chemical
Abbreviation Compound Card
Formula
Number
DO Dolomite CaMg(CO;), 36-0426
CA Calcite CaCO3 05-0586
Q Quartz SiO, 87-2096
TI Borax Pentahydrate = Na,B407-5H,0 07-0277
K1 Kaolinite ALLSi1,05(OH), 29-1488

List of abbreviations of compounds in boron derivative waste, their chemical
formulas and their JCPDS card numbers are given in Table 7.2. Fig. 7.1. illustrates the
XRD pattern of boron derivative waste. Dolomite (CaMg(COs3),, ICDD 36-0426), calcite
(CaCOs, ICDD 05-0586), quartz (SiO,, ICDD 87-2096), borax pentahydrate
(tincalconite, Na;B4sO7-5H,0, ICDD 07-0277) and kaolinite (Al,Si,Os(OH)s, ICDD
29-1488) were detected as crystalline phases, confirming the XRF results. Two highest
peaks in intensity represent dolomite and calcite crystalline phases.

DTA and TG/DTG curves of boron derivative waste are illustrated in Fig. 7.2.
On DTA curve, four characteristic endothermic peaks were identified at 151.7°C,
639.9°C, 775.8°C and 1080.7°C. Three exothermic peaks were observed at 341.5°C,
704.5°C and 910.3°C. In addition, all endothermic events are accompanied by the mass
loss as shown on the TG/DTG curves. The highest mass loss (18.76%) was observed in
the temperature range of 500°C - 700°C and the total mass loss was 32.28%. Almost no

more mass change was occurred above 800°C.
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Figure 7.1. XRD pattern of boron derivative waste
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Three characteristic particle diameters (d) for boron derivative waste determined by
laser diffraction particle size analysis. The obtained results show that d10 value is 0.414
pm, d50 value is 0.823 um and d90 value is 2.776 um for boron derivative waste.
The waste consists of fine particles with narrow particle size range. The reason of that is
associated with the refinement processes of boron minerals which are occurred in

Eti Mine Kirka Plant prior to the supplying of boron derivative waste.

7.2. Thermodynamic Approach

The Gibbs free energy (Gibbs function) is a thermodynamic function based on
enthalpy and entropy of the system. It is highly significant to investigate reactions at
constant temperature or pressure. It provides the main basis for the criterion of
spontaneity of chemical process and chemical equilibrium. The change of Gibbs free
energy (AG) at constant temperature: AG = AH - TAS, where H denotes enthalpy,
S entropy and T temperature.

According to the second law of thermodynamics, the total entropy increases in the
spontaneous process, in this way the Gibbs free energy of the system decreases.
Therefore, a chemical reaction at specified temperature and pressure proceeds in the
direction of decreasing Gibbs free energy. When the Gibbs free energy reaches a
minimum value, the chemical reaction stops and chemical equilibrium is established
[67,68].

As stated before, the aim of present study is solid state synthesis of monticellite
based ceramic powders from boron derivative waste and this waste is rich in dolomite
and calcite. Thus, the thermal decomposition of both dolomite and calcite must be
provided first in order to synthesize powders. At this point, it is crucial to optimize the
heat treatment temperature to proceed chemical reactions (7.1 and 7.2) for dolomite and

calcite calcination under atmospheric pressure.

CaMg(CO:s3); (dolomite) <> CaO + MgO (periclase) + 2 COx(g) (7.1)
CaCO:s; (calcite) < CaO + COx(g) (7.2)

In terms of calcination of calcite and dolomite-rich clay materials, it is stated that
dolomite and calcite started to decompose at 600°C and 800°C by decarbonization [69].

Furthermore, Sasaki et al. explained that calcination of dolomite and calcite in natural
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dolomite commenced around 600°C and above 700°C [70]. For this reason, two
endothermic peaks at 639.9°C and 775.8°C and also high mass loss were related to the
thermal decomposition of dolomite and calcite. Even if the starting temperatures of
dolomite and calcite calcination were expressed as 600°C and in the range of 700°C-
800°C in literature and also two endothermic peaks at 639.9°C and 775.8°C on DTA and
TG/DTG curves indicate the thermal decomposition temperature of dolomite and calcite,
to obtain thermodynamic data by using a thermochemical software certainly aids to

specify more accurate heat treatment temperatures.
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Figure 7.3. Delta G-Temperature diagram for chemical reactions of dolomite and calcite calcination

(7.1 and 7.2)

Fig. 7.3. which was drawn by using FactSage Thermochemical Software,
demonstrates Delta G-Temperature diagram for dolomite and calcite calcination reactions
(7.1 and 7.2) under constant atmospheric pressure (1.01325 bar). Delta G values are
negative above 645°C for dolomite calcination reaction and 895°C for calcite calcination
reaction. It means that dolomite calcination reaction above 645°C and both dolomite and
calcite calcination reactions above 895°C can proceed spontaneously in theoretically.
Therefore, heat treatment temperatures were selected as 900°C and 650°C considering

both Delta G-Temperature diagram and DTA & TG/DTG curves. It is thought that
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selected temperatures give reactants adequate energy to overcome an activation energy

barrier of height Ea in order to achieve the activated complex state and proceed to

products in terms of phase formation, transformation and decomposition [71].

7.3. Characterization of Monticellite Based Ceramic Powders

7.3.1. Phase evolution of synthesized powders

XRD is a frequently used technique in worldwide for the qualitative phase analysis

of materials. Through phase analysis obtained XRD patterns not only allow to basic

search/match process but also give some information on the structure: (i) the angular

position of diffraction lines give the size and shape of the unit cell, (ii) the intensity of the

diffraction lines depends on the type of atoms and the crystallographic orientation, and

(ii1) their shape are used to get information on instrumental broadening, particle size and

deformation [72].

Table 7.3. List of abbreviations of compounds used in this work, their chemical formulas and their JCPDS

card numbers for identification

Abbreviation Compound

Chemical Formula

JCPDS
Card Number

DO Dolomite

CA Calcite

Q Quartz

TI Borax Pentahydrate

K Kaolinite

Dl Diopside

D2 Calcium Magnesium Silicate
M Monticellite

A Akermanite

F Forsterite

Z Zeolite LTA

TA Calcium Borate

Cl1 Calcium Magnesium Borate

CaMg(COs),
CaCO;

Si0O,
Na,B407-5H,0
Al,S1,05(0OH)4
CaMgSi,0q
Cap Mg 25119905
CaMgSiO4
Ca,MgSi,0,
Mg,Si0O4
Nag(AlSiOy)s
Ca3B,0¢
CaMgB,0;s

36-0426
05-0586
87-2096
07-0277
29-1488
78-1390
72-1499
76-0727
83-1815
76-0563
42-0217
26-0347
73-0618

In the light of that information, phase analysis of monticellite based ceramic

powders was accomplished by XRD technique. List of abbreviations of compounds

(phases) used in this work, their chemical formulas and their JCPDS card numbers are
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given in Table 7.3. Fig. 7.4. shows a schematic representation of mineralogical
transformations (formation/ decomposition of phases) in boron derivative waste during
heat treatments at 650°C, 800°C and 900°C in the time interval (1 min - 4 h) according
to XRD patterns.

In this research, considering XRD patterns of all synthesized powders, it is easily
noticeable that chemical composition of each powder possesses phases in large quantities
and that creates complex XRD patterns with a great number of major and minor peaks.
Moreover, peaks of different phases interfere and overlap with each other. Therefore,
search/match analysis was carried out in required periods of a long time indicating
necessary precision. Also, it is important to state that in case of peaks of different phases
overlap each other, abbreviation of a phase which has higher peak intensity is located

upper-side in terms of indexing.
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Sample Code / Waste 650°C 650°C 650°C 650°C 650°C 650°C 800°C 800°C 800°C 800°C 800°C 800°C 900°C
Phase & Formula Imin 30min 1hr 2hr 3hr 4hr 1min 30min 1hr 2hr 3hr 4hr Imin
Dolomite CaMg(CO,),

Calcite CaCoO;,

Quartz Si0, -
B. Pentahydrate | Na,B,0:-5H,0

Kaolinite AlLSi,05(OH),

Diopside CaMgSi, 04

C. M. Silicate CaygMg, ,Si; 49O0¢

Monticellite CaMgSiO,

Akermanite Ca,MgSi,0,

Forsterite Mg,SiO,

Zeolite LTA Nag(AISiO,)¢

Calcium Borate | Ca;B,04

C. M. Borate CaMgB,04

Figure 7.4. Diagram representing phase transformations in boron derivative waste induced by heating at 650°C, 800°C and 900°C for dwell time range of

1 min - 4 h according to XRD patterns. Dark/ light bars indicate approximately abundance of phases
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7.3.1.1. Solid state synthesis at 650°C
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Figure 7.5. XRD patterns of synthesized powders at 650°C for Imin, 30min and 1h compared to waste

XRD patterns of synthesized powders at 650°C for 1 min, 30 min and 1 h compared

to waste are shown in Fig. 7.5. According to Fig. 7.5., both boron derivative waste and

SP-650°C-1min specimens contain the crystalline phases of calcite, dolomite and quartz.

A decrease in peak intensities of dolomite was observed relatively because thermal

decomposition of dolomite has already started at 650°C in 1 min. Borax pentahydrate and

kaolinite phases no more existed. It is reported that the dehydration of borax pentahydrate

(NayB4O7-5H,0) occurred in two steps in a temperature range of 73°C - 535°C with the

total weight loss of roughly 30% [73]. Firstly, 2.75 moles of crystal water were eliminated

and crystal structure became amorphous. Secondly, the remainder 2 moles of water exist

as hydroxyl groups and can be considered for molecular water. However, swelling of

particles during removal of molecular water leads to the higher surface area and voids in
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larger quantities. Furthermore, molecular water could only be removed by molecular
decomposition which results in the formation of 1 mole Na,O and 2 moles B,0O3
compounds [73,74]. Thus, on DTA and TG/DTG curves, endothermic peak at 151.7°C
and mass loss of nearly 8% from room temperature to around 500°C are associated with
the removal of water within borax pentahydrate and also one exothermic peak at 341.5°C
is correlated with rehydration of borax pentahydrate during removal of molecular water.
It is known that kaolinite (Al,Si,0s(OH)4) decomposes to amorphous metakaolinite
(Al2S1,07) between 500°C and 600°C by removal of hydroxyl groups of silicate lattice
[69,75,76]. These deductions explain why borax pentahydrate and kaolinite could not be
detected by XRD with the increasing of heat treatment temperature to 650°C.

The studies focused on the calcination kinetics of dolomite and calcite expressed
that, in the first step of decarbonisation, magnesium oxide and calcite formed along with
releasing of 1 mole CO, gas in the temperature range of 600°C and 700°C. Then,
the formation of CaO commenced simultaneously by decarbonisation of calcite between
700°C and 900°C [70,77]. For this reason, an increase in calcite content at 650°C after
1 min was expected due to high amount of calcite produced by dolomite calcination
however, it is difficult to determine exactly increased calcite concentration without
Rietveld Quantitative Phase Analysis. The multiphase quantitative analysis is based on
the diffraction pattern intensity of a particular phase in a mixture of phases which depends
on the concentration of that phase in the mixture. The relation between intensity and
concentration is not generally linear [78]. Thus, the peak intensities related to phase
concentrations were specified “relatively”.

For SP-650°C-30min specimen, calcite, dolomite, quartz, calcium magnesium
silicate (CagsMg; 25119906, ICDD 72-1499), diopside (CaMgSi,Og, ICDD 78-1390),
monticellite (CaMgSiO4, ICDD 76-0727) and calcium magnesium borate (kurchatovite,
CaMgB,0s, ICDD 73-0618) were detected as crystalline phases. A sharp reduction in
peak intensities of dolomite and an enhancement in amorphous content were noticed
because of the decomposition of dolomite and the formation of new crystalline phases.
The yielding of diopside and monticellite as metastable phases at dolomite—quartz and/or
dolomite-calcite-quartz interfaces was attributed to theoretical chemical reactions of
calcination products (MgO and CaO) with quartz in proper molar ratios (7.3 and 7.4).
In 30 min dwell time at 650°C, the nucleation and growth of some non-stoichiometric

crystals led to form calcium magnesium silicate phase as non-stoichiometric diopside.
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The formation of calcium magnesium borate was ascribed to the reaction of B,Oj3 in liquid
form as a decomposition product of borax pentahydrate with CaO and MgO as calcination

products (7.5).

2810, + CaO + MgO <« CaMgSi,O¢ (diopside) (7.3)
Si0, + CaO + MgO <« CaMgSiO, (monticellite) (7.4)
CaO + MgO + B,03 << CaMgB,0s (calcium magnesium borate) (7.5)

In the comparison of SP-650°C-1h with SP-650°C-30min, the dolomite was
completely calcined and while peak intensities of calcite and quartz decreased, that of
monticellite, diopside and calcium magnesium borate increased, relatively. That supports
the phase formation mechanisms of diopside and monticellite which are stated above.
Non-stoichiometric diopside (calcium magnesium silicate, CagsMg;2Si;1.990¢)
transformed to stoichiometric diopside after 30 min. Moreover, zeolite LTA (dehydrated
sodalite, Nag(AlSiO4)s, ICDD 42-0217) and calcium borate (takedaite, Ca3;B,0¢, ICDD
26-0347) were detected as minor crystalline phases. Low silica zeolites (LTA, framework
type code of zeolites is given according to the classification of the International Zeolite
Association) are represented by a general formula: 2 Nag(AlSiO4)6 [79]. Rios Reyes et al.
and Gualtieri et al. have synthesized pure zeolite LTA by alkaline fusion (thermal
activation) at 600°C for 1 hour and hydrothermal synthesis using NaOH (powder and
solution) and metakaolinite which was obtained from kaolinite-rich clay [80,81].
In accordance with this information, zeolite phase (LTA, Nag(AlSiO4)s) was able to be
obtained by the reaction of amorphous metakaolinite (Al,Si,07) with Na,O which take
place by dehydration of kaolinite and molecular decomposition of borax pentahydrate.
In addition, the increasing of dwell time to 1 hour at 650°C led to the formation of CaO
products in the higher content owing to higher amount of reactive calcite compounds.
Hence, after formation of monticellite, diopside and calcium magnesium borate phases,
excess CaO compounds was able to react immediately with B,O3 compounds to generate
calcium borate, which is stable around 700°C according to CaO-Al,03-B,0; ternary
phase diagram [82]. No free B,O; groups were observed in XRD patterns due to its quite
low melting point (450°C).
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Figure 7.6. Comparative XRD patterns of synthesized powders at 650°C for 1h, 2h, 3 h and 4 h

Fig. 7.6. exhibits quite similar XRD patterns of SP-650°C-1h, SP-650°C-2h,
SP-650°C-3h and SP-650°C-4h specimens. The existence of all phases was stable.
The peak intensities of calcite significantly diminished for SP-650°C-2h, relatively.
When dwell time gradually raised from 2 to 4 hours at 650°C, calcite peak in highest
intensity became smaller.

Semi-quantitative information about crystallite size of a polycrystalline structure
could be yielded by XRD technique. If the size of individual crystals is in the nanometer
range, average crystallite size (L) can be calculated with well-known Scherrer Equation:
L=K.A/B.cosB, where A is the X-ray wavelength in nm, B is the peak width of the
diffraction line at half maximum intensity in radian (FWHM) and K is a constant related
to crystallite shape, generally taken as 0.9 [78,83]. According to Scherrer Equation,
average crystallite size is inversely proportional to FWHM. XRD patterns of both liquids

and amorphous solids characterized by an almost complete lack of periodicity, show a
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broad halo instead of high sharp maxima at certain angles [78]. It is thought that

monticellite and diopside were formed at 650°C just before 30th minute because FWHM

is so high which indicates the quite low crystallite sizes just reached after the nucleation

and crystal growth. A gradual decrease in amorphous condition and increase in crystallite

sizes of calcium magnesium borate, diopside and monticellite were observed at 650°C

from 30 minutes to 4 hours.

7.3.1.2. Solid state synthesis at 900°C
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Figure 7.7. XRD pattern of synthesized powder at 900°C for Imin

The XRD pattern of heat-treated boron derivative waste at 900°C for 1 min is

illustrated in Fig. 7.7. As shown in Fig. 7.7., the detected crystalline phases were

monticellite,

(CazMgSi207,

diopside,

ICDD 83-1815) and forsterite (MgzSiOsa,

calcium magnesium borate,

35

zeolite,
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quartz,

akermanite
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SP-900°C-1min specimen. Akermanite and forsterite was firstly detected with heat
treatment at 900°C for Imin. High crystallinity for akermanite and monticellite, and
a few amorphous contents resulting of newly formed and non-entirely crystallized
forsterite phase were observed. Although -calcination reaction of calcite is
thermodynamically favored at 900°C under atmospheric pressure, dolomite and calcite
was completely calcined until reaching 900°C. Almost zero mass change above 800°C
in TG/DTG curves confirms that calcite in boron derivative waste was thermally
decomposed up to 800°C. In accordance with this information, in order to investigate
calcination behavior of calcite and phase formation mechanisms of Ca-Mg-Si based
phases, it is decided to decrease heat treatment temperature to 800°C which is consistent

with the literature [69].

7.3.1.3. Solid state synthesis at 800°C

XRD patterns of synthesized powders at 800°C for 1 min, 30 min and 1 h compared
to waste are shown in Fig. 7.8. SP-800°C-1min specimen includes monticellite, diopside,
akermanite, calcium magnesium borate, quartz, zeolite and calcite phases. While 1 hour
dwell time was needed to complete calcination of dolomite at 650°C, the increment of
temperature to 800°C assured thermal decomposition without long holding time. Unlike
SP-900°C-1min, SP-800°C-1min sample does not comprise forsterite and calcite.
Akermanite phase formation is correlated with theoretical chemical reaction (7.6) where
the system is richer in CaO compared to diopside and monticellite formation reactions
(7.3 and 7.4). In the comparison of SP-800°C-30min with SP-800°C-1min, the peak
intensities of akermanite increased, that of diopside, calcium magnesium borate and
zeolite relatively decreased and calcite disappeared. In other words, calcite phase was
completely consumed according to XRD analysis. However, it is important to emphasize
that detection limit (threshold) of XRD technique is minimum 1-2 vol.% [84]. For this
reason, it can be stated that the required activation energy to complete calcite calcination,
according to XRD patterns, was provided throughout the heat treatment of waste at 800°C
for 30 min. With the increment of dwell time to 1 hour, a slight reduction in peak
intensities of diopside and calcium magnesium borate progressed further. Moreover,

a decrease in peak intensities of quartz was observed.

2810, + 2Ca0 + MgO < Ca,MgSi,07 (akermanite) (7.6)
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Figure 7.8. XRD patterns of synthesized powders at 800°C for Imin, 30min and 1h compared to waste

Comparative XRD patterns of synthesized powders at 800°C for 1 h, 2 h, 3 h and
4 h are given in Fig. 7.9. Both synthesized powders at 800°C for 1 hour and 2 hours
contains same crystalline phases such as akermanite, monticellite, diopside, calcium
magnesium borate, zeolite and quartz. Within the third hours, the fully consuming of
quartz was identified. XRD patterns of synthesized powders at 800°C for 1, 2, 3 and
4 hours are similar and the existence of all crystalline phases in SP-800°C-2h except
quartz remained up to 4 hours. SP-800°C-4h sample comprises monticellite, akermanite
and calcium magnesium borate as major phases whereas diopside and zeolite exist as
minor phases.

According to DTA and TG/DTG curves and obtained results, two other
endothermic peaks at 639.9°C and 775.8°C with the highest mass loss (18.76%) in the
temperature range of 500°C - 700°C are associated with calcination of dolomite and

calcite. Two exothermic peaks are identified with crystallization of diopside &
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monticellite at 704.5°C and akermanite at 910.3°C. Also, the softening of boron derivative

waste is united with last endothermic peak at 1080.7°C.

D1 : CaMgSi,O¢ C1: CaMgB,0s
M : CaMgSiO4 Z :Nag(AlSiOy4)s
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Figure 7.9. Comparative XRD patterns of synthesized powders at 800°C for 1h, 2h, 3 hand 4 h

Considering the XRD patterns in Fig. 7.8. and Fig. 7.9. nucleation and
crystallization of calcium magnesium borate, akermanite and monticellite had already
occurred until reaching 800°C. The crystal growth of these phases kept on with the
increment of dwell time. It is deducible from gradually decreasing FWHM values
at 800°C from 1 minute to 4 hours. Concordantly, amorphous condition considerably
diminished for longer dwell time than 1 hour. In addition, peak shifting was observed for
akermanite and monticellite phases especially for SP-800°C-3h and SP-800°C-4h
specimens due to lattice distortion [78]. That can be caused by macroscopic residual
compressive stress resulting from quenching in air and stress fields induced by the

porosities and/or vacancies in the grain boundaries [85].
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Fig. 7.10. illustrates the mass change graph for obtained powders after synthesis.
Although, the equal mass of boron derivative waste (10 g) as a raw material used for each
thermal process, the mass of obtained powders shows variability. The mass ranges of
synthesized powders at 650°C and 800°C are 6.4 - 8.5 g and 6.2 - 6.6 g. The obtained
results show that powder mass is decreasing with the increment of dwell time from 1 min
to 4 h for each heat treatment temperature or with the increasing of temperature from
650°C to 800°C for stable dwell time (1 min) because higher temperature and/or longer
dwell time makes thermal decomposition reactions of dolomite and calcite more
thermodynamically and kinetically favored. The complete calcination of dolomite at
650°C between 1 min and 1 hour leads to highest mass change. SP-800°C-4h sample

possesses lowest mass (6.2 g) following to dolomite and calcite decomposition.
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Figure 7.10. Mass change graph for obtained powders after synthesis

To emphasize the important process parameters for phase decompositions and
formations, dolomite was calcined by heat treatment at 650°C for 1 h or at 800°C for
1 min. Calcite disappeared after the thermal process at 800°C for 30 min. Both diopside
and monticellite started to form under same process parameters: at 650°C for 30 min,
at 800°C for 1 min and at 900°C for 1 min. Also, the formation of akermanite was

observed firstly both at 800°C for 1 min and at 900°C for 1 min. In other words,
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heat treatments at 650°C under 1 atm is not thermodynamically favored for akermanite
formation in this system.

The formation ability of high temperature phases (diopside, monticellite,
akermanite and forsterite) at lower temperatures compared to studies in literature was an
interesting point encountered during the study. For instance, monticellite could be formed
minimum at 650°C which has a stability region between 1450°C and 1500°C according
to the ternary phase diagram (CaO-MgO-SiO;) given in Fig. 7.11. [86].
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Figure 7.11. Ternary phase diagram of CaO-MgO-SiO; system

At lower temperatures and in shorter dwell times than predicted, the reasons to be
able to provide formation and decomposition of phases in this work;

* The using of boron derivative waste as starting material in low mass (10 g) and
refractory basement with large surface area (10 x 10 cm?). In other words, the high surface

area of refractory basement per unit of waste mass.
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* The using of furnace pipe in order to facilitate CO, gas discharge which increases
the partial pressure of CO, on the surface.

* The decreased viscosity and increased diffusion in results of the high amount of
fluxing agents (Na,O, B,03;, MgO and CaO) come from borax pentahydrate, dolomite
and calcite [87,88].

7.3.2. Microstructure analysis of boron derivative waste and synthesized powders

Figure 7.12. SEM images (SE mode) of boron derivative waste (a, b); SP-650°C-4h (c, d) and
SP-800°C-4h (e, f) at equal magnifications (100x and 500x)
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The SEM images (SE mode) of boron derivative waste, SP-650°C-4h and
SP-800°C-4h are given in Fig. 7.12. SEM images indicates that boron derivative waste is
comprising clusters which are composed of fine particles in non-spherical morphology.
In comparison of SP-650°C-4h with SP-800°C-4h, both powder is consisted of
non-equiaxial particles while the mean particle size of SP-800°C-4h is higher. It is stated
that the increasing of temperature causes Ostwald ripening where small particles tend to

dissolve and large particles grow [89].
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Figure 7.13. SEM images (SE mode) and EDX spectrums of boron derivative waste (a, b); SP-650°C-4h
(c, d) and SP-800°C-4h (e, f)
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SEM images (SE mode) and EDX spectrums of boron derivative waste,
SP-650°C-4h and SP-800°C-4h are illustrated in Fig. 7.13. Confirming the XRD patterns,
the results of semi-quantitative analysis point out the existing of dolomite, quartz, borax
pentahydrate and kaolinite in boron derivative waste. Also, both SP-650°C-4h and
SP-800°C-4h includes monticellite and zeolite particles. It is observed that the clusters
are formed in synthesized powders which are composed of particles with different
compositions, and the primary particles are located on the surface of clusters. It could be
caused by complex system where alkali and alkaline metal oxides reacts with quartz as

dominant phase within the same micro-locations.

7.4. Particle Size Reduction of Monticellite Based Ceramic Powder

To investigate the effect of particle size on bone-like apatite formation ability of
monticellite based ceramic powders, SP-800°C-4h was crushed and milled prior to
in vitro bioactivity assessment. The reason of using SP-800°C-4h lies its crystalline
phases such as monticellite, akermanite, diopside, calcium magnesium borate and zeolite.
Monticellite, akermanite and diopside have already known as biocompatible and
bioactive ceramics. /n vitro studies exhibited that nano-sized LTA zeolites does not create
significant cytotoxic activity on macrophages, epithelial and endothelial cells for doses
up to 500 pg / mL for 24 h. Due to their stability in biological environments, nano-zeolites
have a potential to be used in different applications such as biosensors, controlled drug
delivery, controlled gas delivery, magnetic resonance and fluorescent imaging agents and
cosmetics [90]. In addition, calcium magnesium borate may improve the biocompatibility
of monticellite based ceramic powder due to boron dissolution. It is stated that a beneficial
interaction occurs between boron and steroid hormones involved in bone metabolism, and
boron may also help prevent to bone-related diseases such as osteoporosis, arthritis and
other steroid hormone dependent diseases [91]. Moreover, Pizzorno expressed the anti-
inflammatory effects of boron which can help alleviate arthritis and improves brain
function. Boronated compounds are now being used in the treatment of several types of
cancer [92]. Hence, the obtaining of monticellite based ceramic powder from a boron
waste can improve the biological properties of produced bone graft substitutes and may
present new perspectives about different applications.

Milling is preferred in order to obtain a particular particle size distribution.

In the planetary ball mill, the bowl and the supporting disk rotate in opposite direction
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and centrifugal force produced by the vials which consists the powder and balls.
The centrifugal force triggers the balls to move along the vial wall. The balls hit the
particles and thus liberates massive impact momentum. In this way, crushing and milling
are carried out by shear forces. Along with the fracture of a solid, energy as heat is
released from fracture and it is necessary for creating additional surface area [93-95].
The particle size distribution and the degree of disorder of milled powders depend
on the milling conditions such as the materials of milling tools, milling speed, milling
time, milling environment and ball-to-powder weight ratio [96]. Dry milling could avoid
the formation of hard agglomerates. Using milling media composed of hard materials
maximizes the milling efficiency and consequently, minimizes the milling time to obtain
fine powder. However, this case causes contamination in result of ball’s wear.
The materials of milling tools preferred ZrO, due to its biocompatibility and bioinert
characteristics, high fracture toughness (brittleness), fairly high Vickers hardness
(12.5 GPa) and high density (5.9 g/cm’) [32,91,93]. The milling speed (400 rpm), milling
environment (dry) and ball-to-powder weight ratio (10:1) kept constant whereas milling
time increased from 1 h to 4 h with 1 h time intervals. During dry milling, the powder can
cake onto the sides of the bowl and further size reduction is no more received [90].
In order to reduce this caking problem, the direction of rotation of the planetary ball mill
was reversed and the sides of the bowl were scraped down per hour. Also, stearic acid

added in this purpose as a deflocculant in 1 wt.% of charged powder.
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Figure 7.14. Images of a) synthesized powder at 800°C for 4 h (SP-800°C-4h), b) crushed SP-800°C-4h
and c) ball-milled SP-800°C-4h for 2 h
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Table 7.4. Three characteristic particle diameters of crushed & ball-milled monticellite based ceramic

powders
Sample Code dO0.)pm d0.5)pm  d(0.9) pm
SP-800°C-4h-crushed 0.567 3.091 42.856
SP-800°C-4h-milled-1h 0.604 1.517 5.216
SP-800°C-4h-milled-2h 0.574 1.463 4.813
SP-800°C-4h-milled-3h 0.618 1.621 5.481
SP-800°C-4h-milled-4h 0.603 2.002 8.894

Images of synthesized powder at 800°C for 4 h (SP-800°C-4h), crushed
SP-800°C-4h in an agate mortar and ball-milled SP-800°C-4h for 2 h are given in
Fig. 7.14. Three characteristic particle diameters of crushed SP-800°C-4h and ball-milled
SP-800°C-4h for 1, 2, 3 and 4 h determined by laser diffraction particle size analysis are
given in Table 7.4. The crushed powder was composed of particles in a broad size range
of 0.5 - 42.8 um with an average size of 3.0 um. After ball-milling of crushed powder for
1 h, particle size range was narrow (0.6 - 5.2 um) and the mean particle size decreased
from 3.0 pm to 1.5 pm. With the increasing of milling time from 1 h to 2 h, particle size
range became narrower (0.5 - 4.8 um) and the decreasing of mean particle size went
further (1.4 pm). However, the ball-milling for more than 2 h was inefficient to decrease
the particle size range. The particle size range of SP-800°C-4h-milled-3h was found
(0.6 - 5.4 um) and also, d50 value slightly increased to 1.6 um due to agglomeration of
particles. A noticeable broadening in particle size range of SP-800°C-4h-milled-4h
(0.6 - 8.8 um) was observed. Furthermore, ball-milling for 4 h caused a remarkable
increment in the mean particle size (2.0 pm). Due to the agglomeration of particles with
ball-milling for more than 2 h, the optimal milling time was selected 2 h in order to obtain

the finest monticellite based ceramic powder.
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Figure 7.15. Comparative XRD patterns of crushed SP-800°C-4h and ball-milled SP-800°C-4h for 1, 2, 3
and 4 h

There is no more fast and easy way to get quick information on the milling progress
than XRD that exposes the mean structural changes upon ball-milled powders for
different milling times [96]. Comparative XRD patterns of crushed SP-800°C-4h and
ball-milled SP-800°C-4h for 1, 2, 3 and 4 h are given in Fig. 7.15. In similarly to
SP-800°C-4h, crushed and all milled powders include same crystalline phases such as
monticellite, akermanite and calcium magnesium borate in substantially and also,
diopside and zeolite. It indicates that there is no contamination of ZrO, through milling
media and no newly formed crystalline phases. Although XRD patterns of crushed
SP-800°C-4h and milled SP-800°C-4h for 1 h are very similar, the peak intensities of
akermanite relatively decreased for milled SP-800°C-4h for 2 h and this manner went
further with the increment of milling time from 2 h to 4 h as indication of enhancing of
the amorphous content. Akermanite passed from its starting long-range ordered structure

to short-range ordered structure with repeated collisions. It is interesting that
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the amorphization was observed in akermanite while not in monticellite. It is attributed
to the lower Mg/Ca ratio of akermanite (0.5) than that of monticellite (1). Mg-O bond
energy was higher than that of Ca-O bond. Thus, higher MgO content makes the crystal
structure more stable [28,34]. Therefore, in contrast to monticellite, milling impact was
able to affect the stability and crystallization of akermanite by breaking down its crystal
structure. In addition, both ball-milling compared to crushing and the increasing of
ball-milling time led to enhancement in FWHM values of major phases (monticellite,
akermanite, calcium magnesium borate), confirming the decreasing of crystallite sizes.
Considering the particle diameters in Table 7.4., the mean particle size of ball-milled
powders no more decreased after 3 h even if the crystallite sizes of major phases decreased
with milling time according to XRD patterns. It points out that amorphization of
akermanite and high milling times caused the formation of larger particles by

agglomeration which are composed of crystallites in lower sizes.

7.5. Bone-Like Apatite Formation Ability of Monticellite Based Ceramic Powders

In the scope of assessment of in vitro bioactivity, the monticellite based ceramic
powder wafers were prepared using crushed SP-800°C-4h and ball-milled SP-800°C-4h
for 2 h. The investigation of the effect of particle size on bone-like apatite formation
ability of monticellite based ceramic powders was one of the main aims of the present
study. Hence, the reason for choosing ball-milled SP-800°C-4h for 2 h lies on its
narrowest particle size range and lowest mean particle size in ball-milled monticellite

based ceramic powders.

100 um 100 um

Figure 7.16. SEM images (SE mode) of wafer surfaces composed of crushed SP-800°C-4h (a) and
SP-800°C-4h-milled-2h (b) before incubation at equal magnification (500x)
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SEM images (SE mode) of the surfaces of crushed SP-800°C-4h wafer and
SP-800°C-4h-milled-2h wafer before incubation are given in Fig. 7.16. at equal
magnification (500x). As stated above, there is a difference in the particle size range and
mean particle size of crushed and milled powders. During pelletization by dry uniaxial
pressing, especially particle size range affects the packing and alters the surface
characteristics such as roughness and surface area per volume [89]. It is reported that
the larger specific surface area provides faster release of ions and higher protein
absorption due to high surface energy per volume, which improves bioactivity [97].
According to Fig. 7.16., the surface of SP-800°C-4h-milled-2h wafer is smoother and its
specific surface area is higher compared to crushed SP-800°C-4h wafer due to smaller
particles. For this reason, it is expected the bioactivity of milled powder would be

improved.
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Figure 7.17. Mass loss (%) values of wafers with respect to soaking time
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Figure 7.18. pH values of Lac-SBF with respect to soaking time
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Figure 7.19. SEM images (SE mode) of crushed SP-800°C-4h wafer (a, c) and SP-800°C-4h-milled-2h
wafer (b, d) soaked in Lac-SBF for 7 days at equal magnifications (5.000x and 20.000x)
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The mass loss (%) values of wafers and pH values of Lac-SBF with respect to
soaking time are given in Fig. 7.17. and Fig. 7.18. SEM images (SE mode) of crushed
SP-800°C-4h wafer and SP-800°C-4h-milled-2h wafer (b, d) soaked in Lac-SBF
for 7 days are illustrated in Fig. 7.19. According to Fig. 7.17. and Fig. 7.18., pH values
of Lac-SBF increased from 7.4 to above 10 for both wafers after immersion for 1 day.
In the first three days of incubation, pH values of Lac-SBF enhanced to above 11 for both
wafers as a result of the exchange of alkali ions with hydrogen ions from Lac-SBF as the
first step of bioactivity mechanism [11,32,33]. On the 3" day of immersion, mass loss of
crushed SP-800°C-4h wafer (coarse wafer) was 2.32 % whereas mass gain of
SP-800°C-4h-milled-2h wafer (fine wafer) had still been continued. It is attributed to the
higher specific surface area & higher surface energy of SP-800°C-4h-milled-2h wafer
which provide higher ion absorption. On the 4" day of immersion,
the SP-800°C-4h-milled-2h wafer started to lose mass, too. The mass loss of crushed
wafer reached to 4.74 % and that of fine wafer increased to 4.16 % with the soaking of
7 days. Following to incubation of 3 days for the fine wafer and immersion for 5 days for
the coarse wafer, pH values decreased from 11.9 to 11.3 and from 11.3 to 9.6 up to
7 days, respectively. The decreasing of pH of Lac-SBFs and the increasing of mass loss
for both wafers are related with the network dissolution by breaking the Si-O-Si bonds,
polymerization of the SiO,-rich layer with the condensation of silanol (SiOH) groups and
consequently, the formation of a CaO-P,0Os rich film onto the surface of silica-rich layer.
In the comparison of crushed SP-800°C-4h wafer and SP-800°C-4h-milled-2h wafer,
the fine wafer gained mass, its total mass loss was lower and pH values were higher
during the test due to its higher specific surface area. The pH value for fine wafer started
to decrease before points out the faster bioactivity mechanism compared to the coarse
wafer.

During microstructural analysis of crushed SP-800°C-4h wafer and
SP-800°C-4h-milled-2h wafer soaked in Lac-SBF for 7 days, the primary particles and
newly formed thin layer on the surface of synthesized powders are observed. In addition,
Ca/P ratio was determined using EDS detector. The spot analysis was performed on
different locations of wafer surface. According to obtained results, mean atomic
concentration of phosphor increased from 2.88 to 4.76 % for crushed SP-800°C-4h wafer
and from 3.37 to 7.28 % for SP-800°C-4h-milled-2h wafer with the immersion for 7 days.

Both the increasing of P content and the surface morphology of wafers indicates
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the bone-like apatite formation ability of monticellite based ceramic powders as a sign of
bioactivity characteristic. The mass loss behavior, the alteration manner of pH values of
Lac-SBF and higher P content for SP-800°C-4h-milled-2h wafer soaked in Lac-SBF
for 7 days shows that the particle size reduction creates a positive effect on the bone-like
apatite formation ability of monticellite based ceramic powders. The obtaining of very
high Ca/P ratio could be caused by small crystallite sizes of newly formed bone-like
apatite layer and also high interaction volume during EDX analysis. It is important to
state that it is an ongoing study and to proceed in vitro bioactivity tests up to 21 days is

still necessary to make right comments.

7.6. The Effect of Monticellite Based Ceramic Powder on Cell Viability

In order to assess the biological performance, monticellite based ceramic powder
(MBCP) was used which had been synthesized at 800°C for 1 h during preliminary study
of this thesis. MBCP is consisted of crystalline phases such as monticellite, akermanite,
diopside and calcium magnesium borate. The effect of coarse MBCP on cell viability was
studied by using MTT and NRU protocol. MTT assay is based on the reduction of yellow
dye (MTT), to purple formazan crystals by mitochondrial dehydrogenase activity, only
present in metabolically active cells [61]. NRU assay is based on the ability of viable cells
to incorporate and bind neutral red (NR), a supravital dye [62].

Determination of cytotoxicity can be realized by qualitative or quantitative
evaluations. It is stated in ISO 10993-5 standard that for the qualitative evaluations such
as MTT and NRU protocols, if the reduction of cells is not more than 20 %, material has
slight cytotoxicity; no more than 50 % in cell reduction refers mild cytotoxicity; more
than 50 % in cell reduction means moderate cytotoxicity; and nearly complete destruction

of cells points out severe cytotoxicity.
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Figure 7.20. Effects of monticellite based ceramic powder on the viability on 3T3-L1 cells (a-b), CRL 2120
cells (c-d), HUVEC: (e-f) as determined by MTT and NRU respectively. Powder treatment for
24 and 48 h, values are means + SD of triplicates. Asterisks (*) represent means significant

difference from the control group by the Tukey test (p<0.05).

Quantification of metabolically active cells was performed for two-time points
by means of the MTT and NRU assays. Cells were treated with different concentrations

of monticellite based ceramic powder for 24 - 48 h and results of which are presented
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in Fig. 7.20. According to MTT results, 3T3-L1 cell viability was remained same as the
control group at the concentrations of MBCP in the assessed range
(10-800 pg/ mL) after 24 and 48 h (Fig. 7.20. (a)). Similarly, to the MTT results, it was
found that monticellite based ceramic powder has no cytotoxicity at the concentration
range 10 - 400 pug/ mL and has slight cytotoxicity at 800 pg/ mL concentration on
3T3-L1 cell viability in NRU assay (Fig. 7.20. (b)). The effect of MBCP on the viability
of another fibroblast cell line, CRL 2120, was also examined and compared to
3T3-L1 cells. At the concentration range 10 - 100 pg/ mL of the test material, the cell
viability values were almost the same with the control group in MTT and NRU assays.
Cell viability of CRL 2120 cells decreased to 85 % at the higher concentration
(200 pg/ mL) of MBCP on the first day. The results of the MTT and NRU assays showed
that the significant reduction in the cell viability observed at the highest concentration
(800 png/ mL), cell viability decreased approximately 27 % on the first day and 37 %
on the second day. According to MTT results, cytotoxic effects of MBCP in HUVECs
were shown in Fig. 7.20. (e). HUVECs viability was remained same with the control
group at the concentrations of MBCP in the assessed range (10 - 200 pg/ mL) after
24 and 48 h (Fig. 7.20. (e)). At the concentration range of 400 and 800 pg/ mL of the test
material, there was no significant decrease (6 % and 14 %) on the first day in cell viability
on HUVECs. Similarly, cell viability decreased 16 % on the second day on HUVECs
at the concentration of 400 pg/ mL of the test material. The results obtained from both
MTT and NRU assay showed that monticellite based ceramic powder has no cytotoxicity
at the concentration range 10 - 200 ug/ mL and has slight cytotoxicity at 400 pg/ mL
concentration on the first day (Fig. 7.20. (e-f)). The maximum cell death (53 %) was
shown at the highest concentration (800 pg/ mL). The IC50 values of MBCP in HUVECs
were 745 ng/ mL in MTT assay. According to NRU results, cytotoxic effects of MBCP
in HUVECs were shown in Fig. 7.20. (f). At the concentration range 10 and 400 pg/ mL
of the test material, there was no significant decrease (3 % - 5 %) on the first day in cell
viability on HUVECs. A significant effect (64 %) was observed on the viability on
HUVEC: at the highest concentration (800 pg/ mL). The IC50 level was not reached in
HUVECs by NRU assay. Similarly, IC 50 values were not reached in CRL 2120 and
3T3-L1 cells.
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7.7. The Effect of Monticellite Based Ceramic Powder on the Mitochondrial

Membrane Potential

The membrane-permeant JC-1 dye is widely used in apoptosis studies to monitor
mitochondrial health. The lipophilic cation JC-1 was used to assess the mitochondrial
status of CRL2120 cells against crushed SP-800°C-4h. According to the manufacturer
(Molecular Probes, Eugene, OR, USA), JC-1 changes reversibly its fluorescence.
When the mitochondrial membrane potential is high orange fluorescence exist in
the green cytosol (multimeric status). If there is the loss of the mitochondrial membrane
integrity, it is only green fluorescence [98].

Concentrations of the test material (50 pg/ mL, 100 pg/ mL, 200 pg/ mL,
400 pg/ mL and 800 pg/ mL) were performed on CRL 2120 cells for 24h. After the
incubation and dye process slides were investigated under the fluorescence microscope
in-depth to analyze the dose-dependent mitochondrial membrane changes. Fig. 7.21.
demonstrates representative JC-1 stains of CRL 2120 cells. All slides at the concentration
range 10 and 200 pg/ mL of the test material gave quite a bright orange fluorescence as
well as control group (Fig. 7.21.), which means that there is no significant decrease in
mitochondrial membrane potential, but the potential changed after treatment with the
concentration range 400 and 800 pg/ mL of monticellite based ceramic powder. The cell
cytosol color changed red to green as a sign of a cytotoxic effect. This indicated that
apoptosis might have occurred at the highest concentration (800 pg/ mL) of monticellite

based ceramic powder.
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Figure 7.21. Effects of monticellite based ceramic powder on mitochondrial membrane potential in
CRL 2120 cells. a) Control, b) 50 ug/ mL, c) 100 ug/ mL, d) 200 ug/ mL, e) 400 ug/ mL and
f) 800 ug/ mL. Images were taken using 10X objective lens.

8. CONCLUSION

In this thesis work, a novel approach in a cost-effective and environmentally
friendly way was presented for the synthesis of monticellite based bioactive ceramic
powders from boron derivative waste. During the systematic heat-treatments of boron
derivative waste at 650°C and 800°C for various dwell times between 1 min and 4 hours,
carried out in the scope of investigation of phase transformation mechanism, monticellite

phase could be formed at 650°C where it is stable at 1450°C according to
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Ca0-MgO-SiO; phase diagram. The most stable monticellite based ceramic powder was
synthesized at 800°C for 4 h (SP-800°C-4h) and composed of monticellite, akermanite,
diopside, calcium magnesium borate and zeolite crystalline phases. In order to investigate
the effect of particle size on bone-like apatite formation ability of monticellite based
ceramic powders, ball-milling time was optimized and then, both wafers composed of
crushed SP-800°C-4h and ball-milled SP-800°C-4h for 2 h were soaked in Lac-SBF for
7 days. The increment of mass loss of wafers, the manner of pH alteration in Lac-SBFs,
the formation of thin layer on the surface of synthesized powders and the increasing of
phosphor content in wafers within the 7 days of immersion indicated the formation of
bone-like apatite layer ability of monticellite based ceramics powders. Also, the obtained
results showed that the particle size reduction accelerates the bioactivity mechanism of
monticellite based ceramic powders. Nevertheless, to proceed in vitro bioactivity test up
to 21 days is crucial for this ongoing study. In addition, the cytotoxicity of monticellite
based bioactive ceramic powder, synthesized at 800°C for 1h from boron derivative waste
during preliminary study of this thesis and composed of monticellite, akermanite,
diopside and calcium magnesium borate phases, on different mammalian cell lines
(3T3-L1, HUVEC, CRL-2120) was determined by in vitro assays of MTT, NRU and
JC-1 staining at the concentrations of 10, 50, 100, 200, 400, 500 and 800 pg/ mL.
The obtained results pointed out the biocompatible characteristic of monticellite based
ceramic powder at the concentration range of 10 - 200 pug/ mL. The comprehensive
in vitro studies based on the investigation of the effect of particle size on
the biocompatibility of monticellite based ceramic powder will be conducted to assess

its usage potential as a bone graft substitute for bone void filling and coating applications.
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