Chapter 7

Strengthening bio-circularity by
reinforcing waste-derived Triphasic
calcium phosphate to fabricate Alumina
toughened Zirconia biocomposite with

enhanced bioactivity
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7.1 Introduction

The current socioeconomic conditions of the developing world have presented significant
challenges, such as ensuring food security, maintaining water quality and availability,
mitigating global warming, managing limited energy resources, and promoting
environmental conservation [1]. Unfortunately, many of the proposed solutions to these
challenges can create further obstacles. For instance, food waste is a persistent issue that
affects both food security and economic prosperity. One such source of food waste is
animal waste bone (AWB), with estimations suggesting a staggering annual contribution
of approximately 20 million metric tons globally [2]. This surplus stems from a diverse
array of sources, such as slaughterhouses, eateries, and even everyday households.
Efficiently handling this waste presents a formidable obstacle as it carries the risk of
infectious disease transmission, compounded by the unpleasant odor accompanying direct
ground disposal [3]. Furthermore, the improper disposal of such waste onto agriculturally
productive and fertile land can lead to soil contamination and the impairment of land
fertility [4]. Improperly managing the disposal of animal bone waste originating from
restaurants and slaughterhouses not only incurs additional costs in terms of capital and
resources for appropriate disposal [5] but also results in potential revenue loss. Conversely,
harnessing the potential of these by-products in a resourceful manner can yield substantial
economic benefits for a nation. Failing to address this waste mismanagement not only
undermines environmental conservation but also hampers the pursuit of sustainable

development goals.

In addition to traditional approaches, there is a growing interest in exploring
alternative solutions that not only address these pressing issues but also generate economic
benefits while minimizing waste [6]. The circular economy, or more specifically, the

bioeconomy, has emerged as a promising approach advocated by global experts to tackle
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these complex and interconnected problems [7]. The paradigm of biocircularity represents
a holistic approach to the sustainable production of renewable biological materials,
prioritizing their extended usage, optimal reuse, and recycling [8]. Researchers have delved
into the exploration of animal waste bone (AWB) for diverse applications, capitalizing on
its inherent composition, particularly hydroxyapatite (HAp). Simple transformation
processes enable the conversion of HAp into tricalcium phosphate (TCP) [9]. The catalytic,
thermal, and chemical stability exhibited by HAp make it an attractive candidate for
biodiesel production [10-12]. AWB derived from different animal species possess varying
elemental compositions, resulting in different catalytic properties. For instance, Khan et al.
developed a low-cost biodiesel catalyst from ostrich waste bone. At the same time,
Chingakham et al. synthesized a heterogeneous catalyst for biodiesel transesterification by
calcining and hydrothermal reaction of AWB [13,14]. In a similar vein, Prabu et al.
undertook the synthesis of a magnetic absorbent derived from lamb bone, showcasing its
efficacy in the removal of heavy metals from aqueous solutions [15]. Amiri et al., on the
other hand, harnessed ostrich waste bone to effectively eliminate cobalt from wastewater
and activate peroxymonosulfate for dye degradation [16]. The versatility of AWB extends
to its composition, as it serves as a rich source of essential amino acids, minerals, and
vitamin B12, making it a suitable candidate for the preparation of animal feed products
[17]. Moreover, Gendy et al. successfully synthesized a green nano-bio-catalyst,
fluorapatite, from waste bone for the purpose of purifying wastewater generated by the

petroleum industry [18].

However, the most profound AWB utilization comes from biomaterial production
due to abundance of hydroxyapatite content [19]. Hydroxyapatite (HAp) is a critically
important bioactive material found abundantly in natural hard tissues, such as bones and

teeth, constituting approximately 70% of their structure [20]. Its remarkable
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biocompatibility and bioactivity make HAp the most suitable ceramic material for
prosthetic applications, including artificial bones and teeth [21-24]. Non-stoichiometric
hydroxyapatite, obtained from diverse sources such as fish, bovine bones, eggshells, and
chicken bones, has exhibited remarkable biological characteristics surpassing those
achieved through synthetic means [25]. This superiority can be attributed to the presence
of essential ions like Cl, F, K, Mg, Na, SO4 and Sr, which contribute to advantageous
properties facilitating accelerated bone regeneration [26]. Among these minor elements,
magnesium (Mg) is present at a higher concentration, contributing to the formation of the
Whitlockite phase [27,28]. The inorganic component of human bone consists
predominantly of hydroxyapatite, with a secondary presence of whitlockite, in a ratio of
3:1 [29]. Heat treatment of animal bones can produce a composite material called
HAp/TCP/Whitlockite, which possesses excellent biocompatibility, bioactivity, and
osteoconduction properties [30]. However, high-temperature treatment induces the
transformation of B-TCP into a-TCP, which is a less biocompatible material compared to
B-TCP [31]. Nonetheless, in the presence of magnesium, the sintering process of TCP
phases allows for higher densification. Furthermore, the presence of magnesium during the
cooling process leads to a reversible transition from P to a, indicating that Mg?* promotes
the kinetics of a to B conversion upon cooling or slows down the kinetics of the B to a
transition upon heating, thereby increasing the time required to reach equilibrium [32].
Emerging research has highlighted the enhanced bone healing potential of composite
materials composed of hydroxyapatite combined with other calcium phosphate phases.
These mixtures, specifically biphasic or biphasic/triphasic materials, have been shown to
outperform single-phase materials in addressing defect areas and promoting effective bone

regeneration [33,34].
Despite the advantages of calcium phosphate-based biocomposite, their
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degradation caused by rapid revascularization has been observed, resulting in weakened
pore structures that are unsuitable for load-bearing applications [35]. Consequently, the
development of mechanically robust scaffolds based on calcium phosphate is of utmost
importance in order to replicate the properties exhibited by natural bone [36]. To achieve
this, the mechanical properties, particularly the strength and fracture toughness, of such
composites need improvement. One such approach is the intrusion of either high-strength
material into Calcium phosphate composites or doping of calcium phosphate into high-
strength composites. Ceramic materials such as zirconia and alumina have emerged as
excellent biomaterials, overcoming the limitations of calcium phosphate with their higher
strength and improved mechanical properties [37,38]. Alumina exhibits excellent
biocompatibility and mechanical strength, making it suitable for load-bearing implants and
orthopedic devices. However, its brittleness can be a disadvantage, potentially leading to
fractures under high stress [39]. Zirconia, on the other hand, demonstrates exceptional
biocompatibility, mechanical properties, and resistance to wear and corrosion. Both
alumina and zirconia have certain drawbacks: alumina is hard to machine and prone to
brittleness, while zirconia can be difficult to sinter and undergoes a phase transformation
at high temperatures, causing weakness [40]. To address these limitations, alumina
toughened zirconia (ATZ) has been developed as a composite material. ATZ combines the
properties of alumina and zirconia by dispersing alumina particles in a zirconia matrix. This
composite enhances resistance to crack propagation, reducing the risk of catastrophic
failure. ATZ offers improved toughness and reliability compared to pure alumina or
zirconia [41]. Consequently, ATZ has gained popularity in biomedical applications,
including dental crowns, bridges, implants, artificial joints, and bone plates, where higher

toughness and reliability are required [42-43].

The objective of the present research is to advance the principles of biocircularity
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in biomaterial production by incorporating waste-derived calcium phosphate phases into
an alumina toughened zirconia (ATZ) composite, resulting in the development of a
HAp/TCP/Wk-ATZ biocomposite. This fabricated composite is designed to possess
improved bioactivity while maintaining its mechanical properties. By incorporating animal
waste bone (AWB) into the ATZ composite, the bioactivity of the material can be
enhanced, promoting stronger bonds with surrounding bone tissues. HAp/TCP/Wk, which
constitutes the primary inorganic component of natural bone, exhibits exceptional
bioactivity, fostering the formation of a bioactive interface with adjacent bone tissue. This
facilitates superior osseointegration, bolstering the long-term stability and performance of
the implant. Additionally, the utilization of waste-based dopants and cost-effective
materials like alumina provides an avenue for fabricating a low-cost zirconia-based

biocomposite with enhanced bioactivity.

7.2 Materials and Methodology

7.2.1 Raw materials

The basic raw materials used to fabricate AWB-doped ATZ bio-composites are Zirconia,
Alumina, and animal waste bone (AWB). Zirconia powder with an average grain size of
20 nm was purchased from Merck (Germany). The high-purity alumina powder used in this
study was obtained from ALCOA ACC, CT 3000SG, located in Mumbai, Maharashtra,
India. ATZ powder was prepared by mixing alumina and zirconia in a weight ratio of
Alumina: Zirconia: 4:1 and then kept for pot milling for 24 hours. The AWB used in the
study was sourced from leftover bone waste obtained from restaurants and butcher shops.
To ensure the removal of unwanted substances like bone marrow and spices, the waste bone
underwent a thorough washing process employing deionized water. Subsequently, the
washed bone was subjected to a two-hour degreasing process by boiling it with common

salt. After degreasing, the bone was dried, and it was crushed in an oven and grinder,
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respectively. The bone powder was then thermally treated at a temperature of 1000°C and
milled using a rotary mill equipped with iron blades. The resulting powder was sieved to

obtain particles smaller than 150 pm using appropriate sieves.
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Figure .7.1. AWB Processing way step by step.

7.2.2 Fabrication of AWB-ATZ Biocomposite

The fabrication of AWB-ATZ composite involves preparing various composition mixtures
of AWB in ATZ with varying AWB wt%. Four composition mixtures were prepared by
varying AWB wt% (5, 10, 15, 20). Up to 20 wt % of AWB is incorporated into ATZ. This
mixture composition is further added with a suitable binder (Sucrose solution with Sucrose:
Distilled Water::1:1), and then rectangular samples of size 40 by 10 by 10 were prepared
using a Hydraulic press with a 10-ton load. These samples are then kept for thermal

treatment at temperatures 1400°C and 1500°C.
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Figure.7.2. Fabrication of AWB-ATZ processing sequence.

7.2.3 Characterization Technique

The apparent porosity of the sintered AWB-ATZ biocomposite was determined using the
water immersion technique, which is based on Archimedes' principle. Fourier Transform
Infrared (FTIR) spectroscopy was used to identify the functional groups and phases existing
in the sintered samples. This characterization was conducted using a BRUKER
(Yokohama, Kanagawa, Japan) TENSOR 27-3772 instrument. X-ray diffraction (XRD)
analysis was also performed to examine the crystalline phases present in the samples.
Surface morphology of the developed AWB-ATZ biocomposite was studied using
Scanning Electron Microscopy (SEM) with an FEI Inspect S30 (Sweden) instrument. At
the same time, High-Resolution Transmission Electron Microscopy (HRTEM) analysis
was conducted using an FEI TECNAI G2-20 TWIN (Eindhoven, Netherlands) instrument
to obtain detailed images of the material's structure at high resolution. Energy Dispersive
X-ray spectroscopy (EDS) was employed to determine the elemental compositions of all
the samples. The bioactivity of the doped and undoped samples was evaluated by
immersing the materials in a modified simulated body fluid (1.5xSBF). The 1.5xSBF was

prepared with an ion concentration 1.5 times higher than that of standard simulated body
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fluid (SBF), as proposed by Kokubo and Takadama. The pH of the 1.5xSBF was adjusted

to 7.4 using HCI and Tris-hydroxymethyl-aminomethane. Each sample was immersed in

40 ml of 1.5xSBF and maintained at a constant temperature of 36.5°C for 2 and 4 weeks.

The bioactivity of the samples was assessed by observing the presence of a layer with a

typical Ca/P ratio of apatite-like forms using SEM and EDS analysis.

7.3 Results and Discussion

Table. 7.1. XRF analysis of AWB powder.

S.NO. COMPOUNDS Wt %
1 Si0s (%) 1.97
2 TiO, ND

3 Al203 0.58
4 MnO ND

5 Fe,0s3 0.06
6 CaO 56.33
7 MgO 1.35
8 Na,O 1.22
9 K>0O 0.22
10 P>20s 37.32
11 V205 ND
12 Cr203 ND
13 CuO ND
14 ZnO 0.02
15 V4(0}} ND
16 BaO ND
17 H,O 0.50
18 Total 99.57

7.3.1 Characterization of raw AWB

Various characterization techniques have been employed to study the raw materials'

physicochemical characteristics for preparing bio-composites. The XRF analysis of powder
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obtained after physical, chemical, and mechanical treatment of AWB reveals that AWB
powder primarily consists of oxides of Calcium and phosphorus, with a lesser amount of
magnesium oxides (Table 7.1). Additionally, X-ray diffraction (XRD) analysis confirmed
the presence of calcium and phosphorus elements in the raw AWB by identifying the
existence of monocrystalline apatite in the bone matrix, and the diffraction peaks matched
the characteristic pattern of hydroxyapatite (HAp) (JCPDS No. 72-1243). The presence of
wide and short diffraction peaks indicates the low crystallinity and small grain size of HAp
(Fig. 7.3 (a)). The thermal degradation behavior of AWB was investigated using
thermogravimetric analysis (TGA), and the results are depicted in Figure 7.3 (b). The
degradation process of AWB can be observed to occur in three distinct stages. Initially,
there is the evaporation of entrapped water, which takes place between room temperature
and 150°C. Subsequently, the organic material, primarily collagen, undergoes
decomposition in the temperature range of 200°C to 600°C. Finally, in the temperature
range of 600°C to 1000°C, the structural carbonate decomposes, resulting in the release of
carbon dioxide. Approximately 35% of the total weight loss was observed during the
degradation process, with the remaining 65% comprising burnt-out residue. Similar
findings were also reported by Mayank et al. [2]. These observations indicate that all the

organic constituents of the raw bone are eliminated during the heat treatment process.
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Figure. 7.3. (a)- XRD of raw AWB, (b)- TGA of raw AWB.

7.3.2 Characterizations of developed AWB-ATZ biocomposite

The X-ray diffraction (XRD) patterns were used to determine the presence of different
phases and their conversion in the composite (ATZ-AWB) resulting from the addition of
AWB and high-temperature sintering. XRD analysis of pure ZTA samples sintered at
1400°C and 1500°C revealed the presence of zirconia and alumina in various phases (Fig.
7.3 and 7.4). Zirconia was predominantly found in the tetragonal form, along with some
monoclinic phases, while alumina existed as o-Alumina due to the high-temperature
sintering process. The tetragonal phase of ZrO> was more prominent, with weaker peaks
originating from the monoclinic phase of ZrO>. The coexistence of both monoclinic and
tetragonal phases is attributed to the partial conversion of monoclinic ZrO: to tetragonal
ZrO; facilitated by the presence of 3 mol% yttria. These findings align with previously
reported results. On the other hand, sintering pure AWB samples at temperatures of 1400°C
and 1500°C revealed the presence of Hydroxyapatite (HAp), Tricalcium phosphate (TCP),
and Whitlockite (Wk) phases. At higher sintering temperatures, HAp underwent
decomposition and transformed into the B-TCP phase. Additionally, B-TCP also

transformed, forming the high-temperature phase of TCP known as a-TCP. At both
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sintering temperatures, all three phases (HAP, B-TCP, and o-TCP) are significant,
indicating incomplete formation of HAP to B-TCP and B-TCP to a-TCP. The
decomposition of HAP is relatively consistent with increasing sintering temperature, while
the conversion of B-TCP to a-TCP becomes more pronounced, resulting in higher a-TCP
content. Additionally, Whitlockite, a form of calcium phosphate that forms in the presence
of magnesium ions, is present. Since animal bone was used as a substitute for HAp doping,
the minor amount of magnesium present in the raw bone leads to the transformation of

Whitlockite along with B-TCP from HAp during high-temperature sintering.

167



Table. 7.2 Semiquantitative Analysis (%) of AWB-ATZ biocomposite using XpertHigh Score.

S. No. Hydroxya p-TCP a-TCP  Whitlockit o- m- t-Z10, c- Calciu  Calciu
patite e (Wk) Alumina 710, 7Zr0, m m
(HAp) Zirconi  Zirconi

um um
Oxide  Oxide

Formula Cao(POs)s  Ca3(POy) Cas(P Ca;sMg,H Al203 7ZrO, Zr0, ZrO, CagsZ CaZrO

(OH), 2 04): 2(PO4)14 oss01s 3
5

Reference Code  74-0566 70-2065  70- 70-2064 71-1683  83- 79- 81- 26- 75-

(JCPD no.) 0365 0944 1763 1550 0341 0358

Crystal Hexagonal Rhombo  Monoc Rhombohe Rhombo  Monoc Tetrag  Cubic Cubic Cubic

Structure hedral linic dral hedral linic onal

AWB-1400°C 41 35 13 12

AWB-1500°C 41 38 16 5

ATZ-1400°C 22 38 40

ATZ-1500°C 20 40 40

ATZ-AWB-5%- 1 2 1 1 19 39 37

1400°C

ATZ-AWB-5%- 1 2 1 1 20 38 37

1500°C

ATZ-AWB- 2 4 2 2 21 27 34 5 3

10%-1400°C

ATZ-AWB- 2 4 2 2 20 24 35 5 6

10%-1500°C

ATZ-AWB- 4 5 3 3 20 20 33 5 5 2

15%-1400°C

ATZ-AWB- 4 5 3 3 20 19 34 5 4 3

15%-1500°C

ATZ-AWB- 5 6 5 4 20 17 27 6 7 3

20%-1400°C

ATZ-AWB- 5 6 5 4 20 13 26 7 11 3

20%-1500°C

When ATZ samples are doped with AWB-derived HAp powders and sintered at higher

temperatures, the dominant phases are zirconia due to the higher zirconia content (more

than 64 wt%). The second most abundant phase is a-Alumina (more than 16 wt%), while

the peaks of HAp, TCP, and Whitlockite are relatively smaller due to their lower abundance

in the composite. Interestingly, the appearance of cubic-zirconia, a third phase of Zirconia,

is also observed when ATZ is doped with AWB and sintered at 1400°C. This can be

attributed to the reaction between ZrO> and HAp, leading to the decomposition of HAp into

TCP and Calcium oxide (CaO). The excess CaO dissolves completely in the ZrO> phases,
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transforming them into tetragonal and cubic phases. The decomposition of AWB in the
presence of Zirconia at higher temperatures also results in the formation of stoichiometric
and non-stoichiometric forms of CaZrOs. These forms are more evident at higher AWB
concentrations, preferably greater than 15 wt%, and higher sintering temperatures
(1500°C). The formation of CaZrO3 may be attributed to the reaction of Zirconia with the
remaining CaO, which was present after the intrusion into Zirconia and its transformation
into cubic and tetragonal forms. High-temperature sintering promotes the formation of
CaZrOs. In addition to a-Alumina and Zirconia phases (m, t, ¢-ZrO>), the presence of
Calcium phosphate in the forms of HAP, TCP (B-TCP and a-TCP), and Whitlockite is also
evident. The content of these Calcium phosphate forms increases with an increase in the
weight percentage of AWB in the ATZ composite. High-temperature sintering, specifically
from 1400°C to 1500°C, enhances the a-TCP and CaZrO3 content [44,45]. Xpert high score
software quantifies phase formation in AWB-doped ATZ samples after sintering (Table

7.2).
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Figure. 7.4. XRD pattern of AWB-ATZ biocomposite sintered at 1400°C.
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Figure. 7.5. XRD pattern of AWB-ATZ biocomposite sintered at 1500°C.

170




ATZ 1500°C

ATZ_AWB _20% 1400°C

ATZ 1400°C

3700

g ; 460 :iif
4000 3500 3000 2500 2000 1500 1000 500

Figure. 7.6. FTIR pattern of AWB-ATZ biocomposite sintered at 1400°C and 1500°C.

The FTIR results were analyzed to confirm the coexistence of triphasic calcium
phosphate (HAp, TCP, and Wk) with ATZ. The FTIR peaks for pure ATZ samples sintered
at 1400°C and 1500°C are shown in Figure 7.6, clearly indicating the presence of zirconia
and alumina in the composite. In the FTIR spectra, absorption bands in the range of 1600-
1650 cm™! and 3000-3700 cm™" were observed, which can be assigned to the O-H vibration
mode. These bands correspond to the bending and stretching vibrations of the O-H bond
due to absorbed water. The absorption peaks at 460 cm™! and 540 cm™! are attributed to the
stretching vibrational modes of Zr-O and Zr-O-Zr, respectively. Similarly, the bands
around 450 cm™!' and 525 cm™! are associated with the stretching vibrations of Al-O bonds.
The broad absorption in the range of 950-1200 cm™ indicates the formation of Al-O-Al
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bonds. Specific peaks related to alumina are observed at 1400 cm™!, 1034 cm™, and 563
cm™!. With the addition of AWB, additional peaks appear in conjunction with alumina and
zirconia. Figure 4 depict the FTIR spectra of AWB-doped ATZ samples sintered at 1400°C
and 1500°C. A peak at 1029 cm™! represents the v3 phosphate group (PO4>"). Peaks at 963
cm™!' and 606 cm™! can be attributed to the stretching vibration (v1) and bending vibration
(v4) of the O-P-O bond in the phosphate (PO4>") group. The asymmetric stretching band of
the (PO4>") group can be observed at 1120 cm™'. These peaks are characteristic of various
calcium phosphate structures, thus confirming the presence of HAp and TCP. The peak at
872 cm™! corresponds to the HPO42~ group, confirming the existence of Wk [46-48]. The
simultaneous presence of HAp, TCP, and Wk makes it challenging to distinguish individual

peaks corresponding to a specific phase.

7.3.3 Microstructural characterizations of Animal Waste Bone-Alumina toughened

zirconia (AWB-ATZ) biocomposite

Further, to have a better understanding of the structure of fabricated ATZ and AWB-doped
ATZ biocomposite, microstructural analysis using HR-TEM and SEM is done. Fig.7.7 (a)
shows an SEM image of ATZ sintered at 1400°C, showing partially developed grains of
zirconia and alumina. The small and fine grains having the light color of Zirconia also
confirmed through EDX analysis, are uniformly distributed over the entire surface range.
The dark-coloured and large grains, approximately spherical in shape, are attributed to
Alumina, also confirmed through EDX analysis. Further, when the ATZ sample is treated
at 1500°C, the grains of both alumina and zirconia are fully developed, showing clear and
fine grain boundaries, as clearly visible in the SEM image (Fig. 7.7 (b)). Zirconia grains
are mostly spherical in shape, while alumina grains are distributed evenly and are
irregularly shaped. When ATZ is doped with AWB and sintered at 1400°C, no
interpretations can be drawn by visualizing SEM images (Fig. 7 .7c, d, ¢, f). However, a
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significant effect in grain shape, size, and distribution over the entire surface is seen for the
sample sintered at 1500°C, as evident from SEM images. The appearance of hexagonal and
rhombohedron shapes in SEM images with an increase in AWB content and sintering to
1500°C is an indication of the formation of HAp, TCP, and Whitlockite. The alumina and
zirconia grains remained unaltered and bore similar shapes, sizes, and patterns as undoped

ATZ grains.
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Figure. 7.7. Scanning Electron Microscope (SEM) of Animal Waste Bone-Alumina Toughened Zirconia
(AWB-ATZ) biocomposites sintered at 1400°C and 1500°C. Zirconia grains are mostly spherical, alumina
grains are distributed evenly, and are irregularly shaped. (a) shows an SEM image of ATZ sintered at 1400°C
(b) ATZ sample is treated at 1500°C (c) shows an SEM image of ATZ-AWB5% sintered at 1400°C (d) ATZ-
AWB-5% sample is treated at 1500°C (e) shows an SEM image of ATZ-AWB-10% sintered at 1400°C (f)
ATZ-AWB10% sample is treated at 1500°C
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Figure. 7.8 Scanning Electron Microscope (SEM) with Energy-Dispersive X-ray Spectroscopy (EDS) of
AWB-ATZ biocomposite sintered at 1500°C. The small and fine grains have the light color of Zirconia. The
dark-coloured and large grains, approximately spherical in shape, are attributed to Alumina, confirmed

through EDX analysis
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Further analysis using Energy-Dispersive X-ray Spectroscopy (EDS) was conducted to
investigate the elemental composition of AWB-ATZ composites, focusing on different
particle shapes and their correlation with Scanning Electron Microscopy (SEM) analysis.
The SEM images revealed the presence of small spherical particles, which were confirmed
to be composed of Zirconia based on EDS analysis, indicating the presence of Zirconia and
oxygen elements (fig. 7.8 (a)). Additionally, the larger irregular-shaped particles observed
in the SEM analysis were identified as Alumina, as evidenced by the presence of Al and O
atoms, thus supporting the SEM findings (fig. 7.8 (b)). The thombohedral-shaped particles
exhibited the presence of Mg, Ca, P, and O atoms, confirming the formation of the
Whitlockite phase within the AWB-ATZ biocomposite (fig. 7.8 (c)). Finally, the
hexagonal-shaped particle was determined to be either Hydroxyapatite (HAp) or
Tricalcium Phosphate (TCP) since only Ca, P, and O atoms were detected during the EDS
analysis (fig. 7.8 (d)). Overall, the EDS analysis provides strong evidence for the formation
of HAp/TCP, Whitlockite, Alumina, and Zirconia phases within the developed AWB-ATZ

biocomposite.

Figure. 7.9. Transmission electron microscope (TEM) of Alumina Toughened Zirconia-Animal Waste Bone

(ATZ-AWB) biocomposites sintered at 1500°C.
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Figure 7.9 presents high-resolution Transmission Electron Microscopy (TEM) images,
providing a more detailed description of the geometric forms and morphology of the
sample. The TEM micrograph reveals the presence of irregularly shaped crystals, which
can be attributed to the presence of alumina and zirconia. Notably, a higher magnification
TEM image exhibits a distinct hexagonal pattern, providing strong evidence for the
presence of Hydroxyapatite (HAp). To further support these findings, the interplanar
spacing of various crystals was determined using Image-J software on the HRTEM images.
The results align closely with the expected lattice spacing of specific crystal planes in t-
ZrOs, a-Al203, HAp, B-TCP, and Wk. Specifically, the measured interplanar spacing
values for the (101), (012), (101), (012), and (104) planes in these crystal structures were
found to be 2.95473, 3.47732, 5.25985, 8.13816, and 6.44415, respectively. These
observations provide further evidence for the presence and consistent characteristics of

Zirconia, Alumina, HAp, and TCP/Wk within the sample.

7.3.4 Bioactivity, pH Analysis, and Biocorrosion Tests

The effect of zirconia bio-composites on the pH of the simulated body fluid (SBF) solution
can be influenced by various factors, including the composition of the bio-composite, the
immersion time, and the initial pH of the SBF solution. Figure 8 illustrates the pH changes
of the sintered biocomposite samples during immersion in SBF for up to 28 days. The initial
pH of the SBF solution was maintained at 7.40 for all samples. In the case of undoped ATZ
biocomposite, the pH remains relatively unchanged due to the bio-inert nature of zirconia
and alumina. However, a slight decreasing trend in the pH value is observed over time,
which may be attributed to the release of aluminum ions into the SBF solution. The
presence of aluminum ions can lead to a decrease in pH due to the formation of aluminum
hydroxide. Moreover, ATZ samples sintered at higher temperatures exhibit a relatively

lesser decrease in pH value compared to those sintered at lower temperatures, indicating a
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lower release of aluminum ions. With the incorporation of HAp into ATZ, there is an
enhanced release of calcium and phosphate ions into the SBF solution, resulting in an
increase in pH due to the formation of calcium phosphate. Initially, at lower HAp
concentrations in ATZ, the rate of increase in pH value is slow due to the diffusion of
calcium ions from the HAp to the zirconia grains, which hinders the release of calcium
ions. Additionally, the formation of B-TCP (tricalcium phosphate) due to the decomposition
of HAp leads to a lower release of calcium and phosphate ions into the SBF solution,
resulting in a slower rate of pH increase. As the HAp concentration in ATZ increases, there
is a greater conversion of B-TCP, leading to improved release of calcium and phosphate
ions into the SBF solution and a higher rate of pH increase. However, after around 5 days
of immersion, the rate of pH increase due to the addition of HAp slows down. This can be
attributed to the formation of an apatite layer on the sample surface, which contains
phosphorus and calcium and hinders the further release of these ions, thereby decreasing
the rate of pH increase. Furthermore, as the immersion time continues to increase, the pH
of the SBF solution reaches a relatively constant level, indicating a steady state of ion

release and pH balance.

The surfaces of the composites underwent in vitro bioactivity tests to assess their
capacity to stimulate apatite formation. The composites were immersed in a simulated body
fluid (SBF) solution for a duration of up to two weeks. The morphology of the scaffold
surfaces underwent changes upon soaking in SBF. As early as the first week, apatite layers
were observed to form on all samples, with each scaffold surface exhibiting a certain degree
of white apatite deposition. After seven days of immersion, the pure ATZ composite
(sintered at 1300 °C) displayed minimal apatite crystal growth on its surface. Energy-
dispersive X-ray spectroscopy (EDX) analysis of these crystals confirmed the presence of

calcium (Ca), phosphorus (P), and oxygen (O) elements, thus verifying the formation of
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apatite. In contrast, the addition of AWB to ATZ resulted in densely populated apatite
crystal deposition, indicating enhanced nucleation and growth rates of apatite due to the
AWRB addition. Increasing the immersion time in SBF from 7 to 14 days led to an expected
increase in the size and quantity of the apatite layer. Notably, the growth of the apatite layer
was significantly higher in AWB-doped samples compared to pure ATZ samples. These
layers resembled a continuous arrangement of petal-like structures dispersed over the
surface of the Animal Waste Bone-Alumina toughened zirconia (ATZ-AWB) composite.
The apatite on the surface of ATZ composites appeared mostly as small-area fragments,

while the AWB-added ATZ exhibited continuous growth akin to densely populated petals.
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Figure. 7.10. pH variation of SBF solution after immersion of Animal Waste Bone-Alumina toughened
zirconia (AWB-ATZ) biocomposite.
Furthermore, SEM images revealed that AWB-doped samples exhibited greater bioactivity
compared to pure ATZ, with increasing AWB content in the ATZ-AWB composites
correlating to higher material bioactivity (Fig.7.10). This can be attributed primarily to the

formation of hydroxyapatite (HAp), tricalcium phosphate (TCP), and Whitlockite
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(Whitlockite) through AWB. When the ATZ-AWB composite was immersed in an SBF
solution, the calcium (Ca) and phosphate (PO4) ions in the solution interacted with the HAp,
TCP, and Whitlockite grains of the composite. The surface of HAp, TCP, and Whitlockite
readily dissolved, releasing Ca and POy ions into the solution. The high affinity of
hydroxyapatite for these ions facilitated their adsorption onto the material's surface. As
adsorbed Ca and PO4ions accumulated on the HAp, TCP, and Whitlockite surface, they
formed small clusters or nuclei, serving as the initial building blocks for forming an apatite
layer. These nuclei gradually grew and crystallized, resulting in the development of larger
apatite crystals on the hydroxyapatite surface. The continuous supply of Ca and PO4 ions
from the SBF solution drove the process of crystal growth, with these ions incorporated
into the growing crystals. Over time, the crystals grew and merged, forming a dense and
continuous layer of apatite on the surface of the ATZ-AWB composite. This newly formed
apatite layer closely resembled the mineral phase found in natural bone tissue. The presence
of dense apatite layers can enhance the properties of osteointegration and osteoconduction.
This bioactivity test confirms that the addition of AWB increases the bioactivity of the ATZ

composite through the formation of a triphasic composition of HAp, TCP, and Whitlockite.
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Figure. 7.11. SEM morphology shows the formation of an apatite layer on the surface of the Animal Waste

Bone-Alumina toughened zirconia (AWB-ATZ) biocomposite after immersion in an SBF solution. (a)
ATZ-AWBS5% sample is treated at 1400°C (b) ATZ-AWBS5% sample is treated at 1500°C (C) ATZ-
AWB10% sample is treated at 1400°C (b) ATZ-AWB10% sample is treated at 1500°C
The mass loss of each composite following immersion in SBF is also analyzed. The pure
ATZ composite exhibited minimal mass loss as the soaking time increased, with a slight
increase in mass observed after 14 days, corresponding to the deposition of apatite on the
ATZ composite during this period. In contrast, the AWB-doped composites displayed mass
loss upon soaking, with the degree of weight loss escalating in conjunction with both the
AWB content and soaking duration. Furthermore, the mass loss rate of Animal Waste
Bone-Alumina toughened zirconia (ATZ-AWB) composites exhibited rapid acceleration
within the initial 7 days, followed by a gradual deceleration. Corroborating this temporal
trend, surface morphology analysis of the composites during this period revealed relatively
limited apatite deposition. Consequently, the degradation rate of HAp, TCP, and
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Whitlockite exceeded the apatite generation rate, resulting in pronounced mass loss.
However, after a 14-day immersion period, a substantial amount of apatite had formed on
the composite surface, compensating for the loss incurred through partial mass degradation.
As a result, the mass loss rate diminished after 7 days. In summary, the composites
experienced degradation when subjected to SBF immersion, exhibiting greater mass loss
with increasing AWB content and soaking time. Nevertheless, the deposition of apatite

after 7 days served to offset a portion of the mass loss.

7.3.5 Physical and Mechanical Characterization of Animal Waste Bone-Alumina

toughened zirconia (ATZ-AWB) Biocomposite
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Figure. 7.12. Bulk Density and Apparent porosity variation of Alumina toughened zirconia-Animal Waste

Bone (ATZ-AWB) biocomposite with AWB content.
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The physical and mechanical characteristics of the ATZ biocomposite undergo significant
alterations by introducing triphasic calcium phosphate derived from AWB doping. Figure
7.12 illustrates the impact of AWB content on the bulk density and porosity of the
composite after sintering at distinct temperatures (1400°C and 1500°C). It is evident that
within the temperature range of 1400°C to 1500°C, the influence of AWB content on
apparent porosity is directly proportional. As the AWB weight percentage increases from
0 to 20 wt%, the apparent porosity rises from 3.5% to 18%. Conversely, an inverse
relationship is observed in the case of bulk density for samples sintered at the same
temperatures. The decrease in density caused by AWB addition can be explained by the
incorporation of lower-density HAp/TCP/Wk into the higher-density Zirconia-Alumina
composite, resulting in a reduction in density for the ATZ-AWB composite as the AWB
content increases. Another reason for the lower density could be attributed to a slower
consolidation rate of zirconia and alumina particles due to the addition of HAp, TCP, and
whitlockite, as evidenced by the apparent porosity graph, which displays an increasing
trend with increasing AWB content. The lower consolidation of particle mixtures can be
attributed to the distinct properties and sintering temperatures borne by each particle. The
mechanical properties of the ATZ-AWB composite exhibit a direct correlation with the
density and apparent porosity results. The introduction of AWB into ATZ significantly
impacts the mechanical properties of the ATZ-AWB composites. The flexural strength of
the composite undergoes a drastic decrease from 1000 MPa to 630 MPa as the AWB
content increases from 0% to 20% (Figure.7.13). This decrease in flexural strength follows
a linear trend. Samples sintered at higher temperatures display superior flexural strength
measurements for a specific AWB content. Similar to the trend observed in the flexural
data, the hardness value exhibits a similar pattern. The hardness of the ATZ-AWB

composite decreases from 9 GPa to 2 GPa as the AWB content increases from 0% to 20%
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(Fig.7.14). Samples sintered at higher temperatures demonstrate improved resistance to
indentation. The decrease in flexural and hardness values with increased AWB content can
be attributed to the lower mechanical properties exhibited by HAp/TCP/Wk. Although the
flexural and hardness values of the composite decrease with the addition of AWB, the
strength requirements for the ATZ-AWB composite, as indicated by the flexural and
hardness graph, remain within the acceptable range for load-bearing applications in
biomaterials. Therefore, the decrease in mechanical properties can be tolerated due to the
advantage of increased bioactivity provided by AWB addition, rendering the composite

suitable for bio applications.

7.4 Conclusion

In summary,

1. The bioactivity of a biocomposite based on ATZ has been significantly improved

by incorporating AWB as a dopant, reducing processing costs.

2. The abundance of calcium and phosphorus elements in AWB promotes the

formation of calcium phosphate phases within the composite.

3. A precise thermal treatment process is employed to consolidate the ATZ particles
and induce the formation of various calcium phosphate phases (HAp/TCP/Wk),
thereby enhancing the biocompatibility, osteoconduction, and osteointegration

properties of the ATZ composite.

4. Magnesium's small yet significant presence in AWB facilitates the conversion of

the Whitlockite phase, a primary constituent found in human bone.

5. The XRD results revealed that AWB converts to HAp, which partially decomposes
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11.

to TCP phases. With the increase in AWB concentration, these phases (HAp, TCP,
and Wk) are more evident with a small portion of CaZrO3, which comes out due to
a reaction between decomposed CaO from HAp and Zirconia. Transformation of
tetragonal Zirconia to cubic and tetragonal forms is also favored by HAp

decomposition.

The FTIR data also supports the XRD results, confirming the presence of triphasic
calcium phosphate in the form of HAp, TCP, and Wk, along with Alumina and

Zirconia phases.

In vitro proof-of-concept results have demonstrated that the incorporation of AWB
leads to an increased formation of an apatite layer, confirming the enhanced

bioactivity of the composite.

Including triphasic structures in HAp, TCP, and Whitlockite confers superior

biological properties to the biocomposite compared to a single-phase monolith.

This study reveals that AWB is a promising "waste-to-resource" raw material

suitable for bone graft substitutes in bone repair and regeneration.

Furthermore, the use of ATZ as the main matrix imparts sufficient mechanical
strength to the biocomposite for load-bearing applications. The AWB-ATZ
biocomposite exhibits bulk density, apparent porosity, hardness, and bending
strength within the ranges of 3.7-5.2 g/cm?, 3.6-17%, 2-9 GPa and 620-1000 MPa,

respectively.

In terms of bioactivity (due to the presence of triphasic calcium phosphate-

HAp/TCP/Wk) and cost-effectiveness, the present ATZ-AWB biocomposite
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surpasses zirconia-based biocomposites doped with synthetic materials.

12. Altogether, the utilization of AWB not only amplifies bioactivity but also curtails
the expenses associated with zirconia-based biomaterials, thus fortifying the

principles of biocircularity and bioeconomy through a truly sustainable approach.
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