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Abstract

This work sought to establish whether starting particle size (SPS) is an important parameter
on the properties of hydroxyapatite (HAP) extracted from cattle bone (CB) waste material
by heat treatment, for biomedical applications, such as temperature and holding time. CB
was processed to obtain micron-sized particles of 50, 150, 250 and 350 um. The powders
were heated to a constant temperature and holding time of 900 °C and 3 h, respectively, to
enable their transformation into HAP. Evolved HAP was characterized using X-ray
diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX) and Fourier transform infrared spectroscopy (FTIR). Results indicated
that physico-chemical properties were very sensitive to SPS of CB. XRD results revealed
that crystallite size and degree of crystallinity of evolved HAP increased with greater SPS.
Based on EDX results, concentration of essential elements of Ca, P, O and C in HAP also
varied according to SPS increasing from 36.0 to 50.5 wt. % for Ca, decreasing from 13.7 to
9.9 wt. % for P, 36.2 t0 29.6 wt. % for O and 12.6 to 9.3 wt. % for C. FTIR spectra indicated
that concentration of functional groups is sensitive to SPS, with amounts of OH- and PO4*
increasing, while COs?" decreased with an increase in SPS. Thus, SPS is an important
parameter in evolution of HAP from CB waste via calcination process.
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Introduction®

Hydroxyapatite (HAP) is a very important bio-ceramic that is extensively used for
bone substitution and dental reconstruction. Its popularity in the above applications
stems from its similarity to major mineral constituents of human bone and teeth, and
its ease of forming chemical bonds with hard bone tissues [1]. Besides being used in

*The abbreviation list is in page 624.
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orthopaedics and dentistry, HAP is also employed in drug delivery and wound
dressing due to its biocompatibility and bioactivity. HAP is also applied in
nonmedical fields such as biosensing and water purification [2].

Due to the importance of HAP in biomedical applications, its production has been done
both synthetically and naturally from animal bones. Its extraction from organic sources
is preferred because natural HAP has essential trace elements found in bones such as Na,
Mag, Al, Fe, and minerals like CO3* which are beneficial for bone growth and supporting
biological functions [3-5]. Furthermore, extraction of HAP from natural sources is less
expensive, as raw materials are readily available. Naturally, HAP is extracted from
animal waste sources such as mammalian and fish bones [6-9], and shells [10, 11], and
synthetically from chemical species such as CaxP>04, Na,HPO and K,HPO.

Among several techniques used in preparing HAP from natural sources, such as
mechanochemical synthesis [12, 13], precipitation methods [14], microwave
processing [15], solid-state [16] and wet chemical procedures [17], calcination and
sintering method is popular [18-25]. Calcination involves heating natural bone
powders to high temperatures for certain time durations to enable elimination of
organic matter and evolution of HAP. Temperature and holding time are important
parameters that impact evolution of HAP from natural bone powders and its properties
[20]. Some of the properties of HAP affected by processing methods include evolved
crystallite size, crystallinity, Ca/P ratios, composition and surface area.

Currently, controlling the grain size of evolved HAP during processing is very
important because its size determines its effectiveness for specific applications [7, 26].
Evolved crystallite size and crystallinity of HAP have been found to affect its drug
loading capacity, drug release rate [27] and bio-resorption [28]. Besides improving
biological activities of HAP, reduction of grain size from micro to nano level
significantly improves bioactivity, biocompatibility and mechanical properties, such
as toughness and hardness [29, 30]. Processing methods are now being maneuvered
to obtain HAP with very small grain sizes for the obvious reason of harnessing the
advantage of small-grained materials.

This work sought to understand the effect of SPS on properties of HAP extracted from
cattle bone (CB) waste. To the best of the authors’ knowledge, there is no work that
has specifically considered the influence of SPS of CB waste material on evolved
crystallite size, Ca/P ratio, crystallography, compositional and morphological
properties of synthesized HAP using calcination method. The outcome of this work
contributes to adding to important parameters that influence evolution of HAP from
animal bone waste via calcination or heating treatment.

Furthermore, the successful outcome of this research promotes utilization of CB waste
for production of HAP, thereby repurposing waste materials for environmental
sustainability and contribution to the circular economy. Successful synthesis of high-
quality HAP from CB waste reduces reliance on synthetic or chemically derived HAP,
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lowering production costs and minimizing environmental impact [31]. This is
particularly significant as demand for bio-based materials in medical and dental fields
continues to rise.

Materials and methods

Materials

Materials used for preparation of HAP were: CB femur, which was sourced from an
abattoir at Ogige market, Nsukka, Nigeria; distilled water for washing and cleaning
bones; and acetone for de-fatting cleaned bones. Other materials were: pestle and
mortar for crushing CB into small pieces; grinding machine for pulverizing bones into
smaller particles; a sieve for separating particles into four particle sizes (50, 150, 250
and 300 um); and a muffle furnace for heat treatment of the bone powder.

Methods

Preparation and calcination of CB particles

Sourced CB waste was boiled in water for 1 h, to enable easy defatting and removal
of impurities. This was followed by washing and rinsing bones several times in distilled
water, in order to remove meat, tendons, bone marrow and soft tissues. Washed CB
were soaked in acetone for 2 h, and washed again with distilled water several times to
remove invisible fat. The bones were then sun-dried for 4 weeks to evaporate adsorbed
moisture, and further dried in an oven at 2000 °C, for 1 h, to reduce absorbed water and
some organic matter. Dried cow bone was crushed into smaller pieces in a crusher,
followed by pulverization using a grinding machine and sieving to obtain particle sizes,
hereafter referred to as starting particle sizes (SPS) of CB material.

15 g each of sieved CB powder were measured out for calcination. In order to reduce
oxidation, measured powder was placed separately in a small ceramic container with
a lid sealed with clay material. Sealed ceramic containers were placed in a muffle
furnace, and heated at a rate of 10 °C per min, to a constant temperature of 900 °C,
and a constant holding time of 3 h. Calcined samples were then cooled slowly to room
temperature, followed by an evaluation of their physico-chemical properties.

Crystallographic, compositional and morphological characterization
Crystallographic composition of uncalcined and calcined bone particles was
determined using a Drywell Diffractometer (DW-XRD-2700A), China, operated at
45 kV and 40 mA, with a Cu-Ka (A= 1.54 A) in the range of 20 = 10°-70°, at a step
size of 0.02°. Degree of crystallinity (X.) was calculated using Eq. (1) as in [32], while
crystallite size (D) in nanometres was obtained employing Scherrer’s Eq. (2).

X (%) = 1 - (1)

I300
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where 115,300 is intensity of valley (hollow part) between peaks (112) and I3, is
intensity of the peak (300).

KA
o BcosO

2)

where K is constant for spherical crystallite, K is 0.89; B is full width at half maximum
of the peak (FWHM) in radians, A is diffraction wavelength (0.154059 nm or 1.54059)
and 0 is diffraction angle.

Functional groups present in uncalcined and calcined bone samples were confirmed
using a Nicolet spectrometer (Magna-IR 560), USA, in the range from 4000 to 400
cm’!. Morphology of uncalcined and calcined bone samples was examined using SEM
(VEGA3 TESCAN), Czech Republic, and equipped EDX, which enabled
determination of elemental composition of the samples.

Results and discussion

Crystallographic analysis of uncalcined and calcined CB samples

XRD patterns of the uncalcined sample and samples calcined at a constant
temperature of 900 °C and a holding time of 3 h, compared to standard HAP (JCPDS:
00-009-0432), are shown in Fig. 1.
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Figure 1: Diffractograms of CB samples compared with standard HAP - (a) uncalcined
sample; (b) 50 p, (¢) 150 w, (d) 250 p and (e) 350 p CB calcined samples.

Major crystallographic (hkl) planes for HAP (002), (210), (211), (112), (022), (310),
(222) and (213) are identified in Fig. 1, where most intense is (211) plane. It can be
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observed that the uncalcined sample displayed an amorphous phase with low intensity
and a broader peak. This could be attributed to the significant presence of organic
matter such as collagen in the uncalcined bone. However, amorphous phase
disappeared at calcination temperature of 900 °C, indicating a complete removal of
organic matter present in the bone matrix at this temperature. This conforms with the
works of [33] and [2], which indicated that animal bone calcined at high temperatures
(= 700 °C) displays intense and sharp peaks, proving crystallinity and complete
removal of organic matter. It can also be observed from Fig. 1 and Table 1 that, as
peaks shift to the left, lower Bragg’s angle, or lower FWHM, evolved crystallite
increases according to Eq. (2). It is assumed that reduction in FWHM triggers
formation of HAP crystals, giving way to growth in crystallite sizes [34]. Shift in 20
degree might be attributed to removal of OH radicals due to de-hydroxylation of HAP
phase, which would cause a small degree of peak shifting in XRD finger prints [35].
Fig. 1 also shows the presence of identical phases in calcined samples that are similar
to phases found in standard HAP [2], proving evolution of HAP. It is noteworthy that
intensities varied among calcined samples with different SPS, and declined with a
decrease in SPS.

Degree of crystallinity and evolved crystallite size
It can be observed from Table 1 and Fig. 2 that SPS of the bone material has a direct
relationship with the degree of crystallinity and evolved crystallite size.

Table 1: Degree of crystallinity, FWHM and crystallite size of CB samples calcined at 900 °C/3 h.
SPS of CB samples Degree of crystallinity FWHM  Crystallite size D

(um) (%) © (nm)
50 66.9 0.283 31
150 85.8 0.220 42
250 86.0 0.189 51

350 88.6 0.177 56
Control/uncalcined CB diffuse - -

Degree of crystallinity and evolved crystallite size increased with larger SPS. It is also
noted that SPS of the bone material, degree of crystallinity and evolved crystallite size
have an inverse relationship with FWHM. Inverse relationship between FWHM and
degree of crystallinity has been observed by [36, 37]. The sample with greatest SPS
(350 um) had highest degree of crystallinity (88.6%), while the one with smallest SPS
(50 wm) had lowest degree of crystallinity (66.9%). It is noteworthy from this work
that SPS of the bone material influences crystallite size of evolved HAP and its
crystallinity, which suggests that obtaining small-grained HAP by calcination requires
small SPS of bone material [6, 38].
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It has been equally recognized that degree of crystallinity varies with evolved
crystallite size, both increasing with an increase in temperature [1]. In this work, a
large SPS of bone material favours emergence of bigger crystallites with high
crystallinity. In its turn, small SPS of bone material leads to the formation of smaller-
sized HAP that is less crystalline. Crystallite size increases with respect to temperature
due to the tendency of particles to crystallize and agglomerate at high temperatures
[35]. Hence, as evolved HAP sample becomes crystalline, crystal size increases. It has
been observed that, as a HAP sample becomes crystalline, crystal size increases [39].
Since calcination was done at a constant temperature and holding time, degree of
crystallization and agglomeration is assumed to be controlled by SPS of the bone
material. Large SPS will crystallize into big grains, while small SPS will crystallize
into reduced grains.
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Figure 2: SPS vs. degree of crystallinity and evolved crystallite size of calcined CB waste.

Both degree of crystallinity and crystallite size are important properties of evolved
HAP in medical applications, and both vary with SPS of the bone waste material.
While crystallite size of HAP affects its bioactivity, biocompatibility and drug release
[40], degree of crystallinity also affects drug’s loading capacity, release rate [27] and
bioresorption [28]. According to [27], while higher crystallinity could slow down drug
release rate, lower crystallinity could enhance its loading capacity. It has been equally
reported by [28] that high-crystalline HAP has very low or no activity towards bio-
resorption, which is an important requirement for formation of chemical bonding with
surrounding hard tissues. Crystalline HAP is more soluble in physiological
environments and more metabolically active than a fully developed crystalline HAP
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structure. Therefore, maneuvering crystallite size, degree of crystallinity and other
properties of evolved HAP will remain at the forefront of HAP production.

Elemental composition and Ca/P ratios of uncalcined and calcined samples
Elemental composition obtained by EDX analysis of uncalcined and calcined CB
samples with different SPS is shown in Fig. 3 and Table 2.

Figure 3: EDS results- (a) uncalcined sample, (b) 50 u, (¢) 150 p, (d) 250 p and (e) 350 u CB
calcined samples.

Table 2: Elemental composition and Ca/P ratio of uncalcined and samples calcined at 900 °C/3h.

SPS of CB samples Elemental composition
(nwm) (Wt.%)
Ca P [8) C Na Mg Ca/P ratio

50 36.0 13.7 362 126 0.7 0.6 2.28
150 353 15.5 402 75 1.0 0.6 2.63
250 38.4 14.1 30,6 148 1.1 0.9 2.72
350 50.5 9.9 29.6 93 0.6 0.6 5.43
Uncalcined CB 19.9 9.3 358 342 0.7 - 2.14
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Table 2 shows significant presence of Ca, O, P and C in both uncalcined and calcined
bone samples. Only two trace elements, Na and Mg, were detected in crystal lattice.
C and O abound in raw samples, which is not unexpected, as they are main
constituents of collagen (a protein), a significant organic matter in bones. O and C
contents, which were 35.8 and 34.2 wt. % in the raw sample, decreased to 29.6 and
9.3% in 350 um SPS sample, respectively. This might be attributed to the fact that
calcination process expels organic substances from animal bones and as such,
elements associated with organic matter will be reduced in the crystal lattice of the
samples after calcination [2, 41], leaving behind mineral phase of bone (HAP).
However, this reduction in O and C appears to be dependent on SPS, as it is the major
parameter, because calcination was carried out at a fixed temperature and holding
time. Reduction in O and C could be attributed to the fact that finer particles generally
lead to faster reaction rates, and these cause more complete combustion and
decomposition of the organic matrix and diffusion of gaseous products such as CO-
out of CB material during calcination [42]. SPS has been shown to have a meaningful
impact on C and O isotope composition of bone HAP [43].

Ca and P in raw samples increased from 19.9to 50.5% and 9.3 to 9.9% in 350 um SPS
sample. Both increases follow decrease in C and O at a calcination temperature of 900 °C,
and are SPS dependent, though not directly proportional to its increase. The observed trend
of increased Ca and P levels in calcined samples aligned with a decrease in C and O
contents. This phenomenon is attributed to the higher surface areas of smaller grain sizes,
facilitating efficient reactions and escape of organic matter. Consequently, this process
results in higher concentrations of Ca and P.

Calculated Ca/P ratios of both uncalcined and calcined CB samples calcined at 900 °C,
for 3 h, with varying SPS, are also presented in Table 2 and plotted in Fig. 4.

Ca/P ratios deviate from theoretical value of 1.67 for pure stoichiometric HAP [2].
However, it has been noted that natural HAP exhibits a Ca/P ratio higher than 1.67
[44, 45].

Ca/P ratio of calcined samples is higher than as-received CB, and fluctuates between
2.28 and 5.43, increasing with larger SPS. Since Ca/P ratio decreases with reduced
SPS, it is expected that processing (grinding and sieving) to obtain small SPS will
lead to a Ca/P ratio closer to that of standard HAP. High Ca/P ratio (5.43) exhibited
by 350 p starting bone material, as shown in Table 2 and Fig. 4, could not be explained
at this stage. However, many factors have been identified that could lead to a
fluctuation of Ca/P ratio from theoretical value, which include calcination conditions
such as holding temperature, time and atmosphere of calcination process; presence of
ions such as Ca*", PO+* and OH™ in natural bone tissues; and their intensity, which
may vary depending on the nutrition and diet of the source animal [45].
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Figure 4: SPS vs. Ca/P ratio of calcined CB waste.

SEM analysis of uncalcined and calcined CB powder samples
Images of uncalcined and calcined CB powders obtained with SEM are shown in Fig. 5.

Figure 5: Morphology of calcined CB powders- (a) uncalcined sample, (b) 50 u, (¢) 150 p,
(d) =250 pn and (e) 350 p CB samples.
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Microstructures of the uncalcined sample (Fig. 5a) appear to be dark and dense due to
the presence of organic material in CB matrix. Morphologies of calcined samples
varied with an increase in SPS, forming a porous network that decreased with larger
SPS. The bone material having smallest SPS (50 um) appears to have most porous
and agglomerated structure. Morphology of bone material having SPS of 150 um (Fig.
5b) is irregular with enlarged pores, which could be ascribed to pore coalescence due
to fast volatile release during calcination. 150 p CB contained highest amount of O
and lowest amount of C after calcination, suggesting incomplete decomposition of
organic material therein, which leads to the formation of enlarged voids and leaves
behind a grey microstructure [46].

It could be observed that porosity decreased and the structure became finer with an
increase in SPS (Figs. 5 (c)—(e)). High porosity of 50 p SPS bone material could be
attributed to the reactivity of its small size caused by its large surface area, leading to
easier removal of organic matter which left behind pores in the bone matrix after
calcination at 900 °C. Thus, pores were reduced in samples with bigger SPS (Figs. 5
(c)—(e)), due to their lower reactivity.

Fourier transform infra-red spectroscopy
FTIR spectra of the uncalcined sample and samples having different SPS and calcined
at 900 °C, for 3 h, are shown in Fig. 6.
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Figure 6: FTIR of - (a) uncalcined sample, (b) 50 p, (¢) 150 p, (d) =250 p and (e) 350 n CB
samples.

Transmittance (%)

Sharp peak at 3143.3 cm™ is indicative of a lower concentration of OH" group in
uncalcined sample. A strong presence of CO3? group in uncalcined sample is seen at
2870.5,1865.1, 1711.6, 1453.1 and 796.4 cm™!, while that of PO4* group is at 1027.6
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and 642.9 cm The band at frequency numbers from 1628 to 1412 cm™! has been
ascribed to asymmetric stretching vibration for CO3? [6].

Calcination at a temperature of 900 °C for 3 h made OH™ bands in calcined samples
broader, signifying a greater presence of OH™ group. Increase in concentration of OH™
group may be attributed to hydroxylation process that introduces OH" functional group
into crystal structure of evolved HAP [47], and is dependent on SPS of the bone
material. Increase in concentration (decrease in transmittance) of OH™ group can be
attributed to removal of organic material (C-O-bearing components) because of high-
temperature treatment [47].

COs*> and PO4* groups identified in uncalcined samples also decreased in
concentration after calcination at 900 °C for 3 h. Robust absorption bands (low
transmittance) identified at approximately 1027.6 and 642.9 cm™ in calcined samples
correspond to stretching vibrations of PO+*~ in HAP, affirming the strong presence of
PO.* groups in calcined bone sample. PO4* group is more concentrated in calcined
samples than in uncalcined ones, which supports observed increase in P content in
EDX result of calcined samples with larger SPS. Reduction in concentration of COs?
group equally supports observed decrease in C content in EDX result of calcined
sample with an increase in SPS.

Conclusion

This work sought to establish whether SPS is an important processing parameter on
evolution of HAP from CB waste powder subjected to calcination, by considering its
effect on physico-chemical properties of evolved HAP. Physico-chemical properties
considered included degree of crystallinity, evolved crystallite size, C-to-P ratio,
concentration of essential elements and functional groups, all of which determine
suitability of HAP for biomedical applications. CB waste material was processed to
obtain particles of 50, 150, 250 and 350 wm, which were heated to a constant
temperature and holding time of 900 °C, for 3 h, to enable their transformation into
HAP. Evolved HAP was characterized to determine physico-chemical properties.
XRD results revealed diffraction patterns that were characteristic peaks of HAP.
Degree of crystallinity of HAP increased with greater SPS, and bone material, having
highest SPS (350 um), was the most crystalline. Evolved crystallite sizes were also
sensitive to SPS, increasing with larger SPS and decreasing with smaller on. This
suggests that both crystallinity and evolved crystallite size of HAP could be
manoeuvered with SPS of the bone material. Evolved crystallite size and crystallinity
are essential physical properties of HAP that affect its drug’s loading capacity, release
rate and bio-resorption.

Based on EDX results, essential elements in HAP, such as Ca, P, O and C, also varied
according to particle size, with Ca increasing with larger SPS. P, O and C decreased
with an increase in SPS. Variation in concentration of essential elements affects Ca/P
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ratio, another important quality of HAP intended for biomedical application. Although
Ca/P ratio of calcined samples deviated from theoretical value of 1.67 for pure
stoichiometric HAP, it decreased with reduced SPS. This suggests that processing
(grinding and sieving) to obtain SPS could lead to a Ca/P ratio closer to that of
standard HAP.

FTIR spectra indicated the presence of characteristic vibrational bands of OH-, PO4*",
and COs*" groups associated with HAP. However, concentration of functional groups
is sensitive to SPS, with concentrations of OH- and PO+*" groups increasing, while
those of COs*™ group decreased with larger SPS of bone waste material.

This work has clearly demonstrated that SPS is an important processing parameter
that affects physico-chemical properties of HAP extracted from CB waste, such as
temperature and holding time. However, further work is required to optimize effects
of SPS, temperature and holding time, to yield the best combination of these properties
for biomedical applications.
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