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Abstract: Spinel-based hydroxyapatite composite (SHC) has been synthesized utilizing bovine bones
as the source of the hydroxyapatite (HAp) and beverage cans as the aluminum (Al) source. The bovine
bones were defatted and calcined in the air atmosphere to transform them into hydroxyapatite. The
beverage cans were cut and milled to obtain fine Al powder and then sieved to obtain three different
particle mesh size fractions: +100#, —140# + 170#, and —170#, or Al particle size of >150, 90-150, and
<90 um, respectively. The SHC was synthesized using the self-propagating intermediate-temperature
synthesis (SIS) method at 900 °C for 2 h with (HAp:M:MgB\tio of (87:10:3 wt.%) and various
compaction pressure of 100, 171, and 200 MPa. It was found that the mechanical properties of the
SHC are influenced by the Al particle size and the compaction pressure. Smaller particle size produces
the tendency of increasing the hardness and reducing the porosity of the composite. Meanwhile,
increasing compaction pressure produces a reduction of the SHC porosity. The increase in the
hardness is also observed by increasing the compaction pressure except for the smallest Al particle
size (<90 pm), where the hardness instead becomes smaller.

Keywords: hydroxyapatite composite; spinel; beverage cans; bovine bones
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1. Introduction

Hydroxyapatite is an important biomedical implant material. It is the natural bone’s
inorganic component [1], and has good osteoconductivity, biocompatibility, and bioactiv-
ity, thus making it easily incorporated into the bones [1-3]. However, the utilization of
chemically synthesized hydroxyapatite for hard tissue replacement is limited because it
is expensive, while a large quantity of material is required [3]. Furthermore, synthesized
hydroxyapatite has different physicochemical properties (such as strength and chemical
composition) than the natural one, leading to lower biological activity [4,5]. Therefore, ex-
tracting hydroxyapatites from biological materials has been considered to provide a cheaper
and up-scalable alternative synthesis route, and to obtain physicochemical properties as
close as those of the natural hydroxyapatite. Several biological materials have been re-
ported as the source of the hydroxyapatite, such as bovine bone [3,6], fish scale [4,7], snail
shell [2,5], and eggshell [9,10]. Bovine bone can be considered a biological waste that
needs to be recycled. Therefore, processing it into hydroxyapatite is economically and
environmentally beneficial.

To further improve the mechanical properties of hydroxyapatite, it can be synthe-
sized into a composite with metal/alloys [11-14], metal oxides [5,15-17], or polymer [1,18].
The composite of hydroxyapatite (SHC) with a single metal element such as in the Mg /HAp
system was considered to combine both advantages of biocompatibility and biodegrad-
ability in Mg and bioactivity in HAp [11,14]. Improvement of the mechanical properties,
such as hardness and compression strength, has been reported in the Mg/HAp composite
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compared to pure HAp [14]. However, the Mg/HAp system is more prone to corrosion
than the alloy matrix [11]. Therefore, the addition of other metals as an alloying compo-
nent was considered to improve the corrosion properties, such as in Mg-Sn/HAp [11] or
Mg-Ca/HAp [13]. Similarly, composite of HAp with metal oxides such as ZrO,, TiO,,
Al O; [5], or MgO [17] were considered as the reinforcement to improve the HAp's me-
chanical stability [5]. Furthermore, bio-inert material such as the Al;O3 poses no harmful
effect on the human body [5].

Several methods to incorporate metals and/or metal oxides into HAp to form a
composite have been reported, such as sol-gel [19], reactive spark plasma synthesis [20], stir-
assisted squeeze casting [11], and powder metallurgy [13,14]. In this study, the composite of
HAp with two metal components, Al and Mg, is reported using a novel approach by the self-
propagating intermediate-temperature synthesis (51S) method. The HAp source is provided
by the recycled bovine bone and the Al source is supplied from recycled beverage cans
which were reported to contain 93-97% of Al [21-23]. The metal components e prone to
oxidation due to the presence of oxygen in the environment during the heating process thus
leading to[je formation of a HAp-spinel (MgAlL,O,) based composite. The introduction of
Mg &P has been reported to improve the phase stability of HAp during sintering [16].
The effect of Al particle size and compaction pressure on the mechanical properties of the
composite is discussed.

2. Materials and Methods
2.1. Bovine Bones Treatment

Bovine bones (leg part) were used as the hydroxyapatite (HAp) source material and
were obtained from local markets in Jakarta, Indonesia. The bones were defatted by twice
boiling for 2 h, followed by washing under running water, then basking in the Sun for 8 h.
The ERd bones were then cut into smaller pieces of bones by a grinder and calcined at
850 °C for 2 h both in an inert and air atmosphere for comparison purposes. Afterward, the
air-calcined bones were disk milled for 20 s to obtain the HAp powder.

2.2. Aluminum Cans Treatment

Aluminum (Al) and magnesium (Mg) were used as the metal component in the
composite. In this study, the Al was provided from recyced beverage cans. The cans were
square cut to 1 x 1 em? then disk milled for 15 min with the on:off interval time of 1:2
(min /min), producing Al powder. [ts purity content was then characterized by the X-ray
fluorescence (XRE, 52 PUMA Bruker). The powder was then sieved with the sieve sizes of
100#, 140#, and 170# to obtain three different particle size fractions of +100%, —140# + 1704,
and —170#, respectively, or Al particle size of >150, 90-105, and <90 um, respectively.

2.3. Self-Propagating Intermediate-Temperature Synthesis (51S)

A mixture of HAp, Al, and Mg (Merck, 99% purity, particle size 60-300 pm, with
the majority at >150 pm, see Figure S1 in Supplementary Information) powders with the
ratio of (87:10:3 wt.%) was prepared using a shaker mill for 10 min. The mixture was
then pelleted with different compaction pressures of 100, 171, and 200 MPa. The nine
different compositions of pellets were prepared from the variation of Al particle §fges and
compaction pressures. Afterwards, each pellet was put in the SIS vessel which was then
heated at 900 °C for 2 h in an air atmosphere. The SIS vessel is specifically designed so that
when undergoing heat treatment in the furnace, the heat propagation can only come from
one specific surface instead of from all surfaces in the conventional heat treatment case.
In this way, the heat propagation and distribution in the sample became more controllable
and homogenous. More detailed information about the SIS method is presented in the
Supplementary Information (Figures 52-54, Table S1).




Crystals 2022,12, 96

Jofl12

3. Results and Discussions

The hydroxyapatite composite (SHC) synthesized in this study consists of hydroxyap-
atite (HAp), aluminum (Al), and magnesium (Mg) as the bio-ceramic matrix, reinforcement,
and wetting agent/binder [24-28], respectively. The HAp was extracted from the bovine
bones. Figure S5 (Supplementary Information) shows the visual appearance of the defatted
bovine bones after calcination in the furnace at 850 °C for 2 h. It can be seen that calcination
at 850 °C in an inert condition resulted in burnt and charred bones (Figure S5a, Supple-
mentary Information), indicating the formation of carbon instead of the desired HAp. This
is because heating in a low or no oxygen atmosphere can lead to pyrolysis, resulting in
carbonization of the bones [29]. On the other hand, the bones that are calcined at 850 °C in
an air atmosphere have a white color (Figure S5b, Supplementary Information), indicating
the formation of the desired HAp [3,30]. The air-calcined bones also lose their previous
stickiness feels, indicating the removal of the remaining fat unable to be removed from the
previous defatting process. The air-calcined bones were then crushed in the disk milling
to obtain the HAp powder used for the next step of the composite synthesis. Figure S6
(Supplementary Information) shows the photograph of the HAp powders from different
batches, showing similar white colors. The particle size distribution of the HAp powderis
presented in Figure 51 (Supplementary Information) showing that the majority of the HAp
particles have sizes at the range of 90-150 um, in a similar dimension with the Al powders
used in this study.

The XRD of the HAp powders from several batches with similar calcination processes
is shown in Figure 1, showing a similar pattern indicating good reproducibility. Theanit
cell results were also compared with the reference HAp peak (COD 96-901-3628). HAp hasa
hexagonal crystal structure with the space group of P 63 /m and the space group number of
176. It reveals that fully crystalline calcined HAp is observed for all the samples with similar
reflection peaks. This is also supported by its small difference of lattice constant (unit cell)
after Rietveld refinement of each sample (Table 1), which indicates a good reproducibility.
Figure 1b shows the diffraction peaks at a small 20 angle between 30 and 35°, showing
a clearer comparison of the three main peaks of (211), (112), and (300). Three out of four
samples show almost similar peaks position. Only the HAp-A sample shows a right-shift
of the (211) and (300) peaks, as well as the reduction of the (112) peak. One possible reason
for the phenomena is the difference in the actual temperature of the calcination process.
Ref. [31] reported similar behavior of the HAp derived from the calcined swine bones.
A right-shift of some of the peaks and the disappearance tendency of the (112) peak were
observed when the calcination was performed at a lower temperature.

Table 1. The lattice constant of the HAp powders.

Sample HAp-A HAp-B HAp-C HAp-D Reference *
a(A) 9.387 9.425 9.423 9426 9.421
c(A) 6.885 6.883 6.883 6.882 6.893

* COD 96-901-3628.

The SEM-EDS of the HAp powder is shown in Figure 2. It can be seen that the
distribution of Ca and P are almost similar, indicating the formation of hydroxyapatite.
The elemental composition derived from the EDS measurements is presented in Table 2.
The Ca/P ratio is at 1.47, slightly smaller than the typical hydroxyapatite at 1.67 [32].

Table 2. Elemental composition of the HAp powder derived from the EDS measurements.

Elements o] P Ca Total

at. % 69.05 12.54 18.41 100.00
Alis the metal used in the composite here as a reinforcement to improve the mechanical
properties of the HAp bio-ceramic. In this study, the Al source was taken from recycled
beverage cans. The recycling process includes cutting the cans and then crushing them
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in the disk milling. After milling, the purity of the crushed powder was characterized
using XRF (Table 3). The Al content is at 91.90 = 1.50%, which is slightly smaller than those
reported in the literature (about 93-97% [21-23]). This may come from the paint coating of
the can’s exterior which was not removed before being recycled, to simplify the recycling
process. The impurities are detected in minuscule amounts, where Mn, Si, Fe, and Cu are
the four largest impurities percentage at 3.20, 2.80, 1.39, and 0.62%, respectively. Other
impurities are less than 0.1% which are relatively negligible. These impurities have been
reported to be, instead, intentionally added into HAp for implant materials in many reports
to improve the mechanical and biochemical properties of HAp. Mn blended into HAp has
been reported to improve the bioactivity of HAp [33]. Mn was also used as a HAp dopant
to facilitate its synthesis process and improve its structural and thermal stability [34,35].
Similarly, Fe was also used to dope HAp to induce a superparamagnetic bioactive phase [36],
alter its dielectric properties [37], and enhance osteoblast adhesion [35]. Additionally, both
Mn and Fe doping show no toxic effect on the osteoblast cell [35]. Si-substituted HAp has
also been reported to increase the HAp bioactivity and improve its thermal stability and
sinterability [35]. Cu-HAp nanocomposite has also been synthesized to add antibacterial
activity with good cytocompatibility [39].
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Figure 1. (a) X-ray diffractogram and (b) expanded X-ray diffractogram of the HAp powders taken
from several batches of similar calcination process.
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Figure 2. SEM-EDS of the HAp-based bovine bones after calcination in air atmosphere.

Table 3. XRF elemental composition of the Al powder recycled from the beverage can.

Elements Percentage (%) Elements Percentage (%)
Al 91.90 £ 1.50 Ni 0.06 £ 0.02
Mn 3.20 £ 040 Zr 0.03 £ 003

Si 2.80 = 0.80 Ti 0.02 £ 0.09

Fe 1.39 £ 0.19 Zn 0.01 £0.01

Cu 0.62+ 012

For application as the reinforcement in the composite, the Al powder was further
sieved to obtain a finer and homogenous particle size. The smaller particle size is supposed
to give a better homogeneity of the particle’s distribution, better bonding among the
composite’s components, and an increase of the composite’s density [40]. Therefore, it
is a crucial factor that determines the quality of the composite and is further studied in
this report.

For the hydroxyapatite-composite (SHC) synthesis, the HAp, Al, and Mg powders
(87:10:3 wt.%) were homogenously mixed which were then pelleted before being heated
inside the SIS vessel. The compaction pressure is an important parameter in the SIS
method [41]. Here, the effect of the variation of the Al particle size and the compaction
pressure on the properties of the SHC is studied.

Figure 3 shows the effect of these variations on the hardness and porosity of the
SHC produced. The largest hardness (44.92 HV) is obtained by the smallest particle size
(<90 pm). The largest porosity (34.36%) is produced by the biggest particle size (>150 um).
Both with the same compaction pressure of 100 MPa. On the other hand, the smallest
hardness (8.36 HV) is produced by the biggest particle size (>150 pm, with the compaction
pressure of 100 MPa). Meanwhile, the smallest porosity (19.82%) is obtained by the smallest
particle size (<90 pm, with the compaction pressure of 200 MPa). In general, for the
same value of compaction pressure, there is a tendency that the smaller the Al particle
size produces larger hardness and smaller porosity of the composite. This is in accord
with the expectation that the smaller particle size can be homogenously distributed in the
mixture and increase the composite’s density [40], which is shown by the smaller porosity
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and larger hardness. However, if evaluating the value of each Al particle size group, the
tendency is not consistent for all cases. For most of the cases, the larger the compaction
pressure tends to give larger hardness and smaller porosity. The exception is for the smallest
size-fraction (<90 pm) where the larger the compaction pressure instead gives the smaller
hardness (dashed lines in Figure 3a). The trend tendency of the porosity, on the other
hand, is more consistent (Figure 3b). The reason for the deviation of the hardness trend is
unconfirmed at the present but might be related to the formation of the oxides, which will
be discussed later. The largest hardness obtained in this study (44.92 HV) is close to those
of the human teeth dentin’s (46—64 HV [42,43]) and human cortical bone’s (40.38 HV [44]).
However, its porosity is at 31.12% while the human cortical bone’s one needs to be less
than 30% [45]. Some samples fulfilled the porosity criteria for the cortical bone in this study
such as (90-105 pm) 171 MPa and (<90 pm) 171 MPa with the porosity of 29.45 and 28.58%,
respectively, but their hardness values are much lower than the criteria (at 22.15 and 34.52,
respectively). However, judging the trend of the hardness and porosity in the (<90 um)
group, it can be projected that the criteria of hardness at around 40 HV with the porosity
of less than 30% is possible to be obtained using a compaction pressure between 100 and
171 MPa.

- > 150 um
35 [34.36 90 - 150 pm
60 2 3
> 150um
50 O90-150pum
BE< 90 pm

-3
(=]

Hardness (HV)
~N w
o o

oy
o

o

100

Compaction Pressure (MPa)

Porosity (%)

171 200

7
Compaction Pressure (MPa)

(a) (b)

Figure 3. Bar charts of the (a) hardness and (b) porosity of the hydroxyapatite composite as a function
of Al particle size-fraction and compaction pressure. Dashed lines are for a vision guide.

Figure 4 shows the XRD of the SHC made by the compaction pressure at 100 MPa
with the Al particle size of <90 and >150 pm. Both samples show the formation of oxides
in the form of magnesia (MgQO), and spinel (MgALO,) beside the hydroxyapatite. The
formation of the oxides is because the SIS heating was performed in a non-vacuum furnace
and without flowing an inert gas as well. Therefore, there was air trapped in the SIS vessel
which allows oxidation of the metal components. However, for the Al particle size of
<90 pm, there are extra alumina (Al O3) peaks detected (Figure 4a).

This indicates that in the case of smaller Al particle size (<90 um), the oxidation of
the Al metal into alumina is easier compared to those of spinel. On the other hand, for
bigger Al particle size (>150 pm), the oxidation of Al metal is more favorable toward the
spinel formation, as shown by the presence of Al and spinel peaks but in the absence of
alumina (Figure 4b). Alumina is a known bio-ceramic for medical applications, such as
in dental applications (i.e., orthodontic brackets, dental implants, fixed prostheses, and
bone cement filler) [46], or joint replacements [47]. The presence of alumina has also been
reported to increase the hardness of a composite [48]. The presence of alumina might be
responsible for the increase of the hardness observed from 8.36 to 44.92 HV for >150 and
<90 pm, respectively. Another possibility of the increase of hardness is coming from the
increase of crystallinity of the HAp [49]. The HAp peak at (112) in the >150 pm sample is




Crystals 2022,12, 96

7of12

relatively taller compared to the <90 um one, indicating its higher crystallinity. The higher
the HAp crystallinity instead produces a smaller hardness value in this study, opposite
to those reported by Ref. [49]. This indicates that the effect of Al,O3 formation on the
composite’s hardness is more dominant.

0 MgAl,0,
X Mgo

’ Al?ol
@ HAp

v Al

Intensity (a.u.)

26 (°)

Figure 4. XRD of the hydroxyapatite composite made by compaction pressure of 100 MPa and Al
particle size of (a) <90 and (b) =150 um.

Figure 5 shows the XRD of the hydroxyapatite composite made using the smaller
Al particle size (<90 um) with different compaction pressures of 100 and 200 MPa. As
explained above, for the 100 MPa case, the peaks of alumina and Al metal can be observed
(Figure 5b). However, increasing the pressure to 200 MPa completely transforms Al metal
into the MgAL Oy spinel, as shown in the absence of both alumina and Al metal peaks
(Figure 5a). This explains the decrease of the hardness of the 200 MPa sample compared
to the 100 MPa one (25.49 and 44.92 HV for 200 and 100 MPa samples, respectively),
even though the higher pressure is supposed to increase the density (as shown by the
smaller porosity in Figure 3b), which eventually increase the hardness. This indicates
that for the hydroxyapatite composite made of smaller Al particle size (<90 pm) in this
study, the presence of alumina is crucial in increasing its mechanical properties (hence the
hardness). The HAp peak at (112) of the 200 MPa sample is relatively taller than those of
the 100 MPa sample, indicating its higher crystallinity. Again, like in the above case, the
higher HAp crystallinity instead produces smaller hardness, indicating that the effect of
Al O; formation on the hardness is more dominant.

Figures 6 and 7 show the SEM-EDS pictures of the SHC made by compaction pressure
of 100 MPa and Al particle size of <90 and >150 um, respectively. The Ca and P distri-
bution of the >150 um sample seems to be better than the <90 um one. Nevertheless, for
each case, the Ca and P have an almost similar distribution, indicating the formation of
the hydroxyapatite. The Ca/P ratio for the two samples, calculated from the elemental
composition derived from the EDS measurements (Table 4), is almost similar at 1.47 and
1.46 for <90 and >150 um, respectively, slightly smaller than the typical hydroxyapatite at
1.67 [32]. For both cases, the distribution of Al and Mg were not necessarily overlapping,
indicating the formation of other phases besides the spinel MgAl,O,. This is supporting
the XRD result (Figure 4) where the Al and MgO peaks are also observed besides the spinel
MgAl>O4 one.
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Figure 5. XRD of the hydroxyapatite composite made using Al particle size-fraction of <90 um and

compaction pressure of (a) 200 and (b) 100 MPa.

Figure 6. SEM-EDX pictures of the hydroxyapatite composite made by Al particle size of <90 um

with compaction pressure of 100 MPa.
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Figure 7. SEM-EDS pictures of the hydroxyapatite composite made by Al size-fraction of >150 um
with compaction pressure of 100 MPa.

Table 4. Elemental composition derived from the EDS measurements of the hydroxyapatite composite
made by Al particle size of <90 pm and >150 pum with the compaction pressure of 100 MPa.

at. %
Elements
<90 pm >150 pm

8] 66.75 6660
Mg 247 212
Al 246 422
P 11.45 10.20
Ca 16.87 14 86

Total 100.00 100.00
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4. Conclusions

We have successfully synthesized spinel-based hydroxyapatite composite (SHC) using
bovine bones and beverage cans as hydroxyapatite and aluminum (Al) metal sources,
respectively, using the self-propagating intermediate-temperature synthesis (51S) method.
Aluminum particle size and compaction pressure play important roles in determining the
mechanical properties of the SHC. Decreasing the Al particle size tends to increase the
hardness and reduce the porosity of the SHC. Increasing compaction pressure also tends to
decrease the porosity of the SHC. On the other hand, for the hardness value, the tendency of
it to increase as the compaction pressure is increased only applies to the bigger Al particle
sizes. For the smalle@Al particle size, the higher the compaction pressure instead decreases
the hardness val@. This is probably related to the presence of the alumina in the smaller
pressure which contributes to the improvement of the composite’s mechanical properties.
g.tpp]emenlary Materials: The following supporting information can be downloaded at https:
//fwww.mdpi.com /article /10.3390/ cryst12010096/s1: Figure S1. Particle size distribution of (a) the
synthesized HAp, and (b) Mg powder. Figure S2. Transient thermal distribution of heat flux by
SIS heating. Figure S3. The heat flux plots of SIS heating. Figure S4. Results of Taguchi method
optimization evaluated by Minitab. Figure S5. Photograph of bovine bones after calcination in
(a) inert nitrogen gas, and (b) air atmosphere. Figure S6. Photograph of the HAp powder from
different batches. Table 51. Difference between the minimum and maximum temperature of the
sample during SIS heating. After cooling down, the hydroxyapatite-composite (SHC) samples in the
SIS vessel were taken out then polished by sandpaper and characterized using Archimedes porosity
test[24,25], Vickers hardness test (LECO, LM 100 AT, 3 intations for each sample), X-ray diffraction
(XRD, Smart Lab Rigaku, with the source of Cu-K«), and scanning electron microscopy equipped with
Energy X-ray Dispersion Spectroscopy (SEM-EDS, SU-3500 Hitachi, Oxford Instruments Aztech One).
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