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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Calcium phosphates were produced by mechanosynthesis, using eggshell, H3PO,4 and 6-83 wt%-H20. Mixtures
were milled at 600 rpm during 0.5-12 h. Resulting calcium phosphates occur within specific milling domains;
H>0 concentration determines onset and stability of monophasic hydroxyapatite. Within the tested conditions,
brushite is the first detected calcium phosphate precipitated from solution. In 6, 40 and 56 wt%-H,0, monetite
intermediates brushite’s transformation to hydroxyapatite; in 71 and 83 wt%-Hy0 transformation is direct.
Hydroxyapatite formation is favoured at the HyO extremes tested, 6 and 83 wt%. CO3 build-up in the confined jar
and nucleation-and-growth events during drying are possible obstacles upon control of morphology and
composition of synthesised particles. The potential of chicken eggshell as direct biogenic source and the ability of
high-energy milling as corresponding processing route to produce calcium phosphates was demonstrated. This
signals a route for reliable production of brushite, monetite and hydroxyapatite. A preliminary milling map was
built, allowing to obtain desired final product under specific milling conditions.
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1. Introduction

Calcium phosphates (CaP) are salts of the triprotic acid H3POy, i.e.,
they are calcium compounds (some of them hydrated) that contain
H.POy, HPO?{ or POz~ ions [1]. CaP composed of H,PO, only form
under very acidic conditions, and therefore are not usually found in
biological systems [1]; those based on HPO3~ and PO3 ™~ correspond to
the inorganic part of most human hard tissues [2]. There are twelve CaP
in the CaO-P305-Hy0 system (listed as supplementary material,
Table S1), with variable Ca/P ratio, solubility and stability sensitivity to
pH and temperature [3]. They are biocompatible and bioactive, pro-
moting osteoconductivity, osteointegration and effective cell recruit-
ment and proliferation. Also, thermodynamic stability in body fluids can
be tailored through composition to render inert, bioactive and bio-
resorbable materials [4-8]. This makes synthetic CaP prevalent mate-
rials in bone tissue engineering (BTE) applications [4,5,9,10]. Current
uses include bone substitution and filling, bone cements and reminer-
alization intermediates, coating on orthopaedic implants and grafts for
spinal fusion [6,8].

A range of dry, wet and high-temperature chemical processes render
synthetic calcium phosphates by reaction between calcium and phos-
phate sources [7]. Among them, precipitation from reaction in the
Ca0-P,05-Hy0 system appears to be the most straightforward and
cost-effective [11-16]. Yet, room temperature reaction kinetics is slow
and calcium consumption is incomplete, hindering the development of
monophasic domains. In the current work, CaCOs (calcite polymorph) is
directly used as calcium source and aqueous solutions of H3PO4 provide
both the phosphate group and H>O. The synthesis reaction is triggered
by dissociation of the triprotic orthophosphoric acid in aqueous solu-
tion, with solution pH value dictating the relative concentration of the
protonated acid form and of the conjugated orthophosphate bases pre-
sent (reaction 1) [15].

pKa;=2.12

H;PO, =

pKay=17.21

2 HPO, +2H"'

pKar=12.67

2 PO, +3H"
@

Calcite solubility in aqueous solutions increases with the presence of
H3POy4 [17] via reactions 2.1 to 2.3 [18,19].

H,PO,” +H'
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HCO, +H' 2 €O, +H,0 2.2)
H>3
HCO,™ +H,0 = H,CO, + OH" 2.3)

At constant temperature, calcium- and phosphate-containing solu-
tions can be supersaturated with respect to different CaP phases
depending on pH [15]. The molar fraction of each CaP formed is linked
to the relative concentration of the dominant conjugated base resulting
from H3PO4 stepwise dissociation (reaction 1) [15,20]. Thermodynamic
equilibrium is thus expected to be reached through a sequence of re-
actions, that in the case of compositions with Ca/P = 1.67 M ratio cul-
minates in hydroxyapatite (HA) formation [11,15,21,22]. Under very
acidic initial conditions (pH < 2), the first CaP phase to precipitate is
monocalcium phosphate monohydrate (MCPM, Ca/P = 0.5) (reaction 3)
[13,20]. When pH reaches pH 2, formation of dicalcium phosphate
dihydrate DCPD (brushite, Ca/P = 1.0) takes place through reaction 4
[11-13,15] and/or directly from solution (5) [23]. Meanwhile, contin-
uous dissolution of calcite (reaction 2.1) continuously increases pH (up
to pH > 4.2), allowing DCPD transformation into HA (reaction 6) [23].

H<2
Ca“ + 2H2PO47 + I'Iz()pT—f Ca(H2P04)2-H20 (3)
MCPM
2<pH<4.2
Ca’" + Ca(H;PO,),-H,0 +3H,0 = 2(CaHPO,2H,0) +2H" (C))
mMcrMm DCPD

4.2<pH<6.5

Ca’ +H,PO,” +OH +H,0 =2 CaHPO,-2H,0 5)
DCPD
pH>4.2
10CaHPO42H20 + 40H 2 C310<P04)6 (OH) -+ 4H2P047 + 22H20
DCPD HA
(6)

However, due to determinant kinetic factors, precipitation of meta-
stable CaP phases from solution is also possible [1,11,13,15,21,22].
DCPD’s extremely slow reaction requires extended solution/solid bal-
ance for equilibrium to be reached via reaction 6, which prevents direct
conversion to HA [11,15]. Instead, HA formation tendentially takes
place through precipitation of more acidic intermediate phases [12,15,
24,25], namely DCPA (monetite, Ca/P = 1.0) (reactions 7 [26] and 8
[13]) [11,15] and/or octacalcium phosphate (OCP, Ca/P = 1.33) (re-
actions 9 [27] and 10 [15]) [13,28].

H>4.2
CaHPO,2H,0 = CaHPO, +2H,0 @
DCPD DCPA
pH>42
10CaHPO4 2 Caw (PO4)6(OH)2 + P4010 + 4H20 (8)
DCPA HA
6.5<pH<8
8CaHPO,2H,0 = Cag(HPO,),(PO,),-5H,0 + 2H;PO, + 11H,0
DCPD ocp
)
8.0<pH<10.0
Cag (HPO4)2(PO4)45H20 + 21(:212Jr 2 Caw(PO4)6(OH)2 + 3H20
ocpP HA
+4H"
10

Reactions 7 and 8 are enabled when the balance between H™ release
rate in reactions 1 and 4 and the proton consumption rate in ongoing
reaction 2.1 renders a pH net increase [15]. DCPD conversion towards
HA (reaction 6) can take place when pH > 6.5 [15]. Similarly, OCP
reactions 9 and 10 are enabled above pH 8 [15]. Above pH ~ 10 direct
HA precipitation is enable (reaction 11) (Ca/P = 1.67) [3,15].
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8.0<pH<10.0

10Ca*t +6POs +20H™ 2  Cay(POy) (OH), 1mn

HA

Nevertheless, direct HA precipitation from solution is very slow, and
reaction 11 is tendentially incomplete [1,13,15]. The necessary energy
to overcome the kinetic barrier is most frequently supplied in the form of
temperature and pressure (hydrothermal synthesis) [7,29,30]. Yet, the
existence of kinetic issues clearly evokes another approach - mechano-
synthesis. Similarly to conventional wet synthesis, wet CaP mechano-
synthesis takes place through the described sequence of
dissolution-reprecipitation reactions [31]. However, in high-energy
milling mechanosynthesis chemical reactions are promoted at room
temperature. They are fostered by fast intimate mixing between re-
actants, and creation of fresh surfaces, defects and active sites, enabling
significant reactivity increase [32,33]. Also, the inherent reduction of
precipitate particle size allows the production CaP particles with sub-
micron/nanometric size, which have been reported to exhibit enhanced
resorbability, bioactivity and release of calcium ions when compared to
micrometric CaP available from conventional synthesis [34-37].

Regardless of the production route, synthetic CaP are mostly stoi-
chiometric [7]. Yet, bone hydroxyapatite is poorly crystalline,
calcium-deficient, and includes a number of trace metal ion sub-
stitutions that promote osteoblast formation and bone adhesion (e.g.,
Mg?", sr?) [38,39] and increase material solubility and resorbability
[40]. The current work approaches this issue by using calcium carbonate
of biogenic origin (chicken eggshell) as the calcium source. On average,
the shell of the eggs of domestic chicken (Gallus domesticus) contains
approx. 96 wt % calcite, 1 wt% MgCOs, and trace N, Nat, Mg and
Sr?* [39,41]. The combined use of mechanosynthesis and eggshell as a
viable route for direct production of synthetic HA and f-tricalcium
phosphate (8-TCP) with crystalline structure and composition similar to
that of human hard tissues was first described in 2003 [42]. Since then,
few studies were reported (supplementary material, Table 52), and only
recently the need for previous calcite calcination and/or thermal treat-
ment of the milled powder was dismissed [43,44].

In the described context, this report is part of an ongoing systematic
effort to study the influence of operational milling parameters upon the
CaP compositions formed in the CaCO3-H3PO4-HoO system. In this
work, only limited consideration is given to post-milling effects and the
focus is set on the build-up of information regarding the influence of
milling parameters and water concentration on the composition of
produced powders. Results along the composition line with Ca/P = 1.67
M ratio are reported and a preliminary milling map, adjusting experi-
mental parameters to desired final product under specific conditions, is
proposed.

2. Experimental
2.1. Materials

In all experiments, the calcium source (CaCOs calcite polymorph)
was chicken brown eggshell gathered in domestic households. Eggshell
was thoroughly washed under tap water, stripped from the inner protein
membrane, and boiled in distilled water for 5 min. After drying, the shell
was manually crushed in an agate mortar and characterised regarding
particle size distribution (Cilas, 1064 L). The phosphate source was
H3PO4 aqueous solution (85 wt%, Panreac).

Mixtures were formulated (Table 1) using deionised water and
amounts of eggshell and phosphorus source complying with the Ca/P =
1.67 M ratio of stoichiometric hydroxyapatite. Materials handling prior
to sealing of the milling vial was carried out under NPT conditions for all
batches.
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Table 1
Tested CaCO3-H3PO4~H,0 compositions and milling times (600 rpm).
Sample Tested milling Composition (wt%) Ca/P ratio
designation time (h) H,0* calcite H.PO, (mol/mol)
W6-t_ 0.5,1,2,4,6,9, 6 59 35 1.67
12
W40-t_ 0.5,1,2,4,6,9, 40 38 22
12
W56-t_ 0.5,1,2,4,6,9, 56 28 17
12
W71-t_ 0.5,1,2,4,6,9, 71 19 11
12
W83-t_ 0.5,1,2,4,6,9, 83 11 6
12

W_: Ho0 concentration in the initial system (wt%); t : milling time (h).
*Water in the reagents’ mixture, including water introduced via the commercial
acid solution, but not including H20 resulting from H3PO4 decomposition.

2.2. Experimental procedure

The pH of each batch was measured (ADWA, AD1020) immediately
after reagents mixing. High-energy mechanical milling took place in a
planetary ball mill (Retsch, PM100). Alumina vial (250 ml) and balls (18
balls, @ 10 mm) were used, both from Retsch (maximum impurity
<0.24 wt% according to supplier). The mass of the mixtures in each
batch complied with 10:1 ball-to-powder mass ratio (BPR). Milling was
always carried out at 600 rpm, for time periods ranging from 0.5 h to 12
h (Table 1). After milling, all suspensions were oven dried at 60 °C for
24 h. Microstructural studies were carried out using field emission gun
scanning electron microscopy (FEG-SEM) (JEOL, JSM-7001 F) coupled
to energy dispersive X-ray spectroscopy microanalysis (EDS) (Oxford
Instruments, Inca pentaFETx3). Particle size of milled powders was
evaluated via image analysis of at least five SEM micrographs at 1000 x
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magnification, using Image J [45]. Micro-Raman confocal spectroscopy
(Horiba Jobin-Yvon, HR Evolution) was used to identify CaP phases
formed by mechanosynthesis and other phases otherwise present after
milling. Spectra were collected in the 200-4000 cm™' wavenumber
range (for clarity’s sake, spectra are only displayed up to 1200 cm™!)
with 5 accumulations and acquisition time of 10 s, using a 532 nm laser,
100x objective lens, 200 hole and 600 grooves/mm grating. The soft-
ware FITYK 0.9.8 [46] was used for background removal, and peak
fitting was carried out with Lorentzian function. Crystalline phases
present in the powders were assessed by X-ray diffraction (XRD) using
CuK, radiation (D8 advance, Bruker), in the 5° to 65° 20 range, with
0.02° step size and 4 s step time. (diffractograms are only displayed in
the 5° to 40° 20 region, that encompasses the first two most intense
peaks of calcium phosphate phases). A knife set accessory was used to
reduce the background level in the lower 26 range. Raman spectroscopy
and XRD were also used to characterise the starting materials. Raman
and XRD data used for phase identification are provided as supple-
mentary material (Tables S3.1 and S3.2).

3. Results
3.1. Characterisation of precursor materials

After manual crushing eggshell particles display size distribution in
the micrometric range, with dso = 71.4 £+ 0.8 pm. EDS elemental anal-
ysis confirmed the presence of Ca, C and O, as well as trace Mg (0.40 +
0.02 wt%). Within the XRD experimental conditions used, the only
crystalline phase identified in eggshell (Fig. 1a) was the CaCOs3 calcite
polymorph (Fig. 1b). Raman results complemented this information: the
displayed bands, around at 275, 713 and 1084 cm™L, are consistent with
the spectrum of calcite [47,48] (Fig. 1c, peaks labelled in bold). Com-
parison of eggshell spectrum with that of the protein membrane (Fig. 1d)

c) Shell

Intensity (au)

200 300 400 500 600 700 800 900 10001100 1200

Raman shift (cm™")

Fig. 1. Characterisation of reagents. XRD diffractograms of (a) as-cleaned chicken eggshell powder compared to (b) the ICDD pattern of pure calcite (file 01-86-
2342). Raman spectra of (c) as-cleaned eggshell powder (bold: peaks corresponding to calcite; blue: protoporphyrin IX), (d) organic membrane removed from
eggshell, and (e) 85 % H3PO4 aqueous commercial solution. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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indicates that, with few exceptions, the remaining bands can be assigned
to remnants of the organic film. The very weak bands around 588, 606
and 776 cm ™! (Fig. 1c, in blue) were assigned to protoporphyrin IX, the
main pigment in chicken brown eggshell [49]. The Raman spectrum of
the H3PO,4 commercial solution (Fig. 1e) is consistent with the bands of
orthophosphoric acid in aqueous solution [50]. Within the XRD exper-
imental conditions used, the only crystalline phase identified in eggshell
(Fig. 1a) was the CaCOs calcite polymorph (Fig. 1b). Raman results
complemented this information: observed bands with maxima at 275,
713 and 1084 cm ™! are consistent with the spectrum of calcite [47,48]
(Fig. 1b, peaks label in bold). Comparison of eggshell spectrum with that
of the protein membrane (Fig. 1d) indicates that, with few exceptions,
the remaining bands can be assigned to remnants of the organic film.
The very weak bands around 588, 606 and 776 em™! (Fig. 1c, in blue)
were assigned to protoporphyrin IX, the main pigment in chicken brown
eggshell [49]. The Raman spectrum of the H3PO4 commercial solution
(Fig. 1e) is consistent with the bands of orthophosphoric acid in aqueous
solution [50].

Since powder contamination from the milling media is an inherent
drawback of mechanical milling [33], XRD and Raman data of alumina
from the milling media (jar and balls) were also collected. Both the
diffraction peaks (Fig. 2a) and the seven Raman bands displayed
(Fig. 2c) match those of a-AlyO3 [51] (Fig. 2b, ICCD 46-1212 data file).

3.2. Phase composition of milled powders

Results regarding the effect of milling time and HoO concentration
upon phase composition and crystalline phases present in milled dry
powders were obtained by Raman spectroscopy and powder XRD
(Figs. 3-7). Each figure groups data obtained for the same water con-
centration value (W) and all tested milling times. It should be mentioned
that detection of solvated H3PO4 [50] (supplementary Table S3.3) is
associated to high uncertainty, since its most intense Raman bands (850
and 898 cm™ 1) overlap those of DCPD and DCPA. Also, the most intense
diffraction peaks overlap those of calcite, DCPD and HA (31.1° and
29.7°) or are seldom present (24.1°).

Raman spectra of W6 powders (Fig. 3a) show that milling bellow at
least 1 h yields a mixture of unreacted calcite and H3PO4 [47,48], DCPD
(fingerprint bands around 986 and 878 cm ! [52,53]1) and DCPA (988
and 902 cm™! [52,53]). Between 1 h and 2 h, HA (960 cm ! [53]) onset
takes place. Calcite, H3PO4, DCPD, DCPA and HA coexist up to at least 6
h. Reactions involving calcite, H3PO4 and DCPD are complete for 9 h
milling. DCPA exhausts between 9 h and 12 h, rendering a monophasic
HA domain. These results are confirmed by XRD data (Fig. 3b).

W40 powders milled bellow at least 4 h render a mixture of calcite,
H3PO4 and DCPD. Phase’s composition evolution requires longer times
than W6 (between 4 h and 6 h) for DCPA and HA formation onset, while
the intensity of DCPA and of HA Raman bands (Fig. 4a) and diffraction
peaks (Fig. 4b) suggest that their concentration is very low at all times.
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Fig. 3. Effect of increasing milling time on W6 composition. a) Raman spectra
(the most intense band for each phase is signalled with the phase’s name;
unlabelled bands are common to several CaP [30] and could not be unravelled).
b) X-ray diffractograms (@ calcite, m DCPD, A DCPA, % HA, x Al,O3, + H3PO,).

Calcite, H3PO4, DCPD and DCPA consumption is incomplete up to 12 h
milling (inclusive). This also corresponds to the evolution of phase
composition in W56 (Fig. 5a and b).

In W71 powders (Fig. 6a and b) HA was detected as soon as 1 h,
together with calcite, H3PO4 and DCPD, coexisting up to at least 9 h. For
longer milling (12 h), calcite, H3PO4 and HA coincide and DCPD is no
longer identified. In W83 milled powders, the phases present up to 6 h
(inclusive) comprise H3POj, calcite, DCPD and HA. Above at least 6 h
milling, reaction involving H3POy, calcite and DCPD are complete, and a
monophasic HA domain is identified.

Intensity (au)
417

t + T

200 300 400 500 600 700 800 900 100011001200
Raman shift (cm-)

Fig. 2. Characterisation of milling media materials: (a) XRD diffractogram, compared to (b) the ICCD file of pure a-alumina (46-1212). (c) Raman spectrum.
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Fig. 4. Effect of increasing milling time on W40 composition. a) Raman spectra
(the most intense band for each phase is signalled with the phase’s name;
unlabelled bands are common to several CaP [30] and could not be unravelled).
b) X-ray diffractograms (@ calcite, m DCPD, A DCPA, % HA, x Al,O3, + H3PO,).

XRD results (Figs. 3b-7b) are in general agreement with the corre-
sponding information delivered by Raman spectroscopy (Figs. 3a-7a).
Most diffractograms present sharp and well-defined diffraction peaks
and low noise, typical of highly crystalline materials (e.g., Fig. 4c up to
W56-t6). In some systems, due to particle comminution to the nanosize,
XRD peaks broaden as milling time increases (e.g., W71-t9 and W71-
t12), tending to display broad diffraction humps [54,55]. The absence
of the Raman band characteristic of amorphous calcium phosphates,
around 950 cm~! [54], excluded its assignment to the presence of
amorphous calcium phosphates [54].

Overall, results in Figs. 3-7 indicate that DCPD, DCPA and HA were
the only calcium phosphate phases detected within the tested milling
conditions. HA is often present in incipient amount, while monophasic
HA domains were achieved at the extreme H5O concentration and the
maximum milling times tested (samples W6-t12, W6-t9 and W83-t12). It
should be mentioned that alumina Raman modes and diffraction peaks
were identified in most powders, indicating contamination from the
milling media.

3.3. Size and morphology of produced powders

SEM observation of milled powders after oven drying suggests a
profound effect of milling time and batch water concentration on the
developed particle morphology. The observed particle shapes can be
broadly grouped as irregular spheres (Fig. 8a and b) or plates (Fig. 8c—e),
with sizes ranging from a few nanometers (mainly spheres, e.g.: Fig. 8a)
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Fig. 5. Effect of increasing milling time on W56 composition. a) Raman spectra
(the most intense band for each phase is signalled with the phase’s name;
unlabelled bands are common to several CaP [30] and could not be unravelled).
b) X-ray diffractograms (@ calcite, m DCPD, A DCPA, % HA, x Al,O3, + H3PO,).

to some microns (mostly plates, e.g., Fig. 8c).

Synthesised monophasic HA (samples W6-t12, W83-t9 and W83-t12)
forms irregular spheres in the nanometric size range, whereas DCPA
appears as irregular nanospheres and DCPD particles display shape and
dimensionality variety. This includes nanospheres (Fig. 8a) and sub-
micrometric spheres (Fig. 8b), irregular nanometric (Fig. 8c) and
micrometric plates (Fig. 8d) and micrometric tabular plates (Fig. 8e),
and more complex flower-like agglomerates built from individual
nanoplatelets (Fig. 8f).

The influence of milling time on dsg values for all systems is depicted
in Fig. 10. As expected, a predominant trend towards smaller ds( values
is observed with milling time increase. However, in all systems, an in-
crease from 0.5 h to 1 h milling takes place, particularly in system W83.
Also, system W40 displays an abnormal behaviour showing an almost
constant small increase of dsg value with milling time.

During milling, crystallization and fragmentation take place simul-
taneously and, crystal growth is thus hampered by the imposed frag-
mentation [16,56-59]. As milling proceeds, the resulting particles are
expected to display reducing nano-submicrometric size and narrower
size distribution [58,59]. However, besides the already mentioned
abnormal behaviour, most batches include a variety of particle size
standard deviations (Fig. 9) and shapes (e.g., Fig. 8d). These results
suggest that secondary drying products were obtained in addition to
primary milling products: the large and complex morphologies dis-
played (e.g., Fig. 8f) are expected to result from undisturbed growth,
necessarily taking place during post-milling drying. This effect clearly
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indicates that the development of tailored compositions with dedicated
morphology and narrow particle size range requires strict control of
drying parameters, including drying temperature and cooling rate [29].
Further work is ongoing to differentiate the effect of milling parameters
from those of drying conditions upon formed CaP phase composition
and morphology.

Albeit the effect that secondary drying may have upon the measured
size and morphology of the produced CaP it is possible to conclude that,
above 4 h milling, particles obtained in the current work vary pre-
dominantly from the nanometric range (systems W6, W56 and W71) to
the submicrometric and micrometric range (respectively, W83 and
W40) and, thus, approximately two orders of magnitude smaller than
those resulting from conventional wet chemical synthesis. Also, syn-
thesised monophasic HA (W6-t12 and W83-t12) and DCPA (e.g., W6-t6)
particles appear as irregular nanospheres, while DCPD particles display
shape and dimensionality variety. DCPD particles have been reported to
exhibit tabular to needle-like crystals in the 10-130 pm range, with
flower-like structures in the 10-100 pm range [60,61]. The current work
rendered DCPD plates in the 50-300 nm range and flower-like structures
with 3-5 pm diameter. Reported DCPA crystals typically display
micrometric rod like morphology and large variations in size [62,63],
whereas the produced DCPA particles are nanospheres in the 100-200
nm range (Fig. 6b). Also, produced HA nanospheres display a noticeable
consistent nanosize diameter in the 20-200 nm interval, much narrower
than those precipitated by conventional wet synthesis, with reported
values between 5 nm and several hundred micron [7]. Supplementary
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material S4 details obtained particle’s shape and dimensionality.

4. Mechanochemical paths in studied CaCO3-H3PO4-H50
compositions

The hypothesis put forward in the current work is that mechanical
milling can provide the energy required to unleash room temperature
formation of the thermodynamically stable phases in the CaCO3-Hs.
PO4-H,0 system. For this purpose, biogenic calcite (chicken eggshell)
and orthophosphoric acid solution complying with Ca/P = 1.67 M ratio
were used and ball milled during 0.5 h-12 h, at 600 rpm, in the presence
of variable amounts of water (6-83 wt%). Obtained results demonstrate
the overall potential of calcite in chicken eggshell as a natural calcium
source for the mechanochemical production of calcium phosphates, as
well as the adequacy of high-energy milling to produce calcium phos-
phate phases at room temperature, including HA.

The milling map in Fig. 10 summarises the phases identified in the
dried milled powders versus milling time and water concentration. It
stresses that, besides the milling energy deliver to the powders, water
content plays a major role both on the sequence of CaP formed an on the
onset of HA formation and its stability limits. DCPA is only present in W6
(t2 to t9 samples), and W40 and W56 (t6 to t12 samples) systems; DCPD
is present in all systems. HA onset varies with the water concentration
value and milling time (0.5 h for W83; 1 h for W71; 2 h for W6; 6 h for
W40 and W56). Apparently monophasic HA domains, corresponding to
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Fig. 8. Examples of particle morphology in obtained powders. Irregular spheres: (a) nanometric (W6-t6) and (b) submicrometric (W6-t05). Plates: (c) irregular
nanometric and submicrometric (W6-t1) and (d) irregular micrometric plates (W83-t1) (low magnification image). Other, rarer, morphologies: (e) tabular plates
(only detected in W56-t9); (f) flower-like agglomerated platelets (only identified in W56-t4) (low magnification image).

fully reacted samples, without the presence of CaCO3 and H3POj4, were
only identified for the extreme water concentration systems (W6 and
W83) for the higher milling time tested.

The measured pH value of the batches after initial mixture of re-
agents (before milling), ranged from 0.26 (W6) to 0.96 (W71 and W83).
Yet, while reaction 3 (MCPM formation) is expected to occur below pH 2
[13,20], MCPM was never detected. This is in good agreement with
results on a similar system, 15CaC0O3-9H3PO4-76H,0 (in between W71
to W83 compositions in the current work), submitted to mechanical
stirring at 400 rpm [13]: the low initial pH (0.8) rapidly increased, due
to MCPM formation (reaction 3), to reach pH 2 (9 min) (necessary for
the onset of DCPD formation) and its full conversion of MCPM (reaction
4) (19 min) [13]. In the current study, the energy provided to the system
is much higher, and thus expected to accelerate the sequence of
dissolution-reprecipitation reactions, hindering the detection of MCPM
[13,16,64,65]. The onset of DCPD transformation into other CaP
(enabled above pH 4.2 [13,66]), takes place when the rate of reaction
2.1 (H" consumption from solution) surpasses the rate of reaction 4 (H"
release to solution) [13].

In the W6 system, the low water concentration is expected to prevent
extended dissociation of H3POy, resulting in pH increase. As a result,
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despite released protons toil in calcite dissolution via reaction 2.1, this
reaction’s progress is limited. Water concentration is also below the
stoichiometric requirement for full Ca%t consumption via reactions 3
and 4, thus the formation of MCPM followed by DCPD is restrained.
Together, this results in small CaCO3 consumption, together with a
narrow (below 2 h) corresponding DCPD stability domain, which ren-
ders conditions for the onset of DCPA precipitation (reaction 7) [21]. In
this system DCPD and DCPA formation was identified at 0.5 h. Both
Raman (Fig. 3a) and XRD (Fig. 3b) results show only a small change in
peak intensity, suggesting that the rate of DCPD formation (reaction 5) is
low. Between 1 h and 2 h, reactions 7 and 8 are triggered [13] and for 2h
milling time, DCPA is the main CaP present, accompanied by DCPD
(almost exhausted) and HA (trace). Between 2 h and 4 h, reaction 8
starts to dominate over reaction 7, and HA fraction increases signifi-
cantly. At 9 h DCPA is the only other phase present and at 12 h a stable
apparently monophasic HA domain is attained.

In all other systems H2O concentration surpass the stoichiometric
requirement for reactions 3 and 4 completion. Yet, W40 and W56 still
require DCPA to intermediate HA formation, with apparently similar
reaction sequence and time frame. The increase of H,O concentration in
these systems leads to progressive decrease of the DCPA stability
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domain, from above at least 30 min to above at least 6 h. Correspond-
ingly, the DCPD stability domain extends up to at least 4 h, and the onset
of reactions 7 (DCPA precipitation) and 8 (HA precipitation from DCPA)
is also delayed to 6 h.

The increase of HpO concentration in the W71 and W83 systems
leads to progressive decrease of the DCPD stability domain, from at least
4 h down to below 1 h and below 0.5 h, respectively. HA formation is
prompted at much lower milling times, expectedly taking place by direct
transformation of DCPD (reaction 6). Above those milling times and up
to at least 9 h (W71) and 6 h (W83) both systems evolve to sequential
and simultaneous DCPD and HA formation (reactions 5 and 6,
respectively).

The equilibrium thermodynamic reaction path in the CaCOs-Hs.
PO4-H,0 (Fig. 11a) appears to be only partially followed in mechano-
synthesis (Fig. 11b). In the current work, this corresponds to
compositions W71 and W83, where the MCPM—DCPD—HA reaction
synthesis (4 — 5—6 chemical reactions, Fig. 11a) takes place. In systems
W6 to W56, DCPD transformation into HA is intermediated by DCPA. In
these compositions mechanosynthesis appears to follow the
MCPM—DCPD—DCPA—HA reaction path (corresponding to 4 — 5-7
— 8 chemical reactions, Fig. 11b).

The room temperature mechanosynthesis reactions promoted by
milling are enabled by the energy transferred to the reagents, depending
on ball motion, impact frequency and impact power, which are deter-
mined by the used operational parameters (mill type; milling rate and
time; jar material and volume; ball material, number, and diameter;
BPR). This array of parameters (§ 2.2) and the milling time required to
produce monophasic HA in the current work — 12 h (Fig. 10), were used

to estimate the power and energy required to produce 1 g of HA. The
simple kinetic model developed by Burgio [67] indicates that, for the
estimated power used in the experiments - 0.16 W/g, an energy value of
6.8 kJ/g is obtained. Additionally, monophasic HA was identified only
in compositions W6 and W83, suggesting an ideal range of water con-
centration values for processing. Whitin the CaCO3-H3PO4-H,0 (Ca/P
= 1.67) mixtures experimented in the current work, monophasic HA can
thus be produced when W is below at least 6 wt% (triggering a mech-
anism where DCPA intermediates HA formation) or above at least 86 wt
% (proceeding via the expected thermodynamic DCPD reaction path).

4.1. Effect of COz build-up in the milling jar

The COg build-up in the confined jar volume due to calcite dissolu-
tion (reaction 2.1) is expected to affect the system’s chemistry and re-
actions kinetics [68,69], depending on the interplay between attained
pH and CO, partial pressure (pco2) increase in the system [68,69]. At
NTP, pco2 is close to 3.2 x 10~% atm [1 71, and the dissolution rate of
calcite is mostly independent of pcoz and mainly takes place below pH 5.
The dissolution rate continuously decreases, being very low and almost
constant in the 8-10 pH range [70-72]. Progress of calcite dissolution
releases COy, which dissolves in the liquid phase proportionally to its
partial pressure in the jar gaseous phase [73]. When the dissolved CO2
reaches equilibrium with p¢o2 (Kyg = 0.038 mol 1"'atm ' at25°C [17]),
further CaCOg3 decarbonation (reaction 2.1) is prevented [74,75]. Dis-
solved CO; speciates into carbonic acid (HyCOj3), bicarbonate (HCO3)
and carbonate (CO%’). The established triprotic equilibrium would be
expected to decrease the solution pH, leading to further dissolution of
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CaCO3 [17,70,72]. Yet, only around 0.3 % CO-, dissociates into carbonic
acid [17], and solution pH is buffered to a value close to 8.4 (the pKa
value of HCO3) [17,75]. Since there is no mechanism to remove COs, the
system pH is reduced changing the stability domains of calcium phos-
phates and hindering further calcite decomposition [72,74]. Dissolved
CO4 can impact the prevailing Ca/P saturation and the balance between
solute concentration and phases solubility [17,70,72], and the extent of
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carbonate substitution of HA [30]. Further work is ongoing to under-
stand and control the effect of CO5 build-up upon CaP phases’ reaction
kinetics, stability and carbonate substitution under high energy milling
conditions.

5. Conclusion

This work explores the possibility of synthesising stable calcium
phosphates via mechanochemical reaction between calcite, H3PO4 and
H30, using a constant Ca/P ratio of 1.67. Chicken eggshell was used as
calcite source. Produced materials include brushite, monetite and hy-
droxyapatite, confirming that mechanical milling can activate the low-
kinetics chemical reactions in the calcite-H3PO4~H50 system, unleash-
ing formation of the thermodynamically stable phases at room temper-
ature. Mechanosynthesis is thus an alternative route to produce tailored
calcium phosphate compositions of biomedical significance, including
hydroxyapatite. This result importantly dismisses the need of calcite
calcination to CaO before milling, which has been universally used as an
intermediate step for hydroxyapatite production. All tested composi-
tions apparently evolve to HA formation with increasing milling time.
Hydroxyapatite formation appears to follow different reaction se-
quences, where either brushite or monetite arise as transition product,
further converting to HA when milling time increases. Within the tested
conditions and analytical methods used, monophasic HA domains are
apparently obtained for systems with 6 wt% and 83 wt%-H20 for a
milling energy of 6.8 kJ/g, when a milling power of 0.16 W/g is used
(Burgio mechanical milling model). Still, the influence of CO2 build-up
in the system and the control of the drying conditions after milling is
mandatory to achieve reproducible final particle composition,
morphology, and size distribution. These issues require further study,
yet obtained results are very encouraging towards the development of a
reproducible and fast method to produce nanometric hydroxyapatite.
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