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ARTICLE INFO ABSTRACT

Octacalcium phosphate (OCP) is a precursor of bone mineral, but its phase purity is difficult to quantify because
of strong peak overlap with biomimetic hydroxyapatite (HAp) in X-ray diffraction (XRD). Here, we present an
indirect quantification approach based on the bulk molar Ca/P ratio after controlled calcination. Upon thermal
treatment, OCP, HAp, and amorphous calcium phosphate decompose into a binary mixture of p-calcium pyro-
phosphate (p-CPP) and p-tricalcium phosphate (-TCP), which can be reliably quantified by XRD. From their
relative amounts, the bulk Ca/P ratio and an equivalent OCP phase content can be calculated. Because phosphate
evaporation during calcination alters the (-CPP/B-TCP equilibrium and biases the derived Ca/P ratio, we
demonstrate that stabilizing the furnace atmosphere is essential for reproducible results. Saturating the atmo-
sphere with sacrificial monetite effectively suppresses phosphate loss and preserves the original composition. By
varying dwell time between 2 and 24 h at two temperatures, we delimit the processing window within which the
derived phase content is independent of the treatment conditions. At 1000°C, this approach yields stable and
reproducible OCP phase contents with negligible compositional drift over dwell times up to 24 h. The method is
simple to implement and provides a robust tool for assessing OCP phase purity in both research and quality
control settings.

Statement of significance: Octacalcium phosphate (OCP) is an important precursor of bone mineral, yet its phase
purity is difficult to quantify due to strong X-ray diffraction peak overlap with biomimetic hydroxyapatite. In this
study, we present a simple and reproducible indirect method to assess OCP phase purity based on the bulk Ca/P
ratio after controlled calcination and quantitative phase analysis of the resulting high-temperature phases. We
demonstrate that phosphate evaporation during calcination can significantly bias the calculated Ca/P ratio and
show that stabilizing the furnace atmosphere using sacrificial monetite effectively suppresses this effect. At
1000°C, the method yields stable and reproducible OCP phase purity values over extended dwell times, making it
suitable for both research and quality control applications.

Dataset link: https://doi.
org/10.5281/zenodo.18326854
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the need for reliable methods of characterization [7]. However, a robust,
reproducible, and readily available method for quantifying the OCP

1. Introduction

Octacalcium phosphate (OCP, CasHz(POa)s-5H20) occurs in the early
stages of bone mineralization and is regarded as a precursor of natural
bone mineral [1,2]. In fact, recent study showed that OCP is involved at
the initial bone apatite crystal formation in rat and human bones [3]. As
a synthetic bone substitute, however, it has received less attention than
hydroxyapatite (HAp, Cas(PO4)sOH) and f-tricalcium phosphate (-TCP,
Cas(PO4)2), despite evidence that OCP supports bone regeneration either
alone, in composites, or as a carrier for drugs and ions [4-6]. Recently,
efforts to commercialize OCP-based grafts have increased, underlining
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phase purity is still lacking.

The crystal structure of OCP closely resembles that of HAp, consist-
ing of HAp-like layers separated by hydrated layers containing H20
molecules and HPO4 groups [8]. During hydrolysis, these hydrated
layers are eliminated and the HAp layers merge, forming larger domains
of biomimetic HAp [9,10] and strongly reducing the size of coherent
OCP domains. In addition to OCP and biomimetic HAp, amorphous
calcium phosphate (ACP, Ca3(PO4)2 - nH20) [11,12] may also be pre-
sent. Because of the structural similarity and the nanocrystalline nature
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of typical samples, the X-ray diffraction (XRD) patterns of OCP and HAp
strongly overlap, making direct quantification unreliable. Specifically,
the OCP (0 0 2) peak at d = 3.41361 A overlaps with the HAp (0 0 2)
peak at d = 3.439500 A [13], and the group of OCP (3 —3 1), OCP (—4
0 2), and OCP (6 0 1) at d = 2.83769, 2.82366, and 2.77567 A,
respectively, overlaps with the characteristic group of HAp (2 1 1), HAp
(11 2), and HAp (3 0 0) at d = 2.81468, 2.77811, and 2.72047 A. A
minor CDHA fraction therefore contributes no independent signal, and
its intensity is readily absorbed by the refined profile parameters of the
OCP model. This is compounded by three further effects: CDHA formed
by OCP hydrolysis is nanocrystalline, so that its reflections are severely
broadened and merge with the background; it forms topotactically
within the OCP crystals rather than as a discrete second phase, so that
the assumptions underlying quantitative phase analysis are only
approximately satisfied; and any amorphous fraction remains invisible
to XRD altogether. While OCP possesses a diagnostic low-angle reflec-
tion atd = 18.6 A (OCP (1 0 0) at 4.738 °20 for CuKa), it cannot itself
serve as a quantitative measure either, as its intensity is strongly affected
by the preferred orientation of the plate-like OCP crystals. Furthermore,
the low diffraction angle exposes instrumental inaccuracies emerging
from an extremely narrow divergence slit opening, which is necessary to
avoid beam overflow. Instrumental inaccuracies and beam overflow
both result in unreliable intensity of the OCP (1 0 0) reflection, which
further reduces its suitability for phase quantification.

The hydrolysis of OCP to hydroxyapatite (HAp) proceeds via
calcium-deficient apatite (CDHA, Caio_x(HPO4)x(PO4)s_x(OH)2_x) in-
termediates. Nelson and McLean demonstrated that the Ca/P ratio of the
reaction products increases progressively from ~1.32 (OCP) toward
~1.64 (HAp), with intermediate compositions corresponding to CDHA
[14]. Nelson et al. later reported that apatite-like phases formed on OCP
seeds under near-physiological conditions could be characterized by a
Ca/P ratio of 1.50 + 0.04, consistent with CDHA of composition Cas
(HPO4)(P0O4)sOH [15]. Our previous study also confirmed by chemical
analysis that CDHA produced from OCP hydrolysis typically exhibits a
Ca/P ratio of ~1.5 [16]. Based on this evidence, we approximate the
Ca/P ratio of CDHA in partially hydrolyzed OCP samples as 1.50. With
this assumption, the bulk Ca/P ratio of the calcined samples can serve as
a proxy to calculate equivalent mixtures of OCP and CDHA to estimate
the OCP phase purity prior to thermal treatment.

Here, we propose an indirect approach based on the molar Ca/P ratio
of calcined samples as a proxy for determining the OCP phase purity.
The method specifically targets the quantification of CDHA formed by
OCP hydrolysis during or after the synthesis.

Because the approach relies on a thermal treatment step, its validity
depends on the existence of a processing window in which the measured
Ca/P ratio faithfully reflects the composition of the untreated sample.
This window is delimited by two competing constraints: at short dwell
times, decomposition and recrystallization into the binary $-CPP/-TCP
assemblage may be incomplete, whereas at long dwell times, evapora-
tion of phosphorus species progressively converts -CPP into -TCP and
biases the derived Ca/P ratio. Effective suppression of phosphorous
evaporation by addition of sacrificial monetite (CaHPO,4) to create a
phosphorous-saturated atmosphere was previously demonstrated by
Dobelin et al. [17]. The aim of this study was therefore to delimit this
window and to demonstrate that the derived OCP phase content is
insensitive to the thermal treatment conditions within it. Dwell time,
temperature, and furnace atmosphere were varied as validation pa-
rameters rather than as process parameters to be optimized.

2. Materials and methods

For wet synthesis of OCP, calcium acetate monohydrate (FUJIFILM
Wako Pure Chemical Co., Osaka, Japan; > 99.0%) and sodium dihy-
drogen phosphate dihydrate (FUJIFILM Wako Pure Chemical Co.; >
99.0%) were selected as the source reagents. OCP was synthesized
through the direct precipitation method based on the previous literature
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[18,19]. Briefly, the calcium acetate solution and sodium dihydrogen
phosphate solution were slowly mixed in an equal molar ratio with
stirring at 100 rpm under controlled pH (< 5.5, monitored by a pH meter
under corresponding temperature) at 65°C. The final volume of the
reacting solution was 2 L, and the final concentration of the source re-
agent was 0.08 M. OCP precipitated from the solution following equa-
tion (1):

8(CH3COO)2C3+ 6NaH2PO4 + 5H20 d CagHz(PO4)6 .
5H0 + 6CH3COONa + 10CH3COOH (€D)]

The pH in the reacting solution was buffered according to equation
(1). The precipitate was separated by filtering and washed with ultra-
pure water several times at room temperature. The washed precipitate
was dried for 24 h at 105°C. The dried cake was crushed manually and
passed through a 500 um testing sieve for subsequent calcination and
XRD measurement.

The synthesized OCP was analyzed by X-ray diffraction (Miniflex
600, Rigaku Co., Tokyo, Japan), Fourier transform infrared spectroscopy
(FT-IR; FT/IR-4600, JASCO Co., Tokyo, Japan), and 400 MHz solid-state
nuclear magnetic resonance (NMR; ECZL-400, JEOL Ltd., Tokyo,
Japan). The XRD pattern of the synthesized OCP was acquired using
monochromatized CuKo (40 kV and 15 mA) from 20 = 3° to 60° at a
scanning rate of 3.0°/min, with diffraction detection at 0.02° step in-
tervals. The FT-IR spectrum of OCP mixed with KBr was measured in the
range of 1400-400 cm ™! with a resolution of 4 cm™!. The 3'P magic
angle spinning (MAS) NMR spectrum of OCP was acquired at a MAS
frequency of 15 kHz with 'H decoupling at 100 kHz during acquisition.
The 3P chemical shifts were externally referenced to 85% HsPOa at
0 ppm.

The method for quantification of the molar Ca/P ratio of OCP sam-
ples was inspired by ISO 13779-3 [20]. Briefly, this method subjects
calcium phosphate samples to a thermal treatment at 1000°C for 15 h,
which induces recrystallization and phase decomposition, resulting in a
binary system of highly crystalline phases of stoichiometric composi-
tion. The phases are then quantified by XRD, and the bulk Ca/P ratio is
calculated from the phase quantities. We adapted the approach of con-
verting the initial phase composition into a simple, highly crystalline
phase assembly by thermal treatment from ISO 13779-3 to the
OCP-CDHA system (Ca/P =~ 1.33-1.50). To delimit the processing
window within which the derived Ca/P ratio is independent of the
thermal treatment conditions, calcination series were conducted at
1000°C and 1100°C for dwell times of 2, 4, 8, 16, and 24 h, with and
without saturating the furnace atmosphere with phosphorus species.
The dwell times were chosen to span the 15 h specified in ISO 13779-3
and to extend to substantially shorter times, so that both incomplete
conversion at the lower end and phosphate loss at the upper end would
become detectable. To achieve saturation, ~2 g of sacrificial monetite
(DCPA, CaHPOu4) was placed around three crucibles containing ~0.2 g of
OCP each. Monetite converts to y-CPP (y-CayP207) between 270 and
430°C, and to p-CPP (B-CayP207) between 750 and 850°C [21]. The
B-CPP phase was reported to create a phosphate-saturated atmosphere
that is in a thermodynamic equilibrium with the OCP decomposition
phases -CPP and -TCP [17], which provided the rationale for selecting
monetite as the sacrificial source of volatile phosphorous species in this
study. The setup was covered with an inverted AlyO3 crucible to mini-
mize the gas volume over the samples (Fig. 1). The assembly was
introduced into a cold furnace (CDF 15/1B, Carbolite, Hope Valley,
England), heated to the target temperature, held for the programmed
dwell time, and then cooled at maximum rate. The target temperature of
1000°C was reached after 26 min, and 1100°C after 35 min. Cooling to
300°C took approximately 3 h in both cases. The samples were retrieved
from the furnace once the temperature had reached the range of 300 to
100°C, which was low enough for the base plate and the crucibles to
tolerate the thermal shock when being taken out of the furnace and
placed on a ceramic plate without cracking. For two selected conditions
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Fig. 1. Experimental setup for the calcinations. Left: Samples calcined in open atmosphere. Center: Sacrificial monetite was placed around the samples. Right: The
samples and sacrificial monetite were covered with another crucible to minimize the gas volume over the samples during the calcination in saturated atmosphere.

(1000°C for 2 h in saturated atmosphere, and 1100°C for 24 h in open
atmosphere), the calcination was repeated with the crucibles weighed
before and after the thermal treatment on an analytical balance (Mettler
Toledo, + 0.00002 g) in order to determine the mass loss gravimetri-
cally. These measurements served as an independent consistency check
and were not used in the determination of the Ca/P ratio.

The calcined powders were milled by hand in ethanol using an agate
mortar and then transferred as a suspension onto a microscopy cover
slide in an XRD sample holder and left to dry. Ethanol evaporated more
rapidly than isopropanol and water, which thus reduced the risk for
crystal alignment during the drying process. XRD data were collected on
a Bruker D8 diffractometer (Bruker AXS SE, Karlsruhe, Germany) from 5
to 80 °20 and analyzed by Rietveld refinement using the software Profex
[22]. Since XRD data was collected after the heat treatment converting
OCP and CDHA to a mixture of §-CPP and p-TCP, it was not necessary to
acquire XRD data below 5 °20 (using CuKa radiation) to capture the OCP
(1 0 0) peak at 4.738 °20. Neither p-CPP nor B-TCP contain peaks below
10 °26. Structural models were taken from Dickens et al. [23] for B-TCP,
and from Boudin et al. [24] for B-CPP. Peak intensities Iy were modu-
lated with a 20 dependent correction factor according to Eq. (2) to ac-
count for transparency of the thin suspension layer on the microscopy
slides:

I=1I(1 —exp(— )

s
sin(@))

s was a refined factor representing the product of the sample ab-
sorption factor p and layer thickness d. The Ca/P ratio (CaP) and
equivalent OCP phase quantity (OCPeq) were derived from the refined
B-CPP and B-TCP contents (Qs.rcp and Qp.cpp) using molecular weights of
M[}-TCP = 310.1767 g/mol, Mg_cpp = 254.0993 g/mol,
Mocp = 982.4598 g/mol, and Mcppya = 948.5454 g/mol according to
Egs. (3) and (4):

Qp-rep + Z.Q/pcpp

M, M,
CaP — TP y—cpp 3)
Qprcp Qpcrp
2 Mj_rcp +2 My_cpp
6-CaP-Mocp — 9-M,
OCP,, = 100 ock oc )

8-Mcpua + 6-CaP-(Mocp — Mcpua) — 9-Mocp

Mean values and standard deviations were calculated from triplicate
measurements.

Statistical analysis. All experiments were performed in independent
triplicate (n = 3), with three separately prepared OCP aliquots taken
from the same synthesis batch, calcined and analyzed by XRD/Rietveld
refinement for each combination of temperature (1000°C, 1100°C), at-
mosphere (saturated with sacrificial monetite, or unsaturated), and
dwell time (2, 4, 8, 16, 24 h), giving 60 independent measurements in
total. Data are reported as mean + standard deviation. For each of the
four temperature x atmosphere conditions, the dependence of the
equivalent OCP content (OCP.y) on dwell time was assessed by linear
regression,; slopes are reported with their 95% confidence intervals, and

a slope significantly different from zero (p < 0.05) was taken as evidence
of compositional drift over the investigated dwell-time window. Dif-
ferences in reproducibility between the four conditions were evaluated
by Levene's test (Brown-Forsythe variant, median-centered) on the
within-time-point residuals of OCPeq. The combined effects of temper-
ature, atmosphere, and their interaction on OCP, were assessed by two-
way ANOVA pooled over dwell times (n = 15 per condition), followed
by Tukey's HSD post-hoc test for pairwise comparison of the four con-
ditions. Because the sample size per individual time-point cell (n = 3)
was too small for meaningful formal normality testing, results are
interpreted with this limitation in mind; the conclusions are however
supported by the consistent picture obtained from regression, variance,
and ANOVA-based approaches. The significance threshold was set at
a = 0.05 throughout. Calculations were performed in Origin 2026
(OriginLab Corporation, Northampton, MA, USA) and cross-verified in
Microsoft Excel using LINEST and standard array formulas.

3. Results

Fig. 2 shows the XRD pattern, FT-IR spectrum, and >!P MAS NMR
spectrum of the synthesized OCP. In the XRD pattern (Fig. 2A), the
typical diffraction peaks corresponding to (1 00), (01 0),(002),(-53
0), and (7 0 0) in the OCP lattice were detected at 20 = 4.7, 9.8, 25.9,
31.8, and 33.6°, respectively (PDF# 00-079-0423, International Centre
for Diffraction Data, ICDD). No diffraction signals of other calcium
phosphates, such as HAp and DCPD (CaHPOy4 - 2H,0), were observed in
the XRD pattern. In the FT-IR spectrum (Fig. 2B), the infrared absorption
bands attributed to v3 HPO4(6), v3 HPO4(5), v3 PO4/HPOy4, and v3 PO4
were detected at 1120, 1105, 1075, and 1037 cm™ %, respectively [25].
The HPO4(5) and HPO4(6) are located in the hydrated layer and at the
junction of the CDHA layer and the hydrated layer of the OCP lattice,
respectively. Furthermore, the absorption bands corresponding to [P—
(OH)] stretch of HPO4(6) and HPO4(5) were observed at 910, and 862
cm ™}, respectively. In the 3'P MAS NMR spectrum (Fig. 2C), the peaks
attributed to phosphorus of PO3~ and HPOZ™ in the OCP lattice were
detected at 3.4, 3.1, 1.7, and —0.4 ppm [26,27]. However, no peaks
corresponding to HAp [28] and DCPD (CaHPO4 - 2H30) [29] were
observed in the spectrum. The NMR analysis indicated that the synthe-
sized sample was a single phase of OCP.

The XRD datasets of thermally treated OCP samples showed signals
of highly crystalline -CPP and B-TCP with peak resolution near the
instrument’s optical limit. The phase signals were well separated and
allowed for accurate quantification by Rietveld refinement (Fig. 3).

Table 1 summarizes the quantitative phase analysis of the calcined
samples (only p-CPP is reported; p-TCP values can be reconstructed as
100 - B-CPP). Equivalent OCP values (OCP.q) were calculated from the
Ca/P ratios.

Fig. 4 represents the calculated OCPeq phase purity as a function of
processing temperature, time, and atmospheric condition. At 1100°C
without atmosphere saturation, the p-CPP/B-TCP ratio decreased
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Fig. 2. (A) XRD pattern, (B) FT-IR spectrum, and (C) 3'P MAS NMR spectrum of synthesized OCP. The 3!P MAS NMR spectrum was measured at a MAS frequency of

15 kHz with 'H decoupling at 100 kHz.

markedly within 16 h due to phosphate evaporation. The bulk Ca/P ratio
increased from 1.351 + 0.001 to 1.410 4+ 0.007 (ACaP = 0.059). Linear
regression of OCPeq versus dwell time confirmed a strong significant
downward drift in this condition (slope = -1.67 wt%/h, 95% CI [-2.12,
-1.22], p < 107, R? = 0.83). This compositional drift led to a discrep-
ancy between the original and current Ca/P ratios, resulting in misin-
terpretation of OCP purity. Reproducibility was also compromised, as
shown by large standard deviations, likely reflecting differences in
evaporation kinetics between samples. Such kinetic differences may
arise from variations in crucible packing density and fill level, which
alter the permeability of the powder bed and the diffusion rate of
phosphate gas into the open atmosphere.

Decomposition of phase-pure OCP into the binary p-CPP/B-TCP
assemblage releases six H20 per formula unit (five from the hydrated
layer and one from the condensation of two HPO. groups into P20v),
corresponding to a mass loss of 11.00 wt% in the absence of phosphate
evaporation. Any loss of volatile phosphorous species adds to this
baseline. For the two conditions repeated with gravimetric monitoring
using pre-calcined crucibles, the measured mass losses were
11.32 + 0.17 wt% (1000°C, 2 h, saturated) and 13.38 + 0.13 wt%

(1100°C, 24 h, open), in agreement with the values of 11.14 and 13.31
wt% calculated from the refined phase compositions of the same spec-
imens by mass balance (Table 2). The gravimetric response to phosphate
evaporation is small, however: between the mildest and the most
extreme condition investigated, the total mass loss differs by only about
2 wt%, whereas the derived OCP¢q value differs by more than 40 wt%.
The mass loss therefore serves as a consistency check but is not a sen-
sitive measure of phosphate loss, and it is not used in the quantification
procedure proposed here.

At 1100°C with atmosphere saturation, phosphate evaporation and
compositional drift were reduced (ACaP = 0.012). However, fluctua-
tions persisted, and large standard deviations at 8-24 h indicated
reduced repeatability, again attributable to varying evaporation ki-
netics. Regression analysis still detected a small but significant down-
ward drift (slope = -0.19 wt%/h, 95% CI [-0.37, -0.02], p = 0.034),
indicating that atmosphere saturation reduces but does not fully elimi-
nate phosphate loss at 1100°C.

At 1000°C without saturation, phosphate evaporation was negli-
gible: Ca/P values varied by only ACaP = 0.0017, corresponding to an
OCPeq range of 1.0 wt%. OCP¢, values averaged 99.7 & 0.5 wt% across
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Fig. 3. A) shows a Rietveld refinement of a sample processed at 1100°C for 16 h in a phosphate-saturated atmosphere. The quality of fit is representative for all
Rietveld refinements performed in this study. B) shows a detail view of the same dataset from 25.0 to 34.0° 20 to demonstrate the separation of the p-CPP and

B-TCP signals.

24 h. No significant drift was detected by linear regression
(slope = +0.009 wt%/h, 95% CI [-0.027, +0.045], p = 0.59). Saturation
further reduced variation (ACaP = 0.0013; OCPeq range 0.7 wt%),
yielding a mean of 100.3 + 0.5 wt%. Values slightly above 100 wt%
reflect minor artifacts from the Rietveld refinement. Linear regression
confirmed the absence of drift (slope = +0.009 wt%/h, 95% CI [-0.029,
+0.048], p = 0.62). At 1000°C, the OCPq value obtained after the
shortest dwell time of 2 h (99.3 £ 0.3 wt% without and 100.0 & 0.8 wt%
with atmosphere saturation) was already indistinguishable from the
value after 24 h. Conversion of the sample into the binary p-CPP/p-TCP
assemblage was therefore complete within 2 h, and the observed plateau

does not reflect incomplete recrystallization.

The pooled within-time-point standard deviation of OCPeq was 0.58
wt% at 1000°C saturated and 0.46 wt% at 1000°C unsaturated, but
increased to 2.07 wt% at 1100°C saturated and 3.97 wt% at 1100°C
unsaturated. Levene's test confirmed that reproducibility differed
significantly between the four conditions (W = 3.98, p = 0.012). A two-
way ANOVA on OCPeq pooled over dwell times revealed highly signifi-
cant main effects of temperature (F(1,56) = 58.4, p < 0.001) and at-
mosphere (F(1,56) = 37.0, p < 0.001), and a strong
temperature x atmosphere interaction (F(1,56) = 33.8, p < 0.001),
indicating that atmosphere saturation had a substantially larger effect at
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Table 1

Refined B-CPP contents, calculated Ca/P ratios, and equivalent OCP phase
quantities (OCPq) for all calcination series at 1000°C and 1100°C, with and
without atmosphere saturation. Values represent means + standard deviations
from triplicate measurements.

Temp. [°C] / Time B-CPP [wt- Ca/P [-] OCP;q [wt-
Atmosphere [h] %] %]
1100 / open 2 25.8 +0.2 1.3513 £ 0.0009 89.6 + 0.6
4 24.8 +0.2 1.3567 £ 0.0012  86.4 + 0.7
21.2+24 1.3767 £ 0.0134 746 +7.9
16 152+ 1.1 1.4102 £ 0.0065 54.7 + 3.9
24 15.7 £ 0.3 1.4076 £ 0.0016  56.3 +£0.9
Mean 20.5+ 4.7 1.3805 + 0.0262 72.3 +15.5
1100 / saturated 2 28.2+0.1 1.3379 £ 0.0003  97.3 £ 0.2
4 29.0 +£0.1 1.3339 £ 0.0007 99.7 + 0.4
8 28.3 £ 0.6 1.3374 + 0.0034 97.6 £ 2.0
16 26.7 +£1.2 1.3459 + 0.0064  92.7 + 3.7
24 27.6 £ 0.6 1.3410 £ 0.0031 955+ 1.8
Mean 28.0 £ 0.9 1.3392 + 0.0051 96.6 + 3.0
1000 / open 2 28.8 £ 0.1 1.3346 + 0.0005 99.3 £ 0.3
4 289 +0.1 1.3340 + 0.0008  99.6 + 0.4
8 29.1+0.1 1.3329 £ 0.0007  100.3 £+ 0.4
16 29.0 +£ 0.0 1.3335 + 0.0001 99.9 £ 0.1
24 29.0 +0.3 1.3339 £ 0.0014  99.7 + 0.8
Mean 29.0+0.2 1.3338 £ 0.0009  99.7 + 0.5
1000 / saturated 2 29.0 +£ 0.3 1.3334 + 0.0014 100.0 + 0.8
4 29.1 +£0.2 1.3330 £ 0.0009  100.2 + 0.5
8 29.3+0.2 1.3321 £ 0.0009  100.7 + 0.5
16 29.2+0.2 1.3328 £ 0.0011 100.3 £ 0.7
24 29.2 £ 0.0 1.3327 £+ 0.0002 100.3 + 0.1
Mean 29.2+0.2 1.3328 + 0.0009 100.3 £ 0.5

1100°C than at 1000°C. Tukey HSD post-hoc analysis showed that the
1100°C unsaturated condition differed significantly from each of the
other three (all p < 0.001, mean differences in OCPq between 24.3 and
28.0 wt%), whereas the 1000°C saturated, 1000°C unsaturated, and
1100°C saturated conditions were statistically indistinguishable in mean
OCP¢q (all p > 0.5). The latter three conditions thus yield comparable
accuracy on average, but differ markedly in their dwell-time stability
and their reproducibility across replicates.

4. Discussion

The calcination series confirmed that both temperature and dwell
time strongly influence the stability of the p-CPP/B-TCP system. With
prolonged dwell times, p-CPP gradually transforms into -TCP as a result
of the evaporation of volatile phosphorous species [17]. This alters the
B-CPP/B-TCP ratio and drives the measured Ca/P ratio upward, thus
biasing the estimation of OCP purity. Griesiute et al. [30] demonstrated
that under more aggressive conditions (1200°C in vacuum), evaporation
can lead to the complete transformation of -CPP to -TCP. Atmosphere
saturation and minimization of free gas volume effectively reduced
phosphate evaporation, though not completely at 1100°C. At 1000°C,
evaporation was negligible even without saturation. Phosphate evapo-
ration has been reported to depend strongly on furnace specifications,
particularly the chamber volume and permeability [17]. In this study,
the small furnace used (80 x 90 x 150 mm internal dimensions) showed
no signs of evaporation at 1000°C, even without atmosphere saturation.
However, this outcome cannot be generalized to larger or more
permeable furnace chambers, where phosphate loss may occur even at
1000°C. The proposed atmosphere-saturation approach addresses this
scalability concern directly: by placing the samples and the sacrificial
monetite under an inverted crucible, the effective gas volume in equi-
librium with the samples is reduced to a small, well-defined headspace,
irrespective of the overall furnace dimensions. The saturation equilib-
rium between the sacrificial p-CPP and the gas phase is established
locally within this headspace and is, to a first approximation, indepen-
dent of furnace geometry, chamber permeability, or air exchange rate.
Implementing  atmosphere saturation is therefore strongly
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recommended for laboratories using furnaces of different sizes or de-
signs, as it eliminates the need for furnace-specific calibration.

B-CPP and B-TCP are often described as being difficult to quantify
from XRD data due to severe peak overlap among the two phases, and
indeed three out of the four strongest B-CPP peaks ((2 0 2) at
d =3.22169 A, (0 0 8) at d = 3.01837 A, (1 0 8) at d = 2.74865 A)
overlap strongly with p-TCP peaks, thus compromising the quantifica-
tion of small amounts of p-CPP in a B-TCP matrix. In a phase mixture
representing a Ca/P ratio close to 1.3333, however, the p-CPP content is
typically close to 29 wt-%, which is high enough to expose several
additional peaks that are not affected by overlapping and allow for a
reliable quantification (Fig. 3). The computational conversion of p-CPP
and B-TCP quantities to equivalent OCP,q values via calculation of the
Ca/P ratio amplifies uncertainties by approximately 3.3-fold. Accurate
results therefore require high-quality XRD data and a carefully validated
refinement strategy. Following best practices for sample milling, prep-
aration in the XRD sample holders, instrument alignment, data collec-
tion parameters, as well as for Rietveld refinement is therefore strongly
recommended. The refinement should focus on accurate profile fitting
taking into account all peak broadening effects and potential fine frac-
tions from overmilling, as well as a realistic model for preferred orien-
tation. The refinement strategy can be verified with a synthetic mixture
of known composition (e.g., 29.06 wt% p-CPP + 70.94 wt% (-TCP,
corresponding to OCPeq = 100.0 wt%). This provides a benchmark to
ensure accuracy and reproducibility of the method.

It should also be acknowledged that Rietveld refinement is an
inherently model-dependent technique: a low goodness-of-fit indicator
alone does not guarantee that all phases present have been correctly
identified and quantified, particularly minor crystalline impurities or
amorphous fractions whose contributions can be partially absorbed by
the refined parameters of the included phases. Independent verification
by a complementary technique, such as solid-state >'P MAS NMR (Fig. 2)
for the starting material, is therefore recommended whenever the
absence of unaccounted phases needs to be established with high
confidence.

In principle, the proposed framework for converting a bulk Ca/P
ratio into an equivalent OCP content is independent of the analytical
technique used to determine that ratio, and could in principle be com-
bined with elemental methods such as ICP-MS, ICP-OES, or SEM-EDX. It
should be noted, however, that the present method does not provide a
direct measurement of the Ca/P ratio either: the high apparent precision
(~0.001, absolute) results from error propagation of the refined -CPP
and B-TCP phase quantities (typical uncertainties of 0.1-0.3 wt%)
through Eq. (3), which in the compositional range around Ca/P = 1.33 is
comparatively insensitive to small variations in phase quantities. Even
taking this into account, the precision of elemental alternatives is sub-
stantially lower in practice: reported relative standard deviations on Ca/
P ratios are typically on the order of 0.5-5% for ICP-based methods [31]
and 3-4% for SEM-EDX [32]. Because the conversion of Ca/P to OCP¢q
amplifies uncertainties by approximately 3.3-fold, elemental Ca/P de-
terminations would translate into OCPeq uncertainties in the order of
several to several tens of wt%, severely limiting their usefulness for
phase purity assessment.

The indirect quantification method for OCP phase purity presented
here is relatively simple to implement and only requires a high-
temperature furnace and XRD equipment with Rietveld refinement.
The OCP phase content is then derived from the bulk Ca/P ratio calcu-
lated from the refined high-temperature phase composition. However,
the procedure relies on two assumptions: (i) that OCP and CDHA (and/
or ACP) are the only phases present in the starting material, and (ii) that
their Ca/P ratios are fixed at 1.33 and 1.50, respectively. Preliminary
XRD analysis of the raw samples is therefore essential to exclude addi-
tional phases. If revised values for endmember Ca/P ratios emerge in
literature, or if additional phases are detected in the raw samples, the
calculation procedure needs to be adapted accordingly.

The present validation was carried out on a phase-pure OCP batch,
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Fig. 4. Calculated OCP, phase content for all calcination series at 1000 and 1100°C, without (“open”) and with (“saturated”) atmosphere saturation.

Table 2

Measured and calculated mass loss (Am) for two calcination conditions repeated
with gravimetric monitoring. Calculated values were obtained from the refined
B-TCP and B-CPP contents of the same specimens by mass balance, taking phase-
pure OCP as the starting composition and calcium as the conserved component.
Values are single determinations; uncertainties on the phase quantities are
estimated standard deviations of the Rietveld refinement, those on the measured
mass loss are propagated from the weighings.

Condition B-TCP [wt p-CPP [wt Am Am
%] %] calculated measured
[wt%] [wt%]
Phase-pure 70.94 29.06 11.00 -
OCP, no
phosphate
loss
(theoretical)
1000°C, 2 h, 71.77 £0.14 2823 +0.14 11.14 11.32 + 0.17
saturated
1100°C, 24 h, 84.49 £ 0.13 15.51 £ 0.13 13.31 13.38 £ 0.13
open

which establishes the robustness and repeatability of the method under
varying thermal treatment conditions. Confirming the assumed end-
member Ca/P ratios on partially hydrolyzed samples of independently
determined composition would further extend its scope to mixtures with
high CDHA contents.

5. Conclusions

Direct quantification of OCP and CDHA by XRD is unreliable due to
severe peak overlap. Determining the molar Ca/P ratio after controlled
calcination provides a simple and effective indirect approach to assess
OCP phase purity. However, suppressing phosphate evaporation is
critical to preserve the original Ca/P ratio, and we demonstrate a
practical method using sacrificial monetite to saturate the atmosphere
with phosphorus species. Stable and reproducible OCP phase purity
values were obtained throughout the entire dwell-time range from 2 to
24 h at 1000°C in saturated atmosphere, with conversion into the binary
B-CPP/B-TCP assemblage already complete after the shortest dwell time
investigated. We therefore recommend a calcination at 1000°C for 2 h in
a phosphate-saturated atmosphere as the standard protocol. This is a
substantial reduction relative to the 15 h specified in ISO 13779-3, and
is justified by the demonstrated insensitivity of the result to dwell time.
Atmosphere saturation is recommended irrespective of dwell time, since
it renders the result independent of furnace geometry and permeability.
The approach is straightforward, reproducible, and adaptable, offering a
robust tool for both research applications and quality control of OCP-
based biomaterials.
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