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Fibrous hydroxyapatite was synthesised from o-tricalcium
phosphate in ethanol and acetic acid solutions via a water
process (WCRSP).
particles of B-tricalcium phosphate were formed by adjusting the
solvent conditions. Results indicated that the water
concentration achieved in the WCRSP is essential for determining
crystal phase and morphology.

controlled-release solvothermal Rice-like

Introduction

Hydroxyapatite (HAp; Ca;o(PO4)s(OH),), whose chemical
composition is similar to that of the inorganic component of
bone, is well known as an artificial bone filler material owing
to its high osteoconductivity.' The adsorption and ion-
exchange properties of HAp and related calcium phosphate
have enabled their use as adsorbents for chromatographic
media of proteins®® or adsorbents for pollutant removal.*”
Previous studies suggest that these properties of HAp depend
on crystallographic properties such as crystal phase and
morphology.®*° Therefore, the morphological control of HAp-
based functional materials is a powerful tool for enhancing
the chemical properties of their surface in the medical or
environmental fields. Based on these research backgrounds,
liquid-based synthesis is a suitable synthetic method. The
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hydrothermal or solvothermal method, which is a liquid-
based synthesis method, is excellent for the precipitation and
crystal growth of inorganic compounds with varied crystal
morphology and an automorphic form.' The morphology
and composition of HAp are also easily altered in the
hydrothermal method via starting materials and treatment
conditions such as temperature, solvents, and additives.®*"?
In general, nucleation and crystal growth behaviour in the
liquid phase is strongly affected by the supersaturation degree
and its change rate. In addition, the presence of ‘water’ in
the liquid phase is key for the nucleation and crystal growth
of HAp, and the contribution of water is particularly large on
HAp formation, as can be also inferred from the chemical
composition. For instance, solvent control or reactivity of raw
materials with water results in large morphological
changes."®'* The controlled release of water in the solvent is
estimated to have a significant effect on HAp formation under
hydrothermal or solvothermal conditions. However, the
crystal growth behaviour of HAp in an environment with
extremely limited water in the organic solvent has not been
reported extensively.

Therefore, in this study, HAp synthesis was attempted via
a water controlled-release solvothermal process (WCRSP)
utilising the esterification reaction of alcohol and carboxylic
acid. Yin et al reported the synthesis of homogeneous
nanoparticles such as Cs,WO; nanorods via the WCRSP.*>*”
Because the amount of water supplied is suppressed, the
WCRSP can be performed to synthesise various
nanomaterials under highly supersaturated conditions, and
this method is also expected to be effective for the synthesis
of nanosized HAp. For this investigation, o-tricalcium
phosphate (o-TCP) was selected as a starting material. o-TCP
is a high-solubility product and is used as a self-curing
cement of calcium phosphate for bone repair as it reacts
quickly and forms HAp.'® Additionally, it is advantageous as
a starting material for the synthesis of HAp because HAp
crystals of various morphologies can be obtained via the
hydrolysis reaction of a-TCP owing to its variable dissolution
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depending on the synthesis conditions.”®'**** The effects
of synthesis conditions such as the solvent, temperature, and
stirring in the WCRSP on the formation behaviour and crystal
morphology of HAp synthesised from o-TCP were
investigated. To the best of our knowledge, there is no
precedent for a method that uses a non-aqueous solvent as a
starting point for the solvothermal synthesis of HAp, and
therefore this study is significant for the development of
HAp-related materials on both basic and applied research.

Experimental

o-TCP powder (Cas(PO,),, Taihei Chemical Industrial Co.,
Ltd., Osaka, Japan), used as a starting material, was
dispersed into a mixed solution of ethanol (99.5%, Wako
Pure Chemical Industries, Ltd., Osaka, Japan) and acetic acid
(99.7%, Wako Pure Chemical Industries, Ltd., Osaka, Japan),
and then the sample was mixed using a magnetic stirrer for a
few minutes at room temperature. The mixture samples (20
mL) were added in a 50 mL polytetrafluoroethylene (PTFE)
vessel and sealed in an autoclave (SAN-AI Kagaku Co. Ltd.,
Nagoya, Japan). Then, the autoclaves were treated with or
without stirring for up to 24 h in a dry oven (DRM 320DD,
Advantec Toyo Kaisha, Ltd., Tokyo, Japan) at 120 °C, 150 °C,
and 180 °C, and the ethanol:acetic acid mixture ratios were
5:15, 10:10, 12:8, and 15:5 (volume ratios), respectively.
These are denoted E05A15, E10A10, E12A08, and E15A05 in
order. Subsequently, the products were washed with ethanol
and removed via suction filtration. The products were dried
in an oven at 40 °C. Simultaneously, a-TCP powder, as a
control sample, was also treated using single solvents of
water, ethanol (E20A00), and acetic acid (E00A20). Detailed
conditions for each sample are summarised in Table S1.7 The
products were characterised via physicochemical methods
that have been extensively described in the ESL}

Results and discussion

The reactivity of o-TCP against single solvents under
solvothermal conditions was investigated without stirring at
150 °C for 24 h. After the solvothermal treatment in water, the
o-TCP phase (PDF no. 01-070-0364) was completely
transformed into HAp single phase (PDF no. 00-009-0432),
and the formation of fine needle- or plate-shaped crystals was
observed, as shown in Fig. 1(a) and S1(a).f Additionally, the
dissolution of o-TCP and three-phase formation, i.e., HAp,
B-TCP (PDF no. 00-009-0169) and dicalcium phosphate
anhydrous (DCPA) (PDF no. 01-077-0128) were observed in
acetic acid conditions (E00A20). Large plate-like, fine needle-
shaped, and fine nanocrystals were formed as they were
mixed (Fig. 1(a) and S1(b)}). In contrast, a-TCP did not react
in ethanol conditions (E20A00), and crystal phase and
morphology were maintained (Fig. 1(a) and S1(c)f). Fig. 1(b)
and 2 show the crystal phase and morphology of products
after the hydrothermal treatment using ethanol-acetic acid
solutions with constant stirring. In the E10A10 sample with a
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Fig. 1 X-ray diffraction (XRD) patterns of products after
solvothermal treatment at 150 °C for 24 h, using various solvents:
(a) water, acetic acid (EO0A20), ethanol (E20A00), and (b) ethanol
and acetic acid mixtures.

nearly equimolar ratio of ethanol and acetic acid, HAp and
DCPA were detected (Fig. 1(b)), and long whisker-like or
fibrous crystals were observed. A large plate-shaped crystal
was also partially present (Fig. 2(b) and (f)). In the case of
E05A15, E12A08, and E15A05 samples, HAp and -TCP phases
were detected, and fibrous or needle-shaped crystals
extending on the particles were observed (Fig. 2(a), (¢) and (d)).
Additionally, rice-like particles with peculiar morphology were
observed in E05A15 samples (Fig. 2(e)). The results of the FT-
IR analysis (Fig. S2t) of samples presented in XRD results
(Fig. 1) showed good agreement. The typical HAp pattern was
observed in samples treated with water,>® while the samples
treated with ethanol displayed only the P-O and O-P-O bonds
of o-TCP used as the starting material. In contrast, the sample

00 nm)
—

Fig. 2 SEM images of products after solvothermal treatment at 150 °C
for 24 h, using an ethanol-acetic acid system. (a) EO5A15, (b) E10A10,
(c) E12A08, (d) E15A05, (e) E05A15, and (f) E10A10.

This journal is © The Royal Society of Chemistry 2023
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solvothermally treated with acetic acid (E00A20) showed the
presence of C=0 and C-H bond.>* However, the typical peak
of a carboxyl group (C=0O stretching) at approximately 1770
cm ! was not detected in this sample which can be attributed
to the absorption of a small amount of acetic acid by the
sample. Phosphate bonds derived from calcium phosphates,
and hydroxyl bonds were detected in the samples of mixed
solvent; for example, the bond corresponding to the hydroxyl
group of HAp was detected at 638 cm™* and 3570 cm ™" in the
E10A10 sample. The hydrogen phosphate bond at 865 cm™
was also detected, indicating the presence of calcium-
deficient HAp or DCPA in the samples.”® Additionally, the
C=O0 and C-H bonds were observed with an increase in the
content of acetic acid in the solvent derived from the acetic
acid or ethyl acetate, indicating that the solvent molecule
could be easily adsorbed on the surface of calcium phosphate
with a higher concentration of acetic acid in the solvent.
Although no single-phase samples were obtained, elemental
analysis was conducted to investigate the crystals of each type
of morphology via transmission electron microscope (TEM)
and Energy Dispersive X-ray Spectroscopy (EDX) analysis, as
shown in Fig. S3 and Table S2.f The needle-shaped, rice-like,
and plate-shaped crystals showed a lower Ca/P ratio which
were 0.64, 0.77 and 0.74, respectively. The Ca/P atomic ratio of
HAp, B-TCP, and DCPA (as stoichiometric composition) are
1.67, 1.5, and 1.0 respectively. The detected Ca/P ratio is much
lower than the theoretical value; therefore, the determination
of the crystal phase of different crystals from the Ca/P ratio is
difficult by EDX analysis.

()

100 nm
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To further analyse the structure of each crystal, TEM images
and selected area electron diffraction (SAED) pattern for fibrous
crystals (Fig. 3(a)-(c)), rice-like particles (Fig. 3(d)-(f)), and large
plate crystals (Fig. 3(g)-(i)), were obtained. The long needle-
shaped or fibrous crystals were well consistent with the unit cell
parameter of the HAp phase (PDF no. 00-009-0432), as shown in
Fig. 3(a), and HAp crystal growing along the c-axis
(Fig. 3(b) and (c)). Notably, the SAED pattern of the rice-like
particle, shown in Fig. 3(f), indicated a periodic pattern of bright
spots without a ring pattern or overlapping spots; therefore, the
rice-like particle was determined to be a well-crystallised single
crystal (Fig. 3(d) and (e)). The unit cell parameter of the rice-like
crystal was consistent with the B-TCP of the rhombohedral of
the R3c space group (PDF no. 01-070-2065). Additionally, the
SAED pattern of the rectangular plate-shaped crystal could not
be observed owing to its high thickness (Fig. 3(g)). Therefore, a
high-resolution TEM (HRTEM) image and FFT pattern of the
plate-shaped crystal were obtained (Fig. 3(h) and (i)). From these
results, the crystal structure of the rectangular plate-shaped
crystals was determined to be of DCPA phase. This result is also
consistent with the studies suggesting that DCPA has a large
plate-like shape.® 1In addition, the effects of treatment
temperature on the crystal phase and morphology were also
investigated. Fig. S41 shows the XRD patterns and SEM images
of products after the solvothermal treatment at various
temperatures using E10A10 with constant stirring. HAp phase
was detected in all samples, and DCPA formation increased
with increasing temperature. Additionally, the B-TCP phase was
also detected at 120 °C (Fig. S4(a)f). Fibrous and long needle-

Fig. 3 SEM, TEM, HRTEM images, SAED, and FFT patterns of products: (a-c) fibrous HAp crystals, (d-f) rice-like B-TCP crystals, and (g-i) plate-

shaped DCPA crystals.

This journal is © The Royal Society of Chemistry 2023
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shaped crystals were observed in the SEM images of all samples,
and the length of fibrous crystal at 150 °C was observed to be
the longest among all samples. Large plate-shaped crystals were
also observed in the samples at 180 °C that seemed to be DCPA
phase (Fig. S4(e)t). Fig. S51 shows the N, adsorption-desorption
isotherms and surface area of these samples. Fig. S5(d)} shows
that with increasing the treatment temperature, the surface area
of the samples slightly increased, and indicates the
morphological changes in crystals. In addition, o-TCP was
treated with the WCRSP without stirring at various temperatures
to investigate the effect of stirring conditions. At 120 °C, HAp
formation was small, and o-TCP was almost transformed into
B-phase in all samples (Fig. S6T). HAp formation also increased
with an increase in the temperature and the peaks of DCPA
were observed as the formation of HAp in the E10A10 sample
increased. Fig. S71 shows the fraction of integrated intensity
against the treatment temperature that was calculated using the
XRD patterns (shown in Fig. S61) of HAp, B-TCP, and DCPA
phases in the samples. The HAp phase of the samples increased
with increasing the treatment temperature. The fraction of HAp
formation (approximately 80%) in the E10A10 sample was the
highest at 150 °C; furthermore, the formation of HAp was found
to decrease (approximately 60%) at higher temperatures.
Compared with the results of the reaction with stirring (Fig.
S47), the formation ratio of B-TCP tended to increase at 120 °C
regardless of the solvent type, and stirring promotes the
formation of HAp in all samples. Especially, o-TCP was detected
in the E15A05 sample without stirring, indicating the remains
of the o-TCP phase via the surface formation of HAp due to a
reaction with water molecules of the solvent.

Synthesis of HAp via hydrothermal or solvothermal
methods has been widely studied in biomedical and
environmental fields."> Water molecules are needed for the
synthesis of HAp crystals because of the presence of
hydroxide ions in the chemical structure of HAp. In many
cases, HAp synthesis has been performed in a water-based
solvent or a steam atmosphere. Therefore, this study presents
the first report on the synthesis of HAp from a non-aqueous
solvent using WCRSP, indicating the contribution of water
molecules in the synthetic reactions. Fig. 4 shows the
summary of the formation of fibrous HAp and rice-like 3-TCP
particles in the solvent conditions produced via the WCRSP.
The WCRSP forms the water molecules via an esterification
reaction, as shown in reaction (1)."*™"”

C,H-OH + CH;COOH — CH,COOC,H; + H,0O (1)
Released water molecules react with o-TCP particles and the
HAp phase is formed on the particles. Simultaneously,
solution pH decreases with an increase in the HAp
formation, as shown in reaction (2).

10Ca3(PO,), + 6H,0 — 3Ca;o(PO4)s(OH), + 2P0, + 6H' (2)

E10A10 samples showed a nearly equimolar reaction, and
0.17 mol of water is estimate to form via the esterification

2024 | CrystEngComm, 2023, 25, 2021-2026
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Fig. 4 (a) Relationships between the ethanol fraction of solvent, water
formation, and crystal phase and morphology of products, and (b)
summary of formation of calcium phosphate phases and the
conditions of WCRSP.

reaction of the WCRSP. In contrast, water molecules reacted
with 0.81 mmol of o-TCP, and solution pH around a-TCP
particles decreased by the formation of H. DCPA phase was
easily formed with HAp formation in this reaction because of
the most stable phase changes from HAp to DCPA under
acidic conditions (pH < 4) in the solubility diagrams of
calcium orthophosphates.*® In contrast, the B-TCP phase is
difficult to achieve in the aqueous solution in general,
because B-TCP easily reacts with water, resulting in the
formation of HAp as well as a-TCP.***” However, the partial
B-TCP formation was often observed in the solvothermal
treatment of o-TCP using alcohol,'”*° because the B-TCP
phase could be a metastable phase in the reaction.*
Therefore, the results indicate that the amount of water
formed via WCSRP greatly affects the crystal phase formed
from o-TCP. In terms of crystal morphology, fibrous or
whisker-like HAp crystals, growing along the c-axis, was
formed via the WCRSP. HAp was easily grown with the
needle-like, whisker-like, or fibrous morphology in
solvothermal or hydrothermal conditions,'”**° and the
growth rate of HAp along the c-axis was large. Moreover, the
length of the needle-shaped crystal of HAp increased with
increasing the treatment temperature, as shown in Fig. S4.
This morphology change was also observed when the reaction
rate was suppressed by the addition of alcohol;'*?® therefore,
it can be concluded that the changes in the dissolution-
reprecipitation rate of the solvent affect the crystal length

This journal is © The Royal Society of Chemistry 2023
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and width of HAp. In contrast, the formation of rice-like
particles of B-TCP was observed especially in the E05A15
sample of solvothermal treatment. Although a few studies
have reported the synthesis of B-TCP via hydrothermal or
solvothermal method,*"*> by the previous our work, as
mentioned above, it is presumed that B-TCP is likely to form
under conditions where dissolution and precipitation are
difficult to occur when o-TCP was used as a raw material. In
addition, it almost no reports on the morphological control
using liquid-based methods are present in the literature. The
o-TCP phase remained in ethanol (E20A00), however, o-TCP
was reacted and dissolved in acetic acid (E00A20) via
solvothermal synthesis, as shown in Fig. 1 and 2. These
results indicate that rice-like B-TCP was achieved via
dissolution-reprecipitation reaction, not phase
transformation from o-TCP. The possible reason for this
unique structure is that acetic acid or ethyl acetate formed
were selectively adsorbed, which contributed to the crystal
growth of B-TCP. These findings indicate the possibility of
controlling the B-TCP morphology via the liquid phase
method and the significance on the explication of formation
mechanism of B-TCP as well. In the present study, biphasic
products were formed in most of the samples. Biphasic
products consisting of HAp and B-TCP are also used as a
research object for medical application, and therefore this
method is expected to be useful. In addition, these results
also demonstrate the need for more water reactivity control,
pH adjustment, and clarifying the contribution of ester to
obtain single phases with unique morphologies by this
method.

Conclusions

The non-aqueous synthesis of fibrous HAp and rice-like
B-TCP particles from o-TCP via the WCRSP was reported. The
crystal phase and morphology of calcium orthophosphates
were largely affected by changes in the water content formed
by the esterification reaction of ethanol and acetic acid and
the resulting degree of high supersaturation. The results
indicated that fibrous HAp easily grows along the direction of
the c-axis in these conditions. By contrast, the unique rice-
like B-TCP was formed as a metastable phase using the
synthesis method presented herein, and this morphology was
presumed to be an effect of the absorption of an organic
molecule during crystal growth via the WCRSP. This study
suggests that the crystal morphology of HAp and B-TCP can
be controlled by focusing on the water supply process in the
solvothermal treatment.
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