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Strontium substituted hydroxyapatite is a biomaterial with high level of
biocompatibility with improved cell proliferation from Sr ions in hydroxyapatite.
The aim of this research is to study the effect of saturated steam pressure at elevated
temperature on the transitions within amorphous strontium hydroxyapatite powder.
Processing temperatures and times ranged from 9o to 150°C for periods of 1, 3 and
6 hours, respectively. Powder was characterized by X-Ray Diffraction and Fourier
Transformed Infrared Spectroscopy. The appearance of diffraction peaks in the
X-ray diffraction pattern suggested that longer processing times were necessary
to transform amorphous strontium hydroxyapatite to a higher crystallinity at lower
temperatures. Transition from the amorphous to the crystalline state begins at 150°C
after an hour, at 120°C after 3 hours, or at 110°C after 6 hours. Infrared spectroscopy
showed the characteristic phosphate absorption band and the presence of carbonate

in the powder.

hydrothermal processing, biomaterials, hydroxyapatite, material design,
biocompatibility

Materials based on hydroxyapatite (Ca,,(P0O,)s(OH),, HA) and other calcium phos-
phates, such as dicalcium phosphate (CaHPO,), tricalcium phosphate (Ca;(PO,),),
tetracalcium phosphate (Ca,(PO,),0), and octacalcium phosphate (CagH, (PO, ), - 5H,0),
have attracted tremendous interest because of the similarities with the mineral frac-
tion of human bone tissue and their high osteoconductive potential [1]. Hydroxyapatite
is biocompatible with living bone tissues and is the most widely used biomaterial from
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the calcium phosphates [1, 2]. HA promotes increased bone bonding and is extensively
used as a coating for dental and orthopedic implants. It is very stable and the least
soluble among all the calcium orthophosphates at normal temperature and pH value
ranging from 4 to 12 [3].

Nowadays, research groups in the field of bioengineering are striving to produce bio-
materials with enhanced properties. In this regard, HA is the most promising material
owning to its possibility to be processed and designed in a wide range of applications -
itincludes enhanced osseointegration, antibacterial activity, etc. [4, 5]. A wide range of
new properties could be achieved throughout different cationic or anionic substitutions
in HA structure. Divalent cations, such as Zn, Fe, Cu, Mg, Ni, Cr, Mn, Co, Sr, Pb, and
Cd, and anions such as F~, CI7, C0;*7, and VO,*~ may substitute for Ca**, OH~, and
(PO,)*~ in the HA structure. These substitutions modify its thermal stability, solubility
and textural properties as well as the surface reactivity. Among these substitutions,
the biological role of strontium as a doping element in HA is well known [6].

Strontium is also believed to play an important role in the enhancement of bone rem-
ineralization that is associated with a reduction of bone resorption, an increase in the
formation of new bone fracture [7-9]. Recently, strontium substituted hydroxyapatite
has shown to hold great potential for coating titanium implants and as a filler for bone
cements and toothpastes. Strontium hydroxyapatite (SrHA), a bioactive bone cement
that is used in spinal and bone fracture surgery and also finds application in bone
replacement, bone fillings, bone adhesives and for treatment of osteoporosis [10].
Synthesized Sr-doped ACP powder by wet synthesis, and prepared Sr-doped calcium
phosphate cement has potential for use as a new type of bone substitute [11].

Hydrothermal treatment (HT) has been found to be one of the best methods to
synthesize highly crystalline HA with homogeneous grain size at decreased processing
temperatures. On the other hand, HT attracts much attention in recent years as a
replacement for the high-temperature plasma spraying process in the field of coating
deposition [12]. However, an effect of HT on STHA powder has not yet been studied.

In this article, we present a way of modifying the material structure of a StHA powder
by HT. In particular, we aim to introduce a new approach to HT of calcium phosphates in
the presence of increased temperature and saturated water steam which could resultin
amorphous to crystalline phase transition at decreased temperatures and introduction
of new material properties. Conventional methods of calcium phosphate processing
include methods such as precipitation of apatite in aqueous solutions, hydrolysis of
phosphates in water, high temperature annealing [13, 14]. HT could be considered as
an alternative to the more conventional methods of modifying the structure of calcium
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phosphates. In this work, STHA was treated hydrothermally under pressure at different
temperatures (90°C, 100°C, 110°C, 120°C, 130°C and 150°C) and processing time (1 h, 3 h,
6 h).

2.1. Synthesis of strontium-doped hydroxyapatite

SrHA (Ca,,_,Sr,(PO,)s(OH),, where x = 8) was obtained by wet-chemical precipitation
method using two solutions. Solution A was prepared from 0.02 mol of Ca(NO,),.4H,0,
0.06 mol of Sr(NO,),, and NH, water solution, solution B consisted of 0.03 mol of
(NH,),HPO, and (NH,),CO;. Analytical grade chemicals were dissolved in deionized
water and the two solutions mixed, the obtained suspension was stirred for 10 minutes,
washed, filtered and dried according to well-established method [15].

2.2. Hydrothermal processing of strontium doped hydroxyapatite

SrHA was treated in hydrothermal vessels with deionized water. For this process, 0.05g
of STHA was placed in a glass container where the powder was mixed with a magnetic
stirrer bar. The glass container was placed in a Teflon vessel with 4 ml of deionized
water (H,0). Then, teflon vessel was inserted in stainless steel container, tightly closed
and the HT unit was heated on the laboratory heater. The hydrothermal process was
performed at different temperatures (90°C, 100°C, 110°C, 120°C, 130°C, and 150°C) for 1,
3 and 6 hours.

2.3. Characterization of processed strontium doped hydroxyapatite

X-ray powder diffraction (XRD) was used to study the effect of hydrothermal process-
ing on the structure of StTHA. XRD of untreated powder together with post processed
SrHA was performed in order to determine initial powder state and annealing time and
temperature regime needed for material phase transition. This analysis was performed
on a Bruker D8 ADVANCE (Germany) diffractometer. Diffraction patterns were recorded
in the 26 range of 5-60° using Cu Ka radiation (A = 1.54180 A generated at 40 mA and
40 kV) at a 0.1° step size.
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Fourier transform infrared (FTIR) spectroscopy was used to analyze obtained phases
and chemical bonds in SrHA. The analysis was performed with Perkin Elmer Frontier
spectrometer (USA) in the range of wavenumber 4000-600 cm™!

Isochronal studies were conducted to determine the temperature of transition from an
amorphous phase. The results are shown for 1 h, 3 h and 6 h of processing time, Figure
1. XRD patterns of initial STHA is represented by two broad peaks at 26 angles of 30°
and 45°. From this, it could be concluded that initial powder is amorphous. XRD patterns
obtained for STHA powder processed at different temperatures for 1 hour shows that
HT at the temperatures ranging from 90°C to 130°C powders did not appear to change
the amorphous state (Figure 1(a)). From the sharpening of a main peak situated at
20 angle of 30° it could be deduced that SrHA powder begins to crystallize at 150°C
when treated for 1 hour. When processing time is increased to 3 hours of hydrothermal
treatment (Figure 1(b)) crystallization of the powder begins from a temperature of
120°C. Higher temperatures of 130°C and 150°C clearly provide a significant change in
the crystallinity. Analysis of the XRD data indicates that the main crystallographic phase
was determined as Ca,Srg(PO,)s(OH),.
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Figure 1: XRD patterns of hydrothermally treated powders for 1 (a), 3 (b) and 6 hours (c).

When the HT occurs at twice the time and takes 6 hours instead of 3 hours, crystal-
lization occurs at even lower temperatures of 110°C. The transition at the lower temper-
ature of 110°C retains some amorphous phase, Figure 1(c). At 150°C, the background is
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Figure 2: FTIR spectra for hydrothermally treated powders for 1 (a), 3 (b) and 6 hours (c).
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lower suggesting a low amount of retained amorphous phase. In contrast, conventional
method crystallization of StHA is annealing in air at high temperatures. The amorphous
to crystalline transition for SrHA is usually performed in the temperature range from
400 to 600°C in a muffle furnace [16]. The use of two sources of energy - pressure
and temperature - crystallizes SrHA at lower temperatures by utilizing HT in an envi-
ronment of steam.

The FTIR spectra for STHA powder is shown in the same format as for the XRD
patterns. The highest absorbance peak at the range of wavenumbers 950-1200 cm™!
belongs to phosphate group PO;™. It can be noticed that this peak is more intense for
initial powders’ state in contrast to powder processed at 90°C, 100°C and 110°C in case
of 1, 3 and 6 hours of treatment.

According to P. Regnier et al. [17], it is now widely accepted that CO;*~ substi-
tutes either for the column anions OH~ or for PO,*~ ions in the apatite structure. This
substitution in two different crystallographic sites results in two sets of absorption
bands corresponding to type A CO,> substitution (1540-1460-878 cm™') and type B
C0,% substitution (1455-1420-871 cm™!). An extensive review of the literature shows,
however, that the precise IR peak positions vary sometimes significantly. It is clearly
seen that peak of hydroxyl group in the HA lattice is present nearly for all spectra (1630
cm™!). Absorbance peak for PO,*~ group became sharper with higher temperatures,
and more intense with a longer time of treatment. At range of wavenumbers 2750-
3500 cm~! and 1650 cm~! adsorbed OH™ group region is situated. A small peak on the

-l is visible for initial state, but disappears with the increase of

range 2750-3500 CmM
temperature in case of 3 and 6 hours of powder processing. Characteristic absorbance
peak of HA structural OH~ bond usually located at 3573 or 3620 cm~! is not present for

all types of SrHA.

SrHA was successfully synthesized by wet-chemical precipitation method. HT in the
presence of ambient saturated water steam pressure with variation in the temperature
and processing time for the powder of SrHA led to following outcomes.

1. With an increase in the processing time, the temperature needed for a transition
from an amorphous to crystalline state decreased from 150 to 120°C.

2. The XRD pattern showed Ca,Srg(PO,)(OH), with a trace of Sr-apatite modifica-
tions after crystallization.
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Thus, HT in the presence of ambient saturated water steam could be utilized as
an alternative method for modification of calcium phosphates at lower processing
temperature in contrast to conventional structure modification methods.

Conducted research falls under the activities of the Refined Step project, PIRSES-GA-
2013- 612691 described in www.createyourbiomaterial.eu.
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