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Hydroxyapatite (HA) whiskers have been synthesized using a
number of chemical solution methods, including the chelate de-
composition method. Numerous previous studies have investi-
gated the effects of the reagents, reagent concentrations,
solution pH, and reaction temperature on HA whisker morphol-
ogy and composition. However, purely kinetic effects, such as
the reaction heating and stirring rates, have not been rigorously
investigated and are rarely reported in the literature. Therefore,
the objective of this study was to investigate kinetic effects on
the morphology of HA whiskers synthesized using the chelate
decomposition method. In order to study the kinetic effects on
the morphology of HA whiskers, three experimental parameters
were varied independently: the reaction heating rate (0.36°—
3.0°C/min), stirring rate (0-250 rpm), and temperature (80°—
200°C). At all heating and stirring rates, precipitated whiskers
were confirmed by XRD and FT-IR to comprise phase-pure,
calcium-deficient HA (Ca/P = 1.57-1.62). The length and as-
pect ratio of HA whiskers increased with decreased heating rate,
decreased stirring rate, and increased reaction temperature. The
mean length and aspect ratio of HA whiskers increased approx-
imately twofold with decreased heating rate over the range stud-
ied, following a power-law relationship. Therefore, the reaction
heating rate is a key variable that can be used to tailor the
morphology of HA whiskers and ought to be reported in the
literature. The reaction heating rate and temperature had rela-
tively little effect on the width of HA whiskers. However, the
precipitate morphology was altered significantly from micro-
scale whiskers to nano-scale plates with increased stirring rate.
These results offered new insights and provided clarification re-
garding the reaction mechanism, which is discussed in detail.

I

YDROXYAPATITE (HA), Ca;o(PO4)s(OH),, is the closest syn-

thetic equivalent to human bone mineral, which is a cal-
cium and hydroxyl-deficient, carbonated apatite including other
minor dopants such as magnesium and sodium.! Over 20 years
of research has consistently shown that HA typically exhibits
excellent biocompatibility, bioactivity, and, if porous, osteocon-
duction in vivo.'™ A limitation of HA ceramics in orthopedics
has been inferior mechanical properties, most notably a low
fracture resistance, which is exacerbated by the presence of po-
rosity. Therefore, recent research has generally taken one of two
directions: (1) toughening HA ceramics, or (2) reinforcing pol-
ymers with HA fillers. HA whiskers (short single crystal fibers)
have been progosed to be advantageous for either toughening
HA ceramics®’ or reinforcing polymers.>° In reinforced poly-
mers, the use of aligned HA whiskers instead of HA powder
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resulted in an improved stiffness, strength, toughness, and an-
isotropy more like that found in human cortical bone tissue.”
Moreover, bone mineral crystals also exhibit an elongated c-axis
(plate shaped) and a preferred orientation in directions of prin-
cipal stress.'®!!

The tendency of HA to form elongated crystals (whiskers,
needles, or rods) was reco%nized in some of the earliest studies
on the synthesis of HA.'>!* HA whiskers have been synthesized
by low-temperature chemical solution methods,'?®! and high-
temperature solid state,®> or molten salt®>®* reactions. Low-tem-
perature chemical solution methods are the focus here, given
that the application of reinforcing a polymer matrix does not
require high-temperature stability and that these methods are
more similar to biomineralization in vivo. An extensive literature
review identified nearly 50 papers on the synthesis of HA whisk-
ers using a variety of chemical solution methods.'>! In a gen-
eral sense, all the methods could be described as ““hydrothermal”
processes. Therefore, methods were grouped more explicitly by
the reaction mechanism as follows: chelate decomposition,'>°
urea decomposition,'>*'=7 precipitation,*****? and hydrolysis
of calcium phosphate precursors.'3%431

The chelate decomposition method was first used in studies
where large crystals were desired to study the crystallography of
HA.'>!3 Yoshimura ez al.'® patented a process in 1991. Chelate
decomposition includes all methods where a chelating agent,
usually a carboxylic acid, is used to bind calcium ions in a ho-
mogeneous chemical solution. A wide range of carboxylic acids
have been utilized; the most common have included acetic acid,
lactic acid, citric acid, and ethylenediamine tetraacetic acid
(EDTA). Upon heating the solution, or increasing the solution
concentration by evaporation, the calcium carboxylate “decom-
poses” as the chemical equilibria shift and calcium is released
into the phosphate-containing solution.'>!”?? As the solution
becomes supersaturated, calcium phosphate crystals nucleate
and grow. The size and morphology of HA whiskers produced
by chelate decomposition vary over a wide range at the micro-
scale.

Urea decomposition takes advantage of an increase in solu-
tion pH caused by the slow hydrolysis of urea in aqueous so-
lutions.'>3! Acidic homogeneous solutions or suspensions
containing a calcium phosphate precursor are prepared at
pH~2-4 where HA is not stable. The incipient ‘“‘decomposi-
tion” of urea gradually increases the solution pH above four,
where HA is stable. HA crystals nucleate by dissolution and re-
precipitation from calcium phosg)hate precursors and/or inter-
mediate phases that precipitate.®> HA whiskers produced by
urea decomposition generally tend to have a greater size and
aspect ratio than those produced by other methods.

Precipitation methods are those that do not utilize chemical
additives to manipulate the chemical solution equilibria. Soluble
reagents containing calcium and phosphate are used to precip-
itate HA crystals directly at temperatures less than 100°C. Note
that one paper included here did investigate the effects of a wide
range of additives using a two-solution mixing approach.*® The
additives were, however, added to the phosphate solution, not
the calcium solution, and the solution pH was maintained at a
fixed value independent of the additives. HA whiskers produced
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by precipitation methods tend to be significantly smaller than
those produced by other methods, typically on the nano-scale.

Hydrolysis of calcium phosphate precursors is governed by
controlling the temperature or pH to induce the dissolution of
a calcium phosphate precursor and reprecipitation of HA. Pre-
cursors have included amorphous calcium phosphate (ACP),
anhydrous dicalcium phosphate (DCPA) or monetite, dicalcium
phosphate dihydrate (DCPD) or brushite, o-tricalcium phos-
phate (- TCP), monocalcium phosphate monohydrate (MCPM),
calcium pyrophosphate, and calcium sulfate, which were treated
at temperatures ranging from 37° to 450°C. Similar to precip-
itation, HA whiskers produced by these methods tend to be sig-
nificantly smaller than those produced by other methods,
typically on the nano-scale. However, in a noteworthy excep-
tion, large single-crystal HA whiskers, up to 1 cm long, were
grown using sintered HA seeds and multiple heating zones
to control heat transfer and convective flow in a pressure
vessel >33

Overall, these studies have predominantly investigated the
effects of the reagents, reagent concentrations, solution pH, and
reaction temperature on HA whisker morphology and compo-
sition. Thus, chemical solution equilibria and resultant effects on
whisker morphology have been examined, but purely kinetic ef-
fects, such as the reaction heating and stirring rates, have not.
Early attempts in our laboratory to synthesize HA whiskers us-
ing chemical solution methods, in particular, the chelate decom-
position method, suffered from an inability to replicate the
whisker morphology (e.g., aspect ratio) reported by previous
investigators. Further investigation revealed that the reaction
heating rate is a critical parameter that is rarely reported in the
literature. For example, of the nearly 50 papers cited above, only
five reported a reaction heating rate in the experimental meth-
ods.'#1348:52:33 This is surprising for the chelate decomposition
method, in particular, given the general acceptance that the re-
action is governed by the controlled release of calcium into so-
lution.'>"®22 Therefore, we hypothesized that the whisker
morphology should be governed, in large part, by the kinetics
of chelate decomposition. Moreover, the objective of this study
was to investigate purely kinetic effects, such as the reaction
heating and stirring rate, on the morphology of HA whiskers
synthesized using the chelate decomposition method in order
to offer new insights and provide clarification regarding the re-
action mechanism.

II. Experimental Procedure

(1) HA Whisker Synthesis

HA whiskers were synthesized from aqueous solutions contain-
ing DL-lactic acid (C3H¢O3, Sigma Chemical Co., St. Louis,
MO), phosphoric acid (H;PO,, Sigma Chemical Co.), and cal-
cium hydroxide (Ca(OH),, Aldrich Chemical Company Inc.,
Milwaukee, WI). All chemicals were ACS reagent grade. 0.10M
lactic acid and 0.03M phosphoric acid were added to deionized
water, followed by dissolving 0.05M calcium hydroxide under
constant stirring for 2 h. A homogeneous solution with pH = 4.0
was filtered and stored in a bottle purged with nitrogen. Note
that the molar ratio of Ca to P in the solution was 1.67, which is
equivalent to that of stoichiometric HA.

HA whiskers were precipitated from the solution under hy-
drothermal conditions. 1250 mL of the solution was placed in
the Teflon” liner of a 2 L pressure vessel (Model 4600, Parr In-
strument Co., Moline, IL) and purged with nitrogen. In order to
provide uniform thermal transport, 250 mL of de-ionized water
was placed in the gap between the liner and stainless-steel vessel.
Reaction conditions were controlled by a heating assembly
(Model 4910, Parr Instrument Co.) and temperature controller
(Model 4840, Parr Instrument Co.). The reaction temperature
was measured by a thermocouple placed inside a thermowell in
the vessel. Upon completion of each reaction, the vessel was
cooled to ambient conditions within 1 h using a cooling fan. HA
precipitates were collected from the solution by vacuum filtra-
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tion, and the pH of the supernatant solution was measured. The
HA precipitates were then washed under constant flow with
1250 mL de-ionized water and dried in an oven at 90°C for at
least 12 h.

In order to study the kinetic effects on the morphology of HA
whiskers, three experimental parameters were investigated inde-
pendently: the reaction heating rate, stirring rate, and temper-
ature. For heating and stirring rate experiments, all reactions
were heated to 200°C and held for 2 h. The autogenous pressure
reached a maximum of 14 MPa at 200°C. Reaction solutions
were heated to the final temperature in 1, 2, 4, and 8 h, corre-
sponding to heating rates of 3.0°, 1.4°, 0.75°, and 0.36°C/min,
respectively, as measured b;/ linear regression over the temper-
ature range 110°-190°C (R“>0.99). For the 1.4°C/min heating
rate, solutions were stirred at 0 (static), 50, 150, and 250 rpm
during the reaction. In order to investigate more closely the re-
action mechanism during heating, reaction solutions were heat-
ed at 1.4° and 0.75°C/min under static conditions to a final
temperature of 80°, 100°, 120°, 140°, 160°, 180°, and 200°C, and
held for 2 h.

(2) Morphology

The size and morphology of HA whiskers was characterized
quantitatively using an optical microscope (Eclipse ME600L,
Nikon Instruments, Inc., Melville, NJ) equipped with a digital
camera (Magnafire, Olympus America, Melville, NJ) connected
to a personal computer with imaging software (Object-Image
2.08). Samples were prepared by ultrasonically dispersing 0.003
g of HA precipitates in 1 mL of methanol. Drops of the sus-
pension were pipetted onto a pre-heated glass slide in an oven at
90°C to evaporate the alcohol quickly. All samples were exam-
ined at x 400 magnification using transmitted light. A 10 x 10
square grid was digitally overlaid using the imaging software in
order to facilitate random selection of precipitates. The length
and the width were measured for each precipitate located at grid
intersections, and the aspect ratio (length/width) was calculated.
Five hundred precipitates were measured for each sample.

One-way analysis of variance (ANOVA) (Statview 5.01, SAS
Institute Inc., Cary, NC) was used to compare the mean length,
width, and aspect ratio of HA whiskers synthesized for each
experimental group. Post hoc comparisons were performed us-
ing Student’s r-test. A log transform of the data was used to
provide a normal distribution for statistical analyses.

HA precipitates prepared at 150 and 250 rpm stirring con-
tained crystals that were too small for accurate characterization
using optical microscopy. Therefore, the size and morphology of
these powders were qualitatively characterized using field-emis-
sion scanning electron microscopy (FESEM) with an accelerat-
ing voltage of 20 kV and a working distance of 9 mm (S-4500,
Hitachi High-Technologies Corporation, Tokyo, Japan). Pre-
cipitates were deposited onto the SEM sample holder using the
same technique described above for optical microscopy and
coated with gold by sputter deposition.

(3) Crystallographic Phase and Composition

The crystallographic phase and composition of all precipitates
was determined by powder X-ray diffraction (XRD), using
CuKa radiation generated at 40 kV and 30 mA (X-1, Scintag
Inc., Cupertino, CA). In order to minimize the effects of pre-
ferred orientation, all powders were ground using a mortar and
pestle, and placed in a side loading sample holder. For phase
identification, powders were examined over 10°-60° 20 with a
step size of 0.02° and step time of 0.5 s.

Quantitative analysis was used to determine the relative
amounts of HA and DCPA, CaHPO,, if present, in the reac-
tion products. Known mixtures of as-synthesized HA whiskers
and a DCPA powder (S79947, Fisher Scientific, Chicago, IL)
exhibited a linear relationship between the weight fraction of
HA in the mixture and the integrated intensity ratio of the (211)
HA reflection and the (120) DCPA reflection (R>=0.995).
Thus, the amount of HA in reaction products was determined as
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where fa 1s the weight fraction of HA in the mixture, Ij4 is the
integrated intensity of the (211) HA reflection, and Ipcpa is the
integrated intensity of the (120) DCPA reflection. Diffraction
patterns of these reflections were collected over 29.5° —32.1° 26
with a step size of 0.02° and a step time of 5.0 s. The total re-
action yield (wt% Ca) was determined gravimetrically from the
mass of precipitates collected by vacuum filtration, combined
with the measured weight fractions of HA and DCPA. The re-
sidual calcium concentration in the supernatant solution was
also measured using a calcium ion-selective electrode (ISE) and
reference electrode (Models 50240 and 50240, Hach Co., Love-
land, CO).

The Ca/P ratio in HA precipitates was determined from the
amount of P-tricalcium phosgahate (B-TCP), B-Casz(POy),,
formed after heat treatment.>*® Approximately 0.5 g of sin-
gle-phase reaction products (no DCPA present) was heated to
1000°C for 10 h and examined by quantitative analysis using
XRD. Known mixtures of as-synthesized HA whiskers and a -
TCP powder (21218, Fluka Chemika, Germany) exhibited a
linear relationship between the weight fraction of B-TCP in the
mixture and the integrated intensity ratio of the (210) B-TCP
reflection and (211) HA reflection (R>=0.987). Thus, the
amount of B-TCP in reaction products was determined as

. Ig_Tcp

TP =—————— 2
Jp-tcp Ty rcr + Inn 2
where fprcp is the weight fraction of B-TCP in the mixture, /5.
tcp 1s the integrated intensity of the (210) B-TCP reflection, and
Iga is the integrated intensity of the (211) HA reflection. Dif-
fraction patterns of these reflections were collected over 30.5°—
32.1° 20 with a step size of 0.02° and a step time of 10 s. Finally,
the Ca/P ratio was calculated as

10-(1—fp-1cp) | 3/p-Tcp
Ca Muya Mp_tcp

Do My 3)

P 6-(1—fp-tcp) | 2:fp-Tcp
Mua Mp_tcp

where fg.rcp is the weight fraction of B-TCP in the heat-treated
powder, My is the molar weight for stoichiometric HA, and
Mg tcp is the molar weight for stoichiometric B-TCP.*® Note
that a rigorous previous investigation determined the absolute
uncertainty of Ca/P ratios measured using a nearly identical
technique to range from +0.001 to +0.006 for Ca/P<1.667.%%
A 95% confidence interval was calculated for the Ca/P ratio as a
function of the B-TCP weight fraction in order to test for sta-
tistically significant differences between measurements.

The composition of reaction products was also examined us-
ing a Fourier transform—infrared (FT-IR) spectrometer (Nicolet
IR200, Thermo Electron Corporation, Waltham, MA). In order
to achieve adequate transmittance, HA precipitates were mixed
with potassium bromide (KBr, FT-IR grade, Aldrich Chemical
Company, Inc., Milwaukee, WI) in a 1:15 ratio by mass using a
mortar and pestle. A thin pellet of the mixture was formed in an
evacuated die under 200 MPa uniaxial pressure. Spectra were
obtained over frequencies of 4000-500cm ™' and normalized to
the background spectra for a KBr pellet alone.®*”

III. Results

(1) Heating Rate Effects

The effects of the reaction heating rate were investigated under
static conditions, heating at 3.0°, 1.4°, 0.75°, and 0.36°C/min to
a final temperature of 200°C, which was held for 2 h. The so-
lution pH became more acidic after the reaction and the change
in solution pH decreased from —0.97 to —0.92 with decreased
heating rate (Table I). No phases other than HA were detected
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Tablel. Effects of the Reaction Heating Rate on the Solution
pH and Ca/P Ratio

Heating Rate (°C/min) Temperature (°C) ApH %
0.36 200 —0.92 1.62°
0.75 200 —0.91 1.60
14 200 —0.94 1.59
3.0 200 -0.97 1.58"

"Statistically significant difference from all other groups (95% confidence
interval).

by XRD and no differences were observed between heating rates
(Fig. 1). FT-IR spectra confirmed the presence of hydroxyl (OH)
groups, as well as HPO, substituents (Fig. 2). A decreased heat-
ing rate resulted in slightly increased OH peaks and decreased
HPO, peaks. Ca/P ratios increased from 1.58 to 1.62 with de-
creased heating rate over the range in this study (Table I).

The morphology of HA precipitated at each heating rate was
whisker like, as shown by the optical micrographs in Fig. 3. The
number of fine powder particles decreased and the mean length
of whiskers increased with decreased heating rate (Fig. 3). The
mean length and aspect ratio of the whiskers increased approx-
imately twofold with decreased heating rate over the range stud-
ied (Fig. 4). Statistically significant differences were measured
between each heating rate (» <0.0001). The mean whisker width
decreased with decreased heating rate, but was much less influ-
enced (Fig. 4(a)). Statistically significant differences were meas-
ured between 0.36°C/min and all other heating rates (p<
0.0001), as well as between 0.75° and 3.0°C/min (p<0.05).
Thus, variation in the whisker aspect ratio was primarily due
to variation in the whisker length.

(2) Stirring Rate Effects
The effects of the reaction stirring rate were investigated at 0, 50,
150, and 250 rpm stirring, heating at 1.4°C/min to a final tem-
perature of 200°C, which was held for 2 h. The change in so-
lution pH was —0.92, —1.05, —1.31, and —1.25 for 0, 50, 150,
and 250 rpm stirring, respectively. No phases other than HA
were detected by XRD for each stirring rate (Fig. 1). FT-IR
spectra confirmed the presence of hydroxyl (OH) groups, as well
as HPOy substituents (Fig. 2). A decreased stirring rate resulted
in slightly increased OH peaks and decreased HPO, peaks. The
Ca/P ratio was 1.59 and was not statistically different (95%
confidence interval) between static conditions (0 rpm) and the
maximum stirring rate (250 rpm).

The morphology of HA precipitated at each stirring rate
ranged from micro-scale whiskers under static conditions to
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Fig.1. X-ray diffraction patterns for hydroxyapatite (HA) precipitated
at a final temperature of 200°C, which was held for 2 h, showing the effects
of selected heating and stirring rates. All reflections correspond to HA.
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Fig.2. Fourier transform infrared spectra for hydroxyapatite precipi-

tated at a final temperature of 200°C, which was held for 2 h, showing
the effects of selected heating and stirring rates.

nano-scale plates under rapid stirring, as shown by the scanning
electron micrographs in Fig. 5. The mean length and width of
the whiskers decreased with increased stirring rate for static
conditions and 50 rpm stirring, while the aspect ratio was not
statistically different (Table II). The smaller size and altered
morphology of HA precipitates prepared at 150 and 250 rpm
stirring prohibited quantitative characterization and compari-
son using the above methods.

(3) Temperature Effects

The effects of the reaction temperature were investigated under
static conditions, heating at 1.4° or 0.75°C/min to a final tem-
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Fig.4. Effects of the reaction heating rate on the hydroxyapatite whisk-
er (a) length, width, and (b) aspect ratio, showing the mean and first
standard deviation using a log-normal transform of the data. Statisti-
cally significant differences, p<0.0001 (*) and p<0.05 (#), existed
between heating rates. All reactions were heated under static conditions
to a final temperature of 200°C, which was held for 2 h.

perature of 80°, 100°, 120°, 140°, 160°, 180°, and 200°C, which
was held for 2 h. The trends described below were similar for
each heating rate. The change in solution pH increased with

}
C
d

Fig.3. Transmitted light micrographs for hydroxyapatite (HA) precipitated under static conditions, heating at (a) 0.36°C/min, (b) 0.75°C/min, (c)
1.4°C/min, and (d) 3.0°C/min to a final temperature of 200°C, which was held for 2 h, showing the effects of the reaction heating rate on the HA whisker

morphology.
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Fig.5. Scanning electron micrographs for hydroxyapatite (HA) precipitated under (a) 0 rpm, (b) 50 rpm, (c) 150 rpm, and (d) 250 rpm stirring, heating
at 1.4°C/min to a final temperature of 200°C, which was held for 2 h, showing the effects of the reaction stirring rate on the HA crystal morphology.

increased reaction temperature. At 1.4°C/min, the change in so-
lution pH was —0.09, —0.33, —0.49, —0.67, —0.80, —0.95, and
—1.03 for 80°, 100°, 120°, 140°, 160°, 180°, and 200°C, respec-
tively. No measurable reaction products were detected at 80°C.
At the initial stages of the reaction (100°-120°C), small amounts
of precipitates were formed that were predominantly DCPA, as
well as HA (Figs. 6 and 7). XRD reflections for HA were ob-
served at 100°C (Fig. 6), but FT-IR did not detect a hydroxyl
(OH) band until 120°C (Fig. 8). By 160°C, precipitates consisted
almost entirely of HA, with less than 0.3 wt% DCPA remaining
(Fig. 7). At 180°-200°C, no phases other than HA were detected
by XRD (Fig. 6). The total reaction yield reached a maximum of
approximately 70 wt% Ca at 200°C (Fig. 7), indicating that
calcium remained in the supernatant solution following the re-
action. There was good agreement between the total reaction
yield measured both gravimetrically and by the residual calcium
concentration in the supernatant solution using a calcium ISE.
FT-IR spectra confirmed the presence of HPO, substituents in
all precipitates (Fig. 9). Increased reaction temperature resulted
in slightly increased OH peaks and decreased HPO, peaks. Ca/P
ratios significantly increased (95% confidence interval) from
1.57-1.58 at 160°C to 1.60-1.61 at 180°C. Further increases in
the Ca/P ratio from 180° to 200°C were not statistically signif-

TableIl. Effects of the Reaction Stirring Rate on Hydroxy-
apatite Whisker Morphology

Stirring

Rate (rpm) Length” (um) Width" (um) Aspect Ratio®

0 17.5 (+18.8/—9.0) 2.3 (+1.0/—0.7) 7.6 (+8.6/—4.0)
50 15.5 (+16.2/=7.9) 2.0 (+0.7/-0.5) 7.6 (+8.5/—4.0)
p <0.01 <0.0001 0.94

"Mean +standard deviation determined using a log-normal transform of the
data.

icant. Finally, increased heating rate resulted in an increased
precipitation rate, with the maximum precipitation rate occur-
ring between 120° and 140°C for either heating rate.

The morphology of HA precipitated at each reaction tem-
perature under static conditions was whisker like, with no

Intensity (arbitrary units)

10 15 20 25 30 35 40 45 50 55 60
Two Theta (°)
Fig.6. X-ray diffraction patterns for hydroxyapatite precipitated under

static conditions, heating at 1.4°C/min, showing the effects of the
reaction temperature.
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Fig.7. Total reaction yield (wt% Ca) for hydroxyapatite (HA) precip-
itated under static conditions, heating at 1.4°C/min, showing the effects
of the reaction temperature. The reaction yield was measured both
gravimetrically and using a calcium ion-selective electrode (ISE). Phase
fractions for DCPA and HA were determined by quantitative X-ray
diffraction analysis.

qualitative differences from that at 200°C using the same heating
rate (Figs. 3(b), (c), and 5(a)). Quantitative comparisons were
possible for phase-pure HA precipitates synthesized at 160°—
200°C. Over this range, the mean length and aspect ratio of the
whiskers increased with increased reaction temperature (Fig. 9).
Statistically significant differences were measured between each
reaction temperature (p<0.0001).

IV. Discussion

(1) Kinetic Effects on Morphology

The length and aspect ratio of HA whiskers precipitated using
the chelate decomposition method increased with decreased
heating rate (Figs. 3 and 4), decreased stirring rate (Fig. 5 and
Table II), and increased reaction temperature (Fig. 9). The most
significant effects were due to changes in the heating and stirring
rates. The mean length and aspect ratio of whiskers increased
approximately twofold with decreased heating rate over the
range studied (Fig. 4). Therefore, the reaction heating rate is a
key variable that can be used to tailor the morphology of HA
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Fig.8. Fourier transform infrared spectra for hydroxyapatite precipi-
tated under static conditions, heating at 1.4°C/min, showing the effects
of the reaction temperature.
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Fig.9. Effects of the reaction temperature on the hydroxyapatite
whisker aspect ratio, showing the mean and first standard deviation us-
ing a log-normal transform of the data. Statistically significant differ-
ences, p<0.0001 (*), existed between each reaction temperature. All
reactions were heated at 1.4°C/min under static conditions and held at
the final temperature, which was held for 2 h.

whiskers and ought to be reported in future investigations. As
added evidence to the importance of the reaction heating rate,
Katsuki er al.>® showed that the morphology of HA, precipitat-
ed by hydrolysis of a calcium sulfate precursor, was altered from
whisker-like using conventional heating to plate-like using mi-
crowave heating. Although heating rates were not reported, mi-
crowave heating certainly provided a much faster heating rate
than was possible by the conventional heating used in either
their study or this investigation. Furthermore, at the other ex-
treme and as noted in the introduction, single-crystal HA whisk-
ers up to 1 cm long have been grown using sintered HA seeds to
control nucleation, and multiple heating zones to control heat
transfer and convective flow in a pressure vessel.”*>* The heating
rates reported in these investigations ranged from 0.10° to
0.005°C/min, much lower than those implemented in this inves-
tigation. Considering these studies together with the data in this
investigation, the length or aspect ratio of HA whiskers is in-
versely related to the reaction heating rate by a power law as

whisker length or aspect ratio = K - (i—f) @]
where d77/dr is the heating rate and K and n are constants. For
data in Fig. 4, K=20.3 and n=0.30 for whisker length
(R*=10.98); K=9.2 and n=0.36 for the whisker aspect ratio
(R*=10.99). Thus, the results of this study suggest a general
relationship:

dr\ V3
whisker length or aspect ratio =~ K - ($> ®)

The reaction heating rate and temperature had relatively little
effect on the width of HA whiskers; however, the precipitate
morphology was significantly altered from micro-scale whiskers
to nano-scale plates with increased stirring rate (Fig. 5). High-
resolution transmission electron microscopy and electron dif-
fraction investigations have previously confirmed that HA
whiskers are single-crystal hexagonal prisms elongated in the
c-axis <001> with exposed a-planes {210}.'>1620-3738:37 plate.
like HA crystals, whether synthetic or biological (e.g., apatite
bone mineral), are elongated by length in the c-axis and by width
in the a-axis, with the plate faces approximately corresponding
to {100} planes.”"”* Thus, the crystal morphology was dramat-
ically altered by reaction kinetics, independent of changes in the
solution chemistry. Furthermore, the similarity of synthetic
plate-like HA crystals to apatite crystals in bone’> suggests
that the morphology of biological apatites may be governed
by kinetics and that mineralization in vivo may occur rather
rapidly.
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(2) Kinetic Effects on Crystal Chemistry

FT-IR spectra showed that a decreased heating or stirring rate
resulted in increased OH peaks and decreased HPO,4 peaks
(Fig. 2). The Ca/P ratio measured by quantitative XRD in-
creased with decreased heating rate (Table I), but was not af-
fected by the stirring rate. Therefore, decreased reaction kinetics
resulted in increased order in the HA crystal structure. Similar
effects were observed due to changes in the thermodynamic
driving force. An increased reaction temperature resulted in in-
creased OH peaks, decreased HPO, peaks (Fig. 8), and in-
creased Ca/P ratio. Thus, increased structural order was
achieved by either decreasing the reaction kinetics or increasing
the thermodynamic driving force. Under the conditions exam-
ined in this study, kinetic effects were just as strong, if not
stronger, than thermodynamic effects. These results suggest that
the formation of disordered, calcium-deficient apatites in both
synthetic and biological systems is dependent on kinetic effects
in addition to classical thermodynamic arguments.”*

(3) Reaction Mechanism

There is general agreement that the growth of HA whiskers by
the chelate decomposition method is facilitated by the controlled
release of calcium ions into solution.'>!*! In this study, the
maximum precipitation rate for HA occurred over 120°-140°C
(Fig. 7), which was indicative of the kinetics for the chelate de-
composition. Thus, the reaction kinetics were governed by the
following chemical equilibria:

[CH;CH(OH)COO]Ca™
+ H* = CH3;CH(OH)COOH + Ca®* (6)

Calcium ions were released into solution as the above equilibria
was shifted to the right by concomitant changes in pH, temper-
ature, and/or concentration. The stability constant (pK,) for
lactic acid is 3.86 at 25°C.”* Therefore, a decrease in pH would
be expected to coincide with the release of calcium ions into so-
lution. In this study, reaction solutions were prepared at pH = 4
and were measured to decrease to pH~3 after precipitation.
Furthermore, the boiling point of lactic acid has been reported
to be in the range of 100°~140°C (7-27 kPa).”®”” Thus, these
observations suggest that increased temperature led to decom-
position and decreased concentration of the calcium carboxylate
chelate, decreased pH, and increased free calcium concentration.
However, further work is needed to calculate species distribu-
tion diagrams’® or stability diagrams’® at elevated temperature.
In other methods for HA whisker synthesis, the rate-limiting
chemical equilibria may be that of the decomposition of urea,
which raises solution pH, or the hydrolysis of a particular
calcium phosphate precursor.

The results of this study offer new insights and provide
clarification regarding the reaction mechanism for HA whisker
synthesis using the chelate decomposition method. Before the
nucleation of HA, the reaction solution was undersaturated with
respect to all calcium phosphate phases through the use of a
chelating agent (e.g., carboxylic acid) to bind calcium ions in
solution. Note that without the chelating agent, the solution
would have been supersaturated and the most stable calcium
phosphate phase would have spontaneously precipitated. As the
pressure vessel containing this homogeneous solution was heat-
ed from an external source, a temperature gradient was formed
across the reactor wall (Fig. 10(a)). Therefore, calcium carboxy-
lates began to decompose near the reactor wall, according to the
equilibria of Eq. (6). As the solution became locally supersatu-
rated, heterogeneous nucleation of HA (or a DCPA precursor)
occurred at the reactor wall (Fig. 10(a)). Note that under certain
conditions, we have visually observed a felt-like appearance on
the Teflon liner due to the presence of HA whiskers, which had
to be removed by scraping the reactor wall. We have also ob-
served that altering the surface roughness of the reactor wall
influences the whisker morphology, presumably by altering the
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aqueous solution aqueous solution
(R-COO)Ca™ Ca%* R-COOIfr
2 PO43‘ 2 PO, 43— H
= (R-COO)Ca* B (R-COO)Ca*
& CaZt 2 2 2
g HPO,*~ g 5, HPO4*
2 = Ca*t
ax Q
2 B (R-cooyca* E + CO0H
= R- i 3 2+
5 (R-COO)Ca™ E PO Ca
2 H" R cooyca* g (R-COO)Ca*
8 Hca*t 8 PO, -
PO, HPO, > CaZ*
——— diffusion
higher T lower T Tt (T
(a) nucleation (b) growth

Fig.10. Schematic illustration of the reaction mechanism for hydroxy-
apatite whisker (a) nucleation and (b) growth using the chelate decom-
position method. Note that R = CH;CH(OH) for lactic acid.

nucleation rate or nuclei size. These observations support a het-
erogeneous nucleation mechanism and also suggest that the fre-
quent use of “homogenous precipitation” in the literature may
be misleading.!”'*?® Finally, the controlled growth of HA nu-
clei at the reactor wall was facilitated by the controlled heat flux
across the reactor wall into the solution and the concomitant
diffusion of released calcium ions toward the HA nuclei or crys-
tallites (Fig. 10(b)).

In light of the above description of the reaction mechanism,
the kinetic effects of the heating rate, stirring rate, and reaction
temperature on the whisker morphology are apparent. Under
static conditions at a fixed final reaction temperature, a de-
creased heating rate resulted in a slower release of calcium ions
from the solution and a decreased nucleation rate of crystals
(fewer number of nuclei), which, due to a fixed reactant con-
centration in solution and equilibrium constant for Eq. (6), were
able to grow to a greater length and aspect ratio (Figs. 3 and 4).
For a fixed heating rate and final reaction temperature, an in-
creased stirring rate resulted in a cascade of effects: (1) control-
led heat and diffusion gradients in the solution were disrupted—
in other words, the solution temperature and calcium concen-
tration were homogenized throughout—Ileading to a rapid re-
lease of calcium ions from solution and an increased nucleation
rate, (2) crystals nucleating at the reactor wall were swept away
before significant growth, and (3) the above effects led to het-
erogeneous nucleation throughout the reaction solution, or per-
haps even homogeneous nucleation. Thus, an increased stirring
rate resulted in a dramatic decrease in the size and a change
in the morphology of the HA precipitates from micro-scale
whiskers to nano-size plates (Fig. 5). For a fixed heating rate
under static conditions, an increased final reaction temperature
above 160°C resulted in increased crystal growth. Increased
growth was evident in that the percent increase in the mean
whisker length or aspect ratio (noting that changes in the width
were relatively insignificant) was several times greater than the
percent increase in the reaction yield over 160°-200°C (Figs. 7
and 9).

While the results of this study clearly elucidate kinetic effects
on the HA whisker morphology and reaction mechanism, other
effects remain less clear. Small amounts of DCPA crystals nu-
cleated before HA (Figs. 6 and 7). Whether DCPA was tran-
sient, or a precursor to HA through dissolution-reprecipitation
or phase transformation, cannot be determined from the results
of this study alone. Interestingly, the existence and identification
of precursor phases, such as DCPA, ACP and octacalcium
phosghate (OCP), to biological apatite have been controver-
sial.3 The effects of selective molecular binding to crystal faces
are also uncertain in this study. The selective binding of mole-
cules—including carboxylic acids, carbohydrates, and pro-
teins—to specific crystal faces has been proposed as a means
to tailor crystal growth and particle morphology.?>27-3:81-84
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Direct evidence for binding of various molecules to HA has been
documented,”?®>% but attributing morphological control to
these observations is not straightforward. For example, Walsh
et al. showed that morphological changes in precipitated HA
whiskers were correlated to the stability of the interaction of
monosaccharides with calcium; however, the observation of
similar morphological effects in the absence of the additives
suggested that the effects were kinetic rather than due to selec-
tive surface binding.38 In other words, molecules that can bind
to crystals also have concomitant effects on the chemical solu-
tion equilibria (Eq. (6)) and the kinetics of chelate decomposi-
tion. Finally, the aggregative growth mechanism proposed by
Kandori ef al.** cannot be unequivocally ruled out by this study,
but the observation that relatively large HA whiskers were
formed even at low reaction yields (e.g., 120°C) suggests that
aggregative growth was unlikely.

V. Conclusions

HA whiskers synthesized by the chelate decomposition method
were a phase-pure, calcium-deficient apatite (Ca/P = 1.57-1.62)
with HPO, substituents. Disorder in the HA crystal structure
was promoted by an increased heating rate, increased stirring
rate, and decreased temperature. Small amounts of DCPA
formed during the initial stages of the reaction (100°—120°C),
but were no longer detected by the time the reaction was com-
plete (180°-200°C). The maximum precipitation rate of HA oc-
curred over 120°-140°C, as governed by the kinetics of chelate
decomposition.

The length and aspect ratio of HA whiskers increased with
decreased heating rate, decreased stirring rate, and increased re-
action temperature. The mean length and aspect ratio of HA
whiskers increased approximately twofold with decreased heat-
ing rate over the range studied, following a power-law relation-
ship. Decreased heating rate resulted in a slower release of
calcium ions from the solution and a decreased nucleation rate
of crystals (fewer number of nuclei), which were able to grow to
a greater length and aspect ratio. Therefore, the reaction heating
rate is a key variable that can be used to tailor the morphology
of HA whiskers and ought to be reported in the literature. The
reaction heating rate and temperature had relatively little effect
on the width of HA whiskers. However, the precipitate mor-
phology was altered significantly from micro-scale whiskers to
nano-scale plates with increased stirring rate. Increased stirring
rate disrupted heat and diffusion gradients in the solution, lead-
ing to the rapid release of calcium ions from solution, an in-
creased nucleation rate, and decreased crystal growth. Finally,
increased reaction temperature above 160°C resulted in in-
creased crystal growth.
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