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The effects of citric and acetic acids on the
formation of calcium-deficient hydroxyapatite

at 38°C

K. S. TENHUISEN, P. W. BROWN

Department of Materials Science, University Park, PA 16802 USA

This study is concerned with the formation of calcium-deficient hydroxyapatite at physiolo-
gical temperature. Isothermal calorimetry, solution chemistry, scanning electron microscopy,
BET surface area analyses and FTIR spectroscopy were used to characterize the kinetics of
HAp formation and the microstructure of the HAp formed in varying concentrations of citric
and acetic acids, and in deionized water. The kinetics of HAp formation are a strong function
of both the concentration and type of acid. Acetic acid accelerates reaction due to pH ef-
fects. Citric acid retards HAp formation by citrate adsorption on the precursor and product
phases. The results obtained indicate that hydroxyapatite formation can be tailored to address
the requirements needed for eventual clinical applications.

1. Introduction

The ability to form hydroxyapatite (HAp) at physiolo-
gical temperature is important if a biocompatible,
bioresorbable bone substitute is to be developed. It
has been demonstated that HAp can be formed at low
temperature by a cement-like reaction [1-4]. This
occurs by an acid-base reaction involving tetracal-
cium phosphate (Ca,(PO,),0 or TetCP) and an acidic
calcium phosphate, such as monocalcium phosphate
monohydrate (Ca(H,PO,), H,0), anhydrous dical-
cium phosphate (CaHPO, or DCP), or dicalcium
phosphate dihydrate (CaHPO,-2H,0O or DCPD). A
typical reaction illustrating the formation of calcium
deficient (Ca/P = 1.5) HAp is shown below:

6CaHPO, + 3Ca,(PO,),0
- 2Ca,HPO,(PO,);,0H + H,O

HAp formed by this method has the advantage of
setting and hardening at or below physiological tem-
perature and in the presence of body fluids. It is thus a
very attractive reaction for biocomposite applications.

The present investigation was performed to estab-
lish the effects of citric and acetic acids on the forma-
tion of calcium deficient HAp (Ca/P = 1.5) by the
above reaction. Control of the kinetics of HAp forma-
tion and microstructure with which it forms are both
important in tailoring a synthetic material to serve
prosthetic functions. Citrate anion is present in bone
mineral and is believed to play an important role in
the formation and/or dissolution of bone apatite. As a
consequence, the effects of citrate on the formation of
various calcium phosphates, on their transformations,
and on their solubilities has been studied [5-12]. It
has been shown that citrates adsorb to the surfaces of
HAp, octacalcium phosphate, and DCPD [5]. Holt
et al. [13] found that citrates stabilized amorphous
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calcium phosphate at pH values lower than those
normally observed in solution precipitation reactions.
This was attributed to the ability of citrate to inhibit
the nucleation and growth of crystalline phases,
namely HAp and DCPD. It has been proposed that
the citrate molecule displaces surface phosphates in
apatite [6,10 ]. However, the nature of the citrate/apa-
tite interaction and manner in which citrate is present
in apatite is still not well established. Therefore, the
effects of citric acid on HAp formation was selected for
study.

Molecular conformation and the number of carb-
oxyl groups greatly influence adsorption/complexing
properties with cations in solution and in solids
[9, 14]. Therefore, acetic acid was chosen to compare
the influence of a monoprotic acid on HAp formation
to that of triprotic citric acid.

2. Experimental procedure

2.1. Precursor processing

TetCP was prepared by a solid-state reaction between
commercially available reagent grade CaHPO, and
calcium carbonate at 1450°C for 4 h. These were
mixed in the proportion required to produce TetCP
and milled before firing to obtain a homogeneous
mixture. After firing, the TetCP was ground by hand
and then milled to an average particle size of a few
micrometres. Phase purity was confirmed by X-ray
diffraction. An intimate mixture of the HAp pre-
cursors was achieved by milling TetCP with partic-
ulate DCP. X-ray diffraction verified the presence of
these calcium phosphate reactants after milling.

2.2. X-ray diffraction, scanning electron
microscopy, and surface area.
Powder X-ray analysis was performed on a Scintag
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diffractometer using Cu K, radiation, a step size of
0.02 degrees, and a scan rate of 2 degrees per minute. A
scan range between 20 and 35 degrees 20 was used
when HAp was formed in deionized water and acetic
acid. This range was extended to 4 and 35 degrees 20
for samples containing citrates because the most in-
tense calcium citrate peak occurs between 4 and 10
degrees 20. Microstructural development was ob-
served using a conventional dual stage scanning elec-
tron microscope. The surface area of selected samples
were obtained using the nitrogen BET method. Sam-
ples were dried at 120°C in a vacuum oven for 16 h
and then at 170°C to remove surface water prior to
nitrogen adsorption.

2.3. Reaction kinetics

Isothermal calorimetry [ 15] was used to establish the
rates of HAp formation in deionized water and in
17 mm, 50 mm, and 150 mm acetic acid and citric acid
solutions at 38 °C using a liquid:solids weight ratio of
1. The rates of heat evolution were determined at a
constant temperature by separately equilibrating the
liquid and solid reactions to 38°C. The liquid was
contained in a syringe and the solid reactants in a goid
plated copper calorimeter cup. The cup was sealed
with “Parafilm” to minimize endothermic effects of
water evaporation. Once thermal equilibration was
achieved, the liquid was injected on the solid and
reaction initiates. The calorimeter cup was in thermal
contact with thermopiles which convert the heat out-
put to a voltage output. In a typical experiment, 3 g of
solid HAp precursors were used and the voltage out-
puts were determined at 1 min intervals and collected
using a microprocessor. Using the appropriate ther-
moelectric coefficient curves the rate of heat evolution
or the total heat evolved (integral of the rate curve)
may be plotted against time.

2.4 Solution chemistry

The effects of two concentrations of citric acid (3.4 and
10 mM) and acetic acid (4 and 50 mM) on the vari-
ations in the aqueous phase during HAp formation
were determined. HAp precursors (50 g) were added to
250 ml of solution equilibrated to 38 °C in a double-

— 350

w
[=3
o

N
(&3]
(=

N
(=]
o

_
o
o

100

o1
o

Heat evolution, (kJ per mol of HAp

o

60 70 80
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walled beaker. Nitrogen gas was bubbled through the
suspension throughout the reaction to minimize the
presence of carbonates. A pH datum point was ac-
quired by a microprocessor every minute using a
combination glass electrode. Aliquots were extracted
at selected times and filtered through 0.22 um dispos-
able filters. The supernatants were analyzed for
calcium and phosphate concentrations by DC plasma
emission spectroscopy and for acectate and citrate
concentrations by ion chromatography. Solids were
extracted at selected times and quenched with acetone
to stop further reaction. These were analysed by X-ray
diffraction to determine the mineral phases present.

2.5. Infrared spectroscopy

Fourier transform infrared spectroscopy was per-
formed over the wavenumber range 400-4000 cm ™!
using a Bomem single beam spectrometer with a
resolution of 2 cm 1. The spectra of HAp formed in
deionized water, citric acid, and acetic acid solution
and that of calcium citrate and of a mixture (3 wt%) of
calcium citrate and HAp were determined. Citrate was
present in all citrate-HAp samples. All samples were
dried in a vacuum oven at 120 °C for 2.days. The KBr
pellet technique was used.

3. Results and discussion

3.1. Kinetics

Figs 1 and 2 show the total heat evolved, in kJ per mol
of HAp formed, during reaction in the citric and acetic
acid solutions. These heat evolution curves indicate
that the time required for complete reaction is greatly
influenced both by the acid and its concentration.
Times for complete reaction range from 3 h in 150 mm
acetic acid to 75 h in 150 mM citric acid.

Fig 1 shows that heat evolution occurs in three
stages of reaction. Each is influenced by the concentra-
tion of citric acid. Initially there is a short period of
rapid heat evolution. Initial reaction involves the dis-
solution of TetCP and increases with increasing acid
concentration. This can be seen by comparing the
slopes of the heat evolution curves and the amounts of
heat evolved during this period. As the concentration
of citric acid is increased from 17 mM to 150 mM the
heat evolved increases from 10 to 50 kJ per mol of
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Figure 2 Heat evolution curves for HAp formed in deionized water
( ), and 17 mM (- — -), 50 mM (— --- ), and 150 mM ( --- } acetic
acid solutions at 38°C.




HAp. Following this period of initial reaction is a
period when heat evolution is low. The duration of
this period increases with increasing citric acid con-
centration. The majority of heat evolution occurs in
the final period of reaction and this is when the
majority of HAp forms. Until the consumption of
reactants approaches completion, the heat evolution
during this final period occurs at a constant rate.
These rates are proportional to the concentration of
citric acid, decreasing with increasing acid concentra-
tion.

Unlike citric acid, acetic acid accelerates the forma-
tion of HAp (Fig. 2). HAp formation reaches com-
pletion in less than 3 h in the highest concentration of
acetic acid studied. Reaction in acetic acid solution
occurs in two stages. The first of these is dominated by
dissolution of TetCP. The rates of reaction during this
period increase with increasing acid concentration.
However, the amount of heat evolved in this first stage
does not exhibit a strong dependence on the concen-
tration of acid. Reaction rates in the second stage of
reaction also increase with increasing acetic acid con-
centration. The slopes of the linear portions of the
curves in Figs 1 and 2 are related to the rates of HAp
formation and are plotted as a function of acid con-
centration in Fig. 3. An increasing concentration of
citric acid decreases the rate of HAp formation, and
this decrease appears to be linear with concentration.
Conversely, increasing the acetic acid concentration
increases HAp formation at a rate which is also
nominally linear. However, a maximum rate has not
been reached in the range of concentrations studied.

3.2. Solution chemistry

3.2.1. Citric acid

Fig. 4 shows the variations in citrate, calcium and
phosphate concentrations depending on the initial
concentration of citric acid. Regardless of the initial
citric acid concentration, the calcium and citrate
(when present) concentrations decrease with time.
Citrate decreases to approximately half of the initial
concentration within 30 min, Fig. 4a. Because the
initial concentration of citrate is not high enough to
precipitate its calcium salt, this decrease is associated
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Figure 4 Variations in (a) citrate, (b) calcium, and (c) phosphate
concentrations during reactions in deionized water (—o-) and
3.4 mM (~o-) and 10 mM (~a-) citric acid solutions at 38 °C.

with the adsorption of citrate onto the reactant sur-
faces. This observation is in accord with the findings of
previous investigators [5, 9] who noted that citrate
adsorbs onto a variety of calcium phosphates.

The maximum values in the calcium concentrations
occur immediately after mixing, Fig. 4b. The value of
the maximum increases with increasing citric acid
concentration. This maximum is the result of two
factors. The first is that the solubilities of the calcium
phosphate reactants are higher at lower pH values [1].
Second, elevated calcium concentrations are a result
of the ability of citrate to strongly complex divalent
cations [9]. The DC plasma method determines total
calcium in solution regardless of whether it is present
as free cations or complexed. The increase in calcium
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concentration with citrate concentration also correl-
ates with the increase in TetCP dissolution indicated
by the changes in both rate and extent of heat evolu-
tion during the initial stage of reaction as shown in

Comparing Fig. 4a and b shows that the rates of
change in the calcium and citrate concentrations are
in correspondence. Both decrease sharply within the
first few minutes after mixing and then decrease more
slowly. When the initial concentration is 10 mm, the
citrate concentration drops rapidly to ~ 6 mm, then
to ~ 3 mm over 30 h and finally to ~ 0 mm between
30 and 33 h. The calcium concentration drops from
~ 6.5mMto ~ 1.5 mm during this latter period. Con-
sistent with the manner in which heat evolution oc-
curs, these changes are suggestive of the onset of rapid
HAp formation after a lengthy induction period.

Changes in phosphate concentration are shown in
Fig. 4c. Although the magnitudes of these variations
are much smaller than those in calcium and citrate,
they are in correspondence. When HAp is formed in
deionized water, the phosphate concentration rapidly
decreases to a value of ~ 0.02 mM, where it remains
until the reaction has reached completion. The phos-
phate concentrations in the citric acid solutions de-
crease from their initial values to a steady-state value
of ~ 0.3 mm. These steady-states are maintained until
the citrate concentrations decrease to zero. When this
occurs, the phosphate concentration decreases to a
low value, nominally ~ 0.02 mmM, supporting a rapid
precipitation process of HAp. The changes in solution
concentrations also coincide with changes in pH and
mineral phases as will subsequently be discussed.

As is typically observed [2, 16], the phosphate
concentration rises as complete reaction is ap-
proached. Although the variations in solution chem-
istry were not monitored to a point where the final
equilibrium was reached, experimental trends suggest
that the final concentration of phosphate increases
with increasing citrate molarity. This suggests, in turn,
the pessibility of partial citrate substitution for phos-
phate in HAp. Citrate substitution for surface phos-
phate groups in HAp has been proposed previously
[6, 10]. The increase of phosphate in solution is not
due solely to an increasc in the overall solubility of
HAp. Although the final calcium concentration ap-
pears to increase slightly with an increase in the
concentration of citric acid, the Ca/P ratio in solution
decreases from 1.9 to 0.73 with increasing citrate
concentration. This finding supports the view that
citrate partially substitutes for phosphate in HAp.
However, such substitution is primarily confined to
the surfaces of the HAp crystallites because the citrate
molecule is too large to be incorporated into the
apatite structure [6].

The adsorption of citrate is consistent with the
microstructure developed. Hollow shells of HAp are
prevalent when reaction occurs in the presence of
citrate, Fig. 5. This suggests that the dissolution of the
reactants is retarded by a surface phenomenon. Be-
cause an initial acid—base reaction occurs between
TetCP and citric acid, it is likely that these shells are
TetCP relicts. Blockage of dissolution sites leads to the
extended periods of slow reaction observed in Fig. 1.
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Figure 5 Microstructure of HAp formed in a 150 mM citric acid
solution at 38 °C showing the small needle dimensions and hollow
shells resulting from citrate adsorption.

o ...' y o

Figure 6 Microstructure of HAp formed in deionized water at
38°C. Note the larger needle dimensions as compared to those in
Figure 5.

Only when citrate is exhausted from solution does the
rate of dissolution of the reactants accelerate. Eventu-
ally TetCP dissolution is complete leaving these hol-
low shells.

The microstructure of HAp formed in deionized
water is shown in Fig. 6. Compared with reaction in
water, the size of the HAp needles are reduced when
reaction occurs in citric acid. This suggests that the
citrate may also adsorb onto the surfaces of HAp
nuclei and inhibit their growth.

The variations in pH during HAp formation in the
citric acid solutions were monitored simultaneously
with those in the ion concentrations and are shown in
Fig. 7. Two steady-state pH values, one at pH ~ 7.3
and another at pH ~ 8.5 are observed in all ex-
periments. The first steady-state occurs when DCP,
TetCP, and minor amounts of DCPD are present.
This steady-state pH is very close to that of the
invariant point between TetCP and DCPD [1]. X-ray
diffraction analyses show that DCPD forms upon
initial mixing. DCPD is formed regardless of whether
reaction occurs in water or in the acid solutions.
Therefore, DCPD formation cannot be
solely attributed to the reaction of TetCP with the
acids. Rather DCPD formation appears to be related



Figure 7 Variations in solution pH during reactions in deionized
water (——) and 3.4 mM (—-) and 10 mM (- - citric acid solutions
at 38°C.

to the presence of small amounts of an amorphous
calcium phosphate formed during milling. When
mixed with water, this amorphous calcium phosphate
appears to immediately recrystallize forming DCPD.
In spite of being present in a small proportion, DCPD
controls the solution pH during the initial reaction in
all the experiments. This steady-state pH is retained
only for a few minutes when reaction occurs in de-
ionized water. When citrate ions are not present to
adsorb to the reactant surfaces, the small quantity of
DCPD present reacts rapidly with TetCP and is
consumed within the first 10 min of reaction. Only
when DCPD has been consumed does the pH rise to a
second steady-state pH near 8.5. Reactions in citric
acid solution also result in this first steady-state pH.
The length of time during which a steady-state pH
near 7.3 is maintained is proportional to the initial
concentration of citrate in solution and results from
the adsorption of citrate on the reactant and product
phases.

Comparison between Fig. 4 and 7 shows that the pH
increases to 8.5, commensurate with the decrease
in citrate concentration to zero, and the calcium
and phosphorus concentrations to ~ 1.SmMm and
~ 0.02 mm, respectively. This suggests that little reac-
tion occurs until the dissolution of the reactants is no
longer limited by surface adsorption of citrates. How-
ever, based on heat evolution during these periods,
HAp formation is slowly occurring and likely involves
reaction of both DCP and DCPD with TetCP. Re-
gardless of the presence and concentration of citrate,
at the consumption of DCPD the pH increases to a
value of 8.5. Thus, it would appear that the first
steady-state pH is associated with the invariant point
between DCPD and TetCP. The pH value of the
second steady-state is higher than 7.7, which is the pH
of the invariant point between DCP and TetCP [1].
Thus, the reaction at this steady-state is limited by the
dissolution of DCP.

X-ray diffraction shows that HAp formation is grea-
test at this second steady-state condition. X-ray dif-
fraction analysis also indicates that the disappearance
of TetCP precedes that of DCP in every instance;
associated with this is a decrease in pH to a constant
value near 5.5. TetCP is consumed after 4.5, 7.5 and

38 h, for reactions in deionized water, 3.4 mM citric
acid, and 10 mwm citric acid, respectively. The forma-
tion of HAp at a pH of 8.5 and the disappearance of
TetCP before that of the DCP indicates that the HAp
formed initially has a Ca/P ratio greater than 1.5 [2].
Because the reactants were mixed in the proportion to
produce HAp having a Ca/P of 1.5, the remaining
DCP reacts with the previously formed HAp resulting
in its compositional adjustment to a Ca/P of 1.5. As
this occurs, the pH eventually drops to a value of
~ 5.5 in all instances. Assumption of a Ca/P = 1.5 at
complete reaction ignores the possibility of citrate
substitution for phosphate. However, no discernable
differences in the diffraction patterns of the HAp
formed upon complete reaction were observed regard-
less of the presence of citric or acetic acids.

3.2.2. Acetic acid

The changes in calcium and acetate (when present)
concentrations when HAp forms in various acetic acid
solutions are shown in Fig. 8. The initial calcium
concentrations increase with increasing acid concen-
tration from 1.7 mMm in deionized water to 25 mMm in
50 mm acetic acid. As Fig. 2 shows, acetic acid en-
hances the initial dissolution of TetCP by lowering of
pH. This results in an increased rate of early reaction as
shown by heat evolution. When reaction occurs in
deionized water and the 4 mm acetic acid solution, the
calcium ion concentrations decrease only slightly to
values of 1.2 mm and 2.2 mwm, respectively; the acetate
concentration does not change. Reaction in the more
concentrated acetic acid solution results in a much
larger change in the calcium concentration. The high
initial value is again associated with a lower pH and
increased solubility. The calcium concentration con-
tinuously decreases due to the formation of HAp.
Upon complete reaction the calcium attains a value of
15-16 mM. A decrease in the acetate concentration is
observed in the 50 mMm acetic acid solution. However,
this is followed by an increase in the acetate concen-
tration to its original value. This suggests that acetate
ion is adsorbed but eventually becomes desorbed at
higher initial concentrations of acetic acid. The acetate
concentration is at a minimum after about 3 h; based
on X-ray diffraction analyses this is when the reaction
has reached completion. The acetate concentration
increases between 3 and 4.5 h after which time there
are no further changes in solution.

Fig. 8c shows the variations in phosphate concen-
trations during HAp formation in deionized water and
the acetic acid solutions. The phosphate concentra-
tions decrease to a value of ~ 0.02mm where it
remains until the reaction has reached completion.
This is similar to the variations in phosphate observed
in citric acid solutions. As in citric acid solution, the
phosphate concentrations increase upon complete
reaction and experimental trends suggest that their
final concentrations will increase with increasing ace-
tic acid concentration. Alternatively, in the acetic acid
solutions, increasing acid molarity results in a signific-
ant increase in the final calcium concentration.
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Figure 8 Variations in (a) acetate, (b) calcium and (c) phosphate
concentrations during reactions in deionized water (~o-) and 4 mM
(-o-) and 50 mM (-a-) citric acid solutions at 38 °C.

Fig. 9. shows the pH variations in the acetic acid
solutions and deionized water. Again, two steady-state
pH values are observed. However, the time of the
steady pH associated with the invariant point between
DCPD and TetCP is of short duration. In addition,
the values at these steady-state show a systematic
decrease with increasing acetic acid concentration.
The first steady-state value ranges between 6.8 and 7.3
while the second ranges between 7.8 and 8.5. This was
not the case in the citric acid solutions. However, as
observed in citric acid solutions, the disappearance of
DCPD is again associated with the sharp increase in
pH to the second steady-state pH. This is due to the
same mechanism in both instances. Such a pH de-
pendence is in accord with the results showing that
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Figure 9 Variations in solution pH during reactions in deionized
water (——) and 4mM (---) and S50 mM (- - -) acetic acid
solutions at 38°C.

both heat evolution and calcium concentration in-
crease with increasing acetic acid concentration. These
findings indicate that the acceleratory effect is essen-
tially a pH phenomenon. In the absence of extensive
adsorption, the reaction rate will increase with in-
creased solubility of the reactant phases.

X-ray diffraction shows that HAp forination is ex-
tensive during this second steady state. As in citric acid
solution, the disappearance of TetCP precedes that of
DCP and again causes a drop in pH as the remaining
DCP reacts with the HAp already formed to produce
a final product with a Ca/P = 1.5. However, in acetic
acid solutions the final pH values differ depending on
the concentration of acetic acid. As shown in Fig. 9,
the pH at complete reaction decreases to a value of 5
in the higher concentration of acetic acid, while it
decreases to a value of ~ 5.5 for the reaction in
deionized water. Thus, the effects of acetic acid on
HAp formation appear to be related solely to pH,
while those of citric acid are related to the presence
and binding affinity of the tricarboxyl citrate ion. The
final pH value does not depend on the citric acid
concentration because it decreases to zero. This indic-
ates that citric acid is either adsorbed onto the surfaces
of the HAp or becomes incorporated into it. This was
further investigated by FTIR spectroscopy.

3.3. FTIR spectroscopy and surface area
determinations

FTIR spectroscopy was carried out on the HAp form-
ed in deionized water and in 50 mM acetic acid and
150 mM citric acid solutions during the calorimetric
experiments. The HAp formed with citrate present will
contain 3 wt% citrate assuming 100% incorporation.
Therefore, spectra of calcium citrate and a mixture of
calcium citrate with HAp (resulting in 3 wt% citrate
with respect to the HAp) formed in deionized water
were also obtained. Fig. 10 shows the carboxyl stret-
ching region of calcium citrate, a mechanical mixture
of HAp + calcium citrate, and HAp formed in citric
acid (designated CtHAp). There are no significant
differences between the spectra of calcium citrate and
that in the calcium citrate + HAp mixture. Converse-
ly, the number of carboxyl absorption bands and their
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Figure 10 The carboxyl stretching region of the citrate molecule is

shown. From top to bottom the spectra are these of (a) calcium

citrate, (b calcium citrate + HAp, and {¢}) HAp formed in a 150 mM
citric acid solution.

shapes are modified in CtHAp when compared to
those of calcium citrate. Similar results were observed
by Cifuentes et al. [6]. In the present work the concen-
tration of citric acid was below the solubility of
calcium citrate, and no calcium citrate diffraction
peaks were observed in X-ray studies. These results
suggest an HAp—citrate association. Further evidence
for such an association is presented in Fig. 11. This
figure shows the stretching and bending modes of the
phosphate tetrahedra. It is clearly evident that the
stretching modes of the phosphate ion in the
1000-1200 cm ™! region are both broader and less
defined in CtHAp than in HAp. Such peak broadening
and reduction in spectral features are indicative of
increasing structural disorder and stress. Environ-
mental effects such as these are caused by molecular
interactions in the range of a few nanometers. These
results, and the solution chemistry data showing in-
creases in phosphorus concentration with citric acid
molarity, indicate citrate substitution for phosphate in
the apatite structure. However, TEM observations
indicate that many of the HAp needles are comprised
of crystallites 5-10 nm in width. These sizes are small
enough for surface citrate adsorption to result in the
spectral differences observed, namely peak broadening
and reduction in structural features.

The BET surface areas of CtHAp, HAp formed in
deionized water, and that formed in acetic acid are
117, 93, and 72 m2g~!, respectively. These results
support the view that citrate adsorbs onto HAp nuclei,
inhibits their growth and resulting in the formation of
a larger number of HAp crystallites which contribute
a higher surface area. The small size of HAP crystalli-
tes makes it difficult to determine definitively whether
citrate incorporation is purely an adsorption phenom-
enon or if some substitution occurs. While adsorption
is supported substantially by the results of this study,
we believe that there is also limited citrate substitution
for phosphate on the surfaces of the apatite because, as
previously reported [10], the phosphate concentra-
tion in solution increases with increasing acid concen-
tration.
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Figure 11 The stretching and bending modes of the phosphate
group in HAp is shown. The spectra are those of HAp (a) formed in
150 mM citric acid and (b) that of calcium citrate + HAp.

4. Summary

It is important to be able to control both the rate and
conditions if HAp-based biomaterials, which form in
vivo, are to be developed. Formation of HAp is affec-
ted by acetic and citric acids. The time to complete
HAp formation is a strong function of both the con-
centration and type of acid present. The acceleratory
effect of acetic acid is due to increased solubilities of
the reactant phases at lower pH. Conversely, retarda-
tion by citric acid is related to the complexing and
adsorbing ability of the tricarboxylate citrate molecu-
le. Three periods of reaction are observed in isother-
mal calorimetry for reactions in citric acid. The first
period is associated with the dissolution of TetCP,
subsequent complexation of citrate with calcium ions
which enter solution, and with adsorption of citrate
onto the surfaces of the reactants. The second stage is
due to the slow reaction of TetCP with DCPD and
DCP. A steady-state pH occurs during this period.
After DCPD has been consumed, the final period of
reaction, associated with a second steady-state pH,
occurs during the reaction between DCP and TetCP.
Microstructural observation and solution chemistry
data support the view that citrate adsorb onto both
the reactant and product phases. Solution chemistry
results also suggest partial substitution of citrate for
phosphate. Changes in both the carboxyl and phos-
phate spectral features indicate a perturbation due to
a HAp-citrate association. Due to the crystallite size
of the HAp, these observations could be due to citrate
substitution and/or adsorption.
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