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Abstract

Eight dissolution models of calcium apatites (both
fluorapatite and hydroxyapatite) in acids were drawn
from the published literature, analyzed and discussed.
Major limitations and drawbacks of the models were
conversed in details. The models were shown to deal
with different aspects of apatite dissolution phenom-
enon and none of them was able to describe the dis-
solution process in general. Therefore, an attempt to
combine the findings obtained by different research-
ers was performed which resulted in creation of the
general description of apatite dissolution in acids. For
this purpose, eight dissolution models were assumed
to complement each other and provide the correct de-
scription of the specific aspects of apatite dissolution.
The general description considers all possible dissolu-
tion stages involved and points out to some missing
and unclear phenomena to be experimentally studied
and verified in future. This creates a new methodologi-
cal approach to investigate reaction mechanisms based
on sets of affine data, obtained by various research
groups under dissimilar experimental conditions.
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INTRODUCTION

Calcium apatites [hydroxyapatite (HA): Cai0(PO4)s(OH)2
and fluorapatite (FA): Caio(PO4)sF2] appear to be of a
special interest to the mankind, because natural apatites
are the main source of inorganic phosphorus in nature!",
while calcified tissues (bones and teeth) of mammals
consist of ion-substituted calcium apatites of biologi-
cal originlz‘ﬂ. Therefore, HA and FA are widely used in
various aspects of human being, starting from the major

source of phosphorus-containing fertilizer production
and ending with various biomedical applications, for ex-
ample, using as artificial bone grafts. The latter resulted
in a great number of research papers published on cal-
cium apatites and related calcium orthophosphatesls‘ﬂ.
Since the chemical nature of natural phosphate ores
and the inorganic phase of bones and teeth is almost
the same, such different processes as fertilizer produc-
tion, dental caries, osteoporosis, as well as both in vitro
and in vivo biodegradation of artificial bone grafts might
be simulated by dissolution of chemically pure calcium
apatites (HA and FA) in acids. Therefore, establishing
of the true dissolution mechanism of calcium apatites
in acids appears to be of the paramount importance for
our species.

In chemistry, a reaction mechanism is the step by
step sequence of elementary reactions by which the
overall chemical change occurs'”. Regarding the dissolu-
tion process of calcium apatites in acids, eight models
have been already proposed to explain the processes
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involved. These models already provided the important
information about the factors associated with solution
(pH, composition, saturation and hydrodynamics), bulk
solid (chemical composition, solubility, particle sizes) and
surface (defects, adsorbed ions, “history”, phase trans-
formation) of the apatite crystals. These findings can-
not be underestimated because they have already made
a significant impact on understanding of the medical
aspects of both dental caries and osteoporosis, as well
as they created the necessary fundamentals for fertilizer
production industry. Nevertheless, there are still a lot of
elements missing in the overall explanation for the pro-
cesses involved.

To clarify possible directions of further investigations
on apatite dissolution, a critical analysis of currently avail-
able models has been made in this review followed by an
attempt to combine the data available into a general dis-
solution mechanism. This creates a new methodological
approach to investigate reaction mechanisms based on
sets of affine data, obtained by various research groups
under dissimilar experimental conditions.

CRITICAL ANALYSIS OF THE DISSOLUTION
MODELS OF CALCIUM APATITES

Diffusion (or transport) and kinetically (or surface)
controlled models

A diffusion (or transport) and a kinetically (or surface)
controlled”™ dissolution models, as well as the two-site
model"”" are devoted to comparison of transport
rates of chemical reagents (H' and anions of acid) from
bulk solution to the surface of apatite crystals and those
of products (Ca®, F and orthophosphate anions) ob-
tained backwards with the kinetics of chemical interac-
tions on the crystal surface. According to the diffusion-
controlled and two-site models, a transport of either
the chemical reagents and/or the products of chemical
reactions mainly determine the overall dissolution rate,
whereas the kinetically controlled model emphasizes
chemical transformations on the surface as the limit-
ing factor (Figure D An important consequence of
the two types of rate-controlling mechanism is that the
solution immediately next to the crystal surface is under-
saturated with respect to apatite in the surface controlled
process and this solution is saturated in the diffusion-
controlled processm. Both models usually operate with
a so-called “driving force” which means either a con-
centration gradient within the Nernst diffusion layer
(the diffusion controlled model) or a gradient of ionic
chemical potentials between the apatite crystal surface
and bulk solution (the kinetically controlled model).

To investigate whether a dissolution process follows
either of these models, one should study the influence of
hydrodynamics, concentration of reagents, ionic strength,
solution undersaturation, pH, temperature, crystal di-
mensions and the presence of chemical modifiers on the
dissolution kinetics. A rotary disk!*"*'"" constant com-
position I or dual constant composition[zz’gs’”]
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Figure 1 A dissolution process according to the diffusion and kineti-
cally controlled models. Cs: Solute concentration on the surface; Ci: Solute
concentration on the interface; Co: Solute concentration in bulk. Reprinted from
Ref.[34] with permission.

techniques are used for experimental investigations. The
results obtained are usually plotted as an uptake of H'
ions (e.g, as a titrant volume added) and/or a release of
calcium, orthophosphate and fluoride ions versus the
dissolution time. Afterwards, calculations of the numeric
values for activation energy, rate constants, effective
reaction order, diffusion layer thickness, characteristic
adsorption impedance, diffusive jump distance, efz., are
performed[(m’%'w. The conclusion on whether a dissolu-
tion process is kinetically or diffusion controlled is made
based on the numeric values calculated. For example,
when analysis of the rate data gave a numeric value of
the effective reaction order #» = 6, a surface controlled
dissolution mechanism was suggested™,

Basic thermodynamic principles predict that dissolu-
tion rates should increase with increasing driving force
or chemical potential; however, the experimental studies
show that this dependence is complex. Namely, dissolu-
tion of apatite in some cases was found to be diffusion
controlled"** | in some other cases - kinetically con-
trolled”* and even intermediate (i.e., both kinetically
and diffusion controlled) in still other cases'*. Further-
more, the dissolution process might be composed of
two stages: the first one was found to be both surface
and diffusion controlled, while the second one was an
exactly diffusion-controlled dissolution”. Therefore, the
results obtained for these models are valid within the ex-
perimental conditions studied only; no extrapolation can
be made outside the ranges studied. For example, after,
say, an agitation decteasing or temperature increasing, an
initially kinetically controlled dissolution might be con-
trolled by diffusion””.

Furthermore, in some cases, dissolution curves (a
titrant volume against time) reach plateaus prior to
complete dissolution of HA, thus indicating a creation
of metastable states in which the reaction is effectively
terminated even though apatite crystals remain in con-
tact with the undersaturated solutions" ™. There is an
opinionM that this effect resulted from a false solubility
product value for HA. Thus, a high sensitivity to the ex-
perimental conditions appears to be the main drawback
of these models.
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Figure 2 A dissolution process according to the mono- and polynuclear models. A: Mononuclear model; B: Polynuclear model in one crystal step; C: Polynucle-
ar model in multiple steps: birth and spread; D: Spiral model. Reprinted from Ref.[34] with permission.

Mono- and polynuclear models

The surface dissolution may be described by three differ-
ent models shown schematically in Figure 2. As may be
seen in Figure 2A it is possible to start dissolution from
one center from which originates the units detachment
leading to step disintegration. This is a mononuclear dis-
solution. It is also possible that detachment takes place
simultaneously from multiple centers (Figure 2B and C)
which may be developed in one or more steps on the
crystal surface. This is a polynuclear dissolution. Alterna-
tively, it has been suggested that the crystal units’ detach-
ment takes place along spirals originating from an active
site on the crystal surface following an Archimedean
spiral (Figure 2D). The unit detachment along the spirals
takes place at constant velocity™.

A polynuclear model®™ " was created from the study
on apatite dissolution and growth kinetics under the
constant composition conditions. Polydispersed samples
of apatite were put into a stirred undersaturated (for
dissolution experiments) or supersaturated (for those
on crystal growth) solutions and the solution pH and
amount of chemicals added (an acid for the dissolution
experiments and a base for those on crystal growth)
were permanently recorded as functions of time. The re-
sults obtained were plotted versus either undersaturation
or supersaturation values: straight lines were obtained
in the specific logarithmic coordinates typical for this
model . According to this model, dissolution nuclei, i.e.,
collections of vacant sites for Ca’", PO+ and OH ions,
are formed on the crystal surface of apatite and spread
over the surface with a definite lateral rate®™”,

In polynuclear model, the nucleation rate is assumed
as a function of the mean ion activity. A lateral growth
rate of the nuclei is assumed proportional to the differ-
ence between the total concentration of calcium ions in
the saturated solution and in a solution, while the rate
constant is related to the frequency for calcium ions to
make a diffusion jump into a kink and, simultaneously,
partly dehydrate™, Investigations on apatite dissolu-
tion and crystal growth using atomic force microscopy
revealed that the rate-determining step was not the
diffusion but two-dimensional surface nucleation®*"”,
These observations provided a valuable support for the
polynuclear model.

The experimental data on dissolution and growth

(49

Boichidoogs  WIM | www.wjgnet.com

rates versus undersaturation (S < 1) and supersaturation
(S > 1) values, respectively, were obtained. Numeric val-
ues of surface tension (40 m]/ m’ for apatite dissolution
and 100 mJ/m’ for apatite growth'>*, jonic frequencies
to enter or leave a kink (1.6 X 10°/s*"), the mean dis-
tance between kinks in a surface nucleus (approximately
3.07 A™) and the critical nuclei for both HA™ %% and
FA™ were calculated. Furthermore, within 5.0 < pH <
7.2 the dissolution kinetics was found to follow the poly-
nuclear model, while that of growth appeared to follow
the polynuclear model within 5.5 < pH < 6.5 and the
combined mono-polynuclear model at pH = 5.0,

A new idea about hydroxide ions formation at the
hydroxide sites of HA from water molecules trapped
under the crystal surface appeared in the most recent pa-
pers of this series ™. Probably, this might be a reason
for the above changing in the growth model found for
HA at pH = 5.0. To conclude, the polynuclear model
seems to be better elaborated among others because it is
valid for apatite dissolution within solution pH of 5.0-7.2,
saturation degrees of 0.1 <§ <7, and Ca/P molar ratios
of 0.1-20"”, However, nothing has been published on a
validity of this model in more acidic solutions.

Self-inhibition (calcium-rich layer formation) model
A model with a self-inhibition layer formation describes
a formation of a calcium-rich layer on the surface of
apatite during dissolution" ¥, This model was created
from the results on dissolution kinetics of apatite pow-
ders in acidic buffers at solution pH within 3.7-6.9 (the
constant composition technique was used). Following
concentration of calcium and solution pH, the authors
found that during the initial period (2-5 min) of dissolu-
tion release of calcium into the bulk solution was always
less when compared with consumption of H'. When
dissolution progressed, rates of calcium release perma-
nently increased and hydrogen uptake decreased until
the equivalence (consumption of two hydrogen resulted
in release of one calcium) was reached, while the over-all
rate of apatite dissolution permanently decreased"™* .
Similar decreasing of apatite dissolution rates were ob-
tained by other research groups[d'l"‘s’ésj.

According to this model, apatite is dissolved by ionic
detachment of calcium and orthophosphate ions from
the surface to a solution. When an initial portion of apa-
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tite has been dissolved, some amount of calcium cations
(presumably, in connection with anionic counter ions)
is returned from the solution and adsorbed back onto
the surface of apatite. The latter results in formation of
a semi-permeable ionic membrane consisting of a posi-
tively charged layer containing strongly adsorbed calcium
ions, i.e., a calcium-rich layer is formed" ™, An indi-
rect confirmation of the presence of a calcium-rich layer
was obtained in the most recent paper of this series: for
initial strong calcium undersaturation in solutions, at-
tainment of a pseudo-steady state was very longm]. The
areas per adsorbed single PO+ and Ca™ ions on HA
surface at the point of zero charge (pH = 8.5) were esti-
mated to be 33.1 + 2.7 and 23.0 + 2.1 A% respectively™.

The authors of calcium-rich layer formation model
suggested that the rate control of apatite dissolution
was diffusion of calcium and/or orthophosphate ions
through an interfacial surface layer formed during the
initial portion of the dissolution process. This interface
would be composed of the Nernst layer that would be
adjacent to the calcium-rich layer. This last one would
present low permeability making the dissolution process

19,49-53 .. .
(94953 14 is important to notice that these conclu-

slower
sions were made from the experiments on following
calcium concentration and solution pH only; no mea-
surements of the surface composition of apatites were
performed.

As said by this model, ionic diffusion in solution
results in a situation when ionic concentration near the
surface layer of apatite is always higher than that in the
bulk solution. Calcium concentration in the solution
is also inhomogeneous: it decreases when the distance
from the liquid/solid interfaces increases”* ™. There-
fore, the calcium-rich layer appears to be undoubtedly
rich in calcium when compared with the bulk solution
only. However, when compared with the bulk of solid
apatite (Ca/P = 1.67) this layer appears to be calcium-
rich (Ca/P > 1.67) when the counter anions A" (it is as-
sumed, that apatite is dissolved in acid HaA, whete A" is
an anion) adsotbed from the solution are not taken into
account. If the counter anions are calculated, a numeric
value for Ca/(P+A) molar ratio on the surface will be
around 1.67 in the case of zero charge on the surface.

On the other hand, ions of calcium might be ad-
sorbed without the counter anions. This results in an
electrical double layer formation on the solid/liquid
interface with positive charge on apatite. Indeed, apatite
is charged positively in acidic solutions. This effect was
explained by adsorption of either protons only™ or
protons and calcium cations from the solution”"". Cer-
tainly, the presence of a positive charge on apatite sur-
face is in favor for the calcium-rich layer model but one
should not forget that this charge might be caused by
adsorption of protons onlym. The dissolution rate te-
duction found by the authors and explained by the state
of the interface (adsorption of calcium[sﬂ) might also
be explained by adsorption of some impurities those al-
ways present in the solution. Other explanations are also
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available

. Thus, unless the direct measurements of
the calcium content on the surface are made, this model
cannot be considered as experimentally proven.

A contradiction between the calcium-rich layer for-
mation and polynuclear models can be outlined: sorption
of calcium is likely to happen on the dissolution nuclei.
In this case, some amount of the nuclei should disap-
pear, as a result. No suggestions how to overcome this
contradiction were found in the references.

To conclude this model, one should notice that due
to the formation of a calcium-rich layer, a non-stoichio-
metric (incongruent) dissolution (see the next model) is

suggested by default.

Stoichiometric/non-stoichiometric (congruent/
incongruent) dissolution
A congruent/incongruent (or stoichiometric/non-stoi-
chiometric) dissolution!"' ™45 s hased on the
direct measurements of either the ionic concentrations
2140687768088 (0 11 surface compo-

sition of apatites during dissolution """, According to
the definitions, ions of a solid might be dissolved either
simultaneously with the dissolution rates proportional to
their molar concentrations (a congruent dissolution) or
non-simultaneously with different values of the dissolu-
tion rates for each ion (an incongruent dissolution). The
latter case always results in a situation when a surface
layer with a chemical composition different from that of
the bulk of solid is formed.

For acidic dissolution of FA, ions of F were found to

dissolve faster (or in a greater ionic proportion) when com-
17,68,77,83,88,89]

pared to ions of calcium and orthophosphate[ .
A similar phenomenon of faster (or in a greater ionic
proportion) dissolution of calcium when compared to that
of orthophosphate was also found™™>"*"**" In the lat-
ter case, a surface layer of acidic calcium orthophosphates,
presence of HPO+ ions and/or Ca-depleting of the sut-
face were either suggested[52’61’85] ot found®"**** Thus,
if incongruent dissolution occurs from a stoichiometric
HA surface, the surface Ca/P ratio will become lower than
for the bulk and a Ca-deficient HA (CDHA) must then
be present, even if there is no phase change[54]. However,
there are contradictory results. For example, when FA
was dissolved, the solution concentrations of calcium and
fluoride ions were non-stoichiometrically lower with re-
spect to that of orthophosphate ions due to a possibility
that some amount of sparingly soluble calcium fluoride
was precipitated***** . Furthermore, one should men-
tion on a study, in which release of calcium into the bulk
solution was always less, when compared with release of
orthophosphatelég]. On the other hand, having followed the
release kinetics of calcium and orthophosphate ions into
solution, apatites were found to dissolve stoichiometricaly
(congruently) LT

Interestingly, but apatites might be dissolved stoi-
chiometrically or non-stoichiometrically depending on
the experimental conditions. For example, CDHA was
found to dissolve congruently at the solution pH < 4.5,

in a solution
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while an incongruent dissolution with Ca/P ratio in so-
lution attaining values as high as about 25 was detected
in solutions within 4.5 < pH < 8.2. Furthermore, al-
most negligible dissolution with another type of a non-
stoichiometry with Ca/P ratio close to zero in solutions
was found at solution pH > 8.2 For 4.5 < pH < 8.2
conditions, the authors explained the incongruent dis-
solution by re-adsorption of already dissolved ortho-
phosphate anions from the solution onto the positively
charged CDHA surface. While in more basic solutions,
the surface of CDHA was charged negatively and, thus,
the authors suggested a possibility of both re-adsorption
of already dissolved calcium cations onto CDHA sur-
face and desorption of orthophosphate ions from the
CDHA surface. However, it has to be realized that at so-
lution pH > 8.2 the uncertainties in the chemical analysis
of Ca (in particular) and P were relatively high, making
any quantitative interpretation of this re-adsorption/de-
sorption difficult™. The same effect was discovered in
another studym. Furthermore, dissolution of both FA
and natural sedimentary carbonated FA was found to be
incongruent in the eatly stages but tended toward con-
gruency as the dissolution reaction proceeded to steady
statel ™, According to the authors, this initial incon-
gruency was likely a result of the exchange of solution
H" ion for mineral bound Ca™”. Besides, a presence of
simple inorganic salts (Na2SO4, CH3COONa or NaCl)
in solution appeared to have an influence on the equi-
librium concentrations of orthophosphate and calcium
ions released from apatite: the order of salts increasing
orthophosphate in solution was Na:SO4 > CH3COONa
> NaCl, while that increasing calcium was opposite[w.
This effect was explained by a specific affinity of some
ions (e.g, sulfate) for apatite and might be a reason for
transition of congruent to incongruent dissolution in

[92-94,97

some cases 1 Similarly, presence of other com-

pounds might influence the dissolution congruence[()g].
Other reasonable explanations might be due to either ex-
petimental difficulties in precise following of Ca/P ratio
both in the solution and on the crystal surface or differ-
ences in chemical and structural compositions of apa-
tites studied by different researchers (both FA and HA
are known to be often non-stoichiometric and calcium-
deficient, especially on the surface[2’4’87'89’99]).

The idea on a great influence of a surface layer is
supported by the data on dissolution of stoichiomet-
tic HA (Ca/P = 1.67) in aqueous solutions within pH
4.90-9.94" The authors found that after removal of an
irreversible surface, which generated excessive calcium
and orthophosphate solution concentrations, further
behavior of HA became reproducible. A surface of one
atom-layer thickness or less was believed to have formed
during the preparation of the solid”™. On the other
hand, dissolution of HA in aqueous medium appeared
to be always non-stoichiometric at the beginning, but
when the solid was successively equilibrated at any given
pH, the solution Ca/P ratio approached a limiting value
of 1.67. Once this value was reached, the solid only
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maintained this solution ratio by dissolving stoichiomet-
ricaly". The authors explained these phenomena by a
previous history of the samples studied. A similar con-
clusion was also made in another paperm]. Thus, the ex-
perimental techniques of apatite preparation might have
a great influence to stoichiometry/non-stoichiometry of
dissolution. This is a serious drawback.

Finally, the results on theoretical analysis of surface
layer formation on HA should be reported™. The main
point of that paper is an idea that both the stoichio-
metric HA (Ca/P = 1.67) and any non-stoichiometric
CDHA (Ca/P ratio within 1.5-1.67) might be desctibed
as the same substance. More precisely, there is a continu-
ous amount of intermediate compounds within 1.5 <
Ca/P < 1.67 having the same crystal structure which
is drawn as a line on the solubility diagram CaO - P20s
- H20™. Furthermore, according to the authors, at the
steady state, both HA and CDHA are dissolved congru-
ently only when both the solution and solid have the
same Ca/P ratio. Therefore, any sample of HA and
CDHA is dissolved incongruently except the only one
solution composition having the similar Ca/P ratio with
that particular sample. In all other cases, a surface layer
having a Ca/P ratio less than 1.67, which is often used as
the indication of incongruent dissolution of apatite, will
form as a result (this, however, depends on the accuracy
with which the analyses can be made)"®. Thus, whether
apatites are dissolved congruently or incongruently
might also depend on both their initial chemical compo-
sition and the solution properties.

To conclude, one should notice that all the afore-
mentioned cases of incongruent dissolution of both FA
and HA describe the formation of a sutrface layer of a
CDHA and/or acidic calcium orthophosphates, which
is calcium-depleted when compared to the bulk apatite.
Thus, there is a disagreement between the incongruent
dissolution and calcium-rich layer formation model. Pet-
haps, this might be due to the differences in experimen-
tal conditions.

Chemical model

A chemical dissolution model was proposed as wel
This model was developed from a self-evident supposi-
tion that it would be highly unlikely if apatite were dis-
solved by detachment of “single molecules” equal to
the unit cells and consisting of 18 ions. Moreover, in the
crystal lattice all ions are shared with neighboring unit
cells and often cannot be attributed to the given “single
molecule”. Therefore, based on the experimental results
obtained on the one hand and an analysis of the data
found in references on the other hand, a sequence of
four successive chemical reactions:

Cas(PO)3(F, OH) + H:O + H' = Cas(POu)3(H:0)" + HE H:O (1)
2Cas(PO4)3(H20)" = 3Cas(PO4)2 + Ca>" + 2H20 )
Cas(POs)2 + 2H' = Ca®* + 2CaHPOu 3)
CaHPOs + H' = Ca®" + H2POY (4)
was proposed to describe the chemical processes of apa-
tite dissolution"""". According to this model, equations

Jl100-102
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(1)-(4) should be used instead of the well-known net-
reactions (5) and (6):
Cas(POs)s(F, OH) + 7H" = 5Ca”" + 3H:POs« + HE, Hz0 (5)
Cas(PO4)s(F, OH) — 5Ca’" + 3PO+” + F, OH (6)
Chemical model (1)-(4) was initially created for de-
scription of apatite dissolution in strong acidic media""!
and appeared to be a further development of some ideas
proposed earlier. For example, already in 1960s reactions
(5) and (6) had been suggested “not to give the mecha-
nism but merely express net-reactions only”[mﬂ. Later,
Pearce!" and Chow" discussed which of net-reactions
(5) or (6) described the dissolution process better. For
acidic dissolution of apatites, net-reaction (5) represents
the direct chemical interaction between the surface of
solid apatite and an acidic solution. However, Pearce
suggested that, in principle, the dissolution process
might also happen according to net-reaction (6) followed
by a chemical interaction in the solution among the ions

of apatite and acid near the crystal surface!":

5Ca" +3POs” +F,OH +7H =5Ca"" + 3H:POs + HE HO (7)

In spite of a lack of the experimental techniques,
able to follow the detachment of single ions, a reason-
able ionic description of apatite dissolution as a system
of chemical equations (1)-(4) was created from the
indirect measurements" """, According to this model,
chemical dissolution of apatite occurs step by step
on the surface via intermediate formation of a mono-
atomic layer of some virtual compounds, like Cas(PO4)2
and CaHPO4"""", Both latter substances are known as
precursors of apatite formation during chemical crystal-
lization™'"™. Moreover, based on the sequence of ionic
detachment (first fluorine for FA or hydroxide for HA,
followed by calcium and afterwards by orthophosphate)
it is suggested that dissolution of apatites is always in-
congruent (non-stoichiometric) at the atomic (ionic)
level. However, a lack of the precise experimental verifi-
cation transforms the chemical model into a reasonable
hypothesis only.

To conclude this model, one may assume that some
new relations between the kinetically controlled and
chemical models might be established in future. Before
the chemical model was created, chemistry of apatite dis-
solution had been always described by equations (5) or (6)
+ (7). For this reason, the kinetically controlled model
was also adapted for these equations. For example, the
overall rate constants for net-reactions (5), (6) and (7)
are still used for calculations, whereas they are probably
equal to either the lowest of the rate constants of (1)-(4)
(the rate determining step) or some combination.

Etch pit formation

A process of etch pit formation describes acidic dis-
solution of apatite crystals containing structural defects
(dislocations and inclusions)™ "™ A radius of dis-
locations outlets (hollow cores) on apatite was calculated
to be within 8.3-20 A for screw dislocations and 18-43 A
for edge ones"”. The presence of dislocations acceler-
ates dissolution, because dislocations give rise to con-
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Figure 3 A typical etch pit on the surface of calcium apatites. A: Top view
and a model of its evolution during dissolution. Arrows represent relative step
velocities displaying different facets; B: View through the [001] direction in the
(100) surface. The exposed step faces can be seen to be un-equivalent owing
to the opposite orientations of the orthophosphate groups. Reprinted from Ref.
[118] with permission; C: Schematic of the evolution of hexagonal etch pits.
Four differently colored arrows represent relative step velocities. Reprinted from
Ref. [120] with permission.

tinuous steps on the surface (Figure 2D) and the strain
energy they cause in crystals favors etch pit formation.
Thus, the dissolution process of solids is induced by for-
mation of pits (Figure 3) and continues with spreading
of their stepwaves[m’“ﬂ. As a result, the surface of apa-
tite becomes rough and the total edge length and edge
F4 These pits provide dissolution
sites and the entire reaction proceeds »iz nucleation and
growth of the pits accompanying step flow. The pits ap-
pear at the dislocation outlets, usually they are 0.1-10 um

free energy increases

in size (their dimensions depend on dissolution kinetics
and dissolution time: they increase when the dissolution
progresses; furthermore, the crystals must be sufficiently
big to provide enough room for large pits to form). The
walls and bottom of etch pits consist of crystal faces
possessing the highest dissolution rates, which allow
them to grow. However, the growth kinetics of etch
pits (therefore, the dissolution process of apatites in
general) might be suppressed by addition of very simple
chemicals, such as NaCl. This phenomenon might be
attributed to a competition for surface protonation sites
between Na” and H' ions.

For dissolution of apatites, the pits usually have a
hexagonal shape (Figure 3) according to the crystal sym-
metry P6s/m of pure HA and FAICTESISE T H owever,
their shape might be different (e.g, triangular) when spe-
cific ions (e.g., fluoride) are present in a solution™, Tt is
important to mention that the growing process of etch
pits might be inhomogeneous: movement of the dissolu-
tion steps on one side of any single pit might be faster
or slower their counterparts on the other side, suggesting
the formation of asymmetric pits, as schematically shown
in Figures 3A and D. Concerning height of the steps, it
appears to depend on both crystal faces and dissolution
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conditions. For example, for an HA (100) surface ex-
posed to deionized water, the average height of each step
was found to be 0.84 £ 0.1 nm, which is close to the in-
tetlayer distance of the (100) sutface [d(100) = 0.82 nm].
Furthermore, it remained constant during dissolution" .

The formation of etch pits on the crystal faces is
the driving force for dissolution. However, in the case
of neatly physiological conditions and sufficiently low
solution undersaturation, a free energy barrier becomes
too high for vacancy nucleation to occur on a time
scale that is competitive with other processes. Thus, the
dissolution process of apatites becomes spontaneous
only when etch pits of critical sizes (determined by the
Gibbs-Thomson effect, a well-known thermodynamic
principle) are reached™ ™. At this critical size, the free
energy change goes through a maximum that defines an
energy barrier to a pit formation. Therefore, only rela-
tively large pits (of sizes greater than a critical value) ap-
pear to be active, with stepwaves contributing to dissolu-
tion, while the spreading velocities are also dependent on
the pit sizes, decreasing with pit size decreasing. More-
over, during dissolution, the crystals become smaller and
the average lengths of dissolution steps decrease (which
leads to a decrease in dissolution rates) and approach the
critical value. When dimensions of dissolving crystals is
sufficiently reduced, in some cases dissolution is thought
to be dynamically stabilized (dissolution suppression)
due to a lack of space for active pits/defects formation
on the very small crystallite surfaces” ™. This phenom-
enon involves particle-size-dependent critical conditions
of energetic control at the molecular level. Although,
the authors claim this effect as “a new dissolution model

41-48] .
P 0 fact,

incorporating particle size considerations
they just have introduced some boundary conditions (the
minimal pit sizes and crystal dimensions) to the etch pit
formation process. One should remind, that a similar ef-
fect of the dissolution self-inhibition was detected by the
authors of the calcium-rich layer formation model™*™,
although the interpretation of this effect was quite dif-
ferent (see above).

Different acids were used in experimental investi-
gations but, unless the conditions of surface coating
creation! no specific influence of the acids to etch pit
formation and growth was found" """, A theoretical ba-
sis for the pit formation and growth at the surface out-
lets of dislocations includes detachment of single ions
from the kink sites. The bulk rate associated with disso-
lution stepwaves arises quite naturally from the equations
describing the spreading of step trains from structure
defects and densities!”

perimental investigations on pits formation and growth

| However, until recently, the ex-

on apatites were made when their dimensions became
at least 0.3-0.5 um and even larger. Smaller dimensions
of pits were out of the range of old microscopes. That
is why, the initial stages of etch pits formation are not
quite clear yet.

The investigations on apatite dissolution using atomic

. . . - 7 [41-48,66,67
force microscopy provided new data on this point'
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118-122 . .

’ | For example, the growth process of a single pit on
. Lo . 66,6

apatite was followed since its dimensions were 50 nm™ ™",

Therefore, one may expect new results on even smaller

dimensions of pits to appear soon.

lon exchange model

An ion exchange dissolution model is based on a sup-
position about adsorption of protonsm] and anions of
acid (e.g, citrate anions'”"*") from a solution onto the
surface of apatite and removing ions of calcium and
orthophosphate into the solution instead. An uptake
of citric acid"* and citrate ions'*" from dilute (4-12.5
mmol/I. for citric acid™® and 0.05-1 mmol/L for sodi-
um citrate!"”") aqueous solutions by a synthetic HA was
found to be time independent and follow Langmuir iso-
therms rather good. However, it was not the case when
solutions of higher concentrations were used. In more
concentrated solutions (13-100 mmol/L of citrate), this
interaction was “reactive” and not “adsorptive”mi].

Adsorption was found to take place by ionic ex-
change of orthophosphate by citrate ions at the solid-
solution interface, caused by a higher affinity of citrate
than orthophosphate species for the Ca-sites on the su-
face. Citrate ions were proposed to interact in two ways:
CeHsO7" interacted weakly in a bi-dentate manner (1
citrate per 2 calcium sites), whereas CeHoO7” interacted
strongly in a mono-dentate manner (1 citrate per 1 cal-
cium site)"”". Recent computer simulations revealed that
this process is followed by hydrogen-bonded interactions
of citric acid to surface oxygen ions of apatites“zs]. Fur-
thermore, the adsorbed citrate molecules can use their
free carboxylate and hydroxyl groups to self-assemble on
the HA surface vz intermolecular hydrogen bonding“ I,

Later this model was updated by investigation of ap-
atite dissolution in other acids and an adhesion-decalci-
fication concept was introduced"™"", According to this
concept, the mechanism of acidic interaction with HA
was found to involve two phases. In the first phase, an
acid bonds to surface calcium of HA with formation of
calcium-acid complexes. Depending on both a solubility
and a diffusion rate of the calcium-acid complexes from
the HA surface to a solution, the acid will in the second
phase either remain attached to the HA surface with
only limited decalcification involved or the calcium-acid
complexes will detach, resulting in a substantial decalci-
fication effect. Rather similar data, in which carboxylic
groups of polyalkenoic acid were adsorbed on the sur-
face of an HA substrate, replaced orthophosphate ions
and made ionic bonds with calcium ions of HA, were
obtained in another study'*”.

Recently, ab initio total energy methods were used
to study the atomic structure and surface chemistry of
HA"™ All surfaces of HA were found to react strongly
with water and a loss of Ca from the surface in exchange
for two H appeared to be very favorable. Since these
calculations were performed for the case of water ad-
sorption on HA, it remained unclear whether they can
be applied to the acidic solutions. Nevertheless, other
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Figure 4 A schematic representation of surface protonation of apatites at
different solution pH. Reprinted from Ref. [119] with permission.

researchers found this effect experimentally”®™™. Fur-
thermore, another type of the exchange was proposed
for HA, in which one calcium and one hydroxyl were
replaced by one proton”,

To conclude this model, the time independent ionic
exchange of orthophosphate by citrate was detected in
dilute solutions only. In more concentrated solutions it
transferred into chemical reaction (5) followed by time
dependent precipitation of calcium citrate when its solu-
bility was exceeded*'*. Application of this model to
HA dissolution in other acids revealed its dependency on
both the solubility and the diffusion rate of the calcium-
acid complexes™""”, Thus, new experimental data are
necessary, to elaborate the ion exchange model further.

Hydrogen catalytic model

A hydrogen catalytic model is based on a reasonable
suggestion about adsorption of protons onto negatively
charged oxygen ions of the surface orthophosphate
groups of apatites*. Sorption of protons results in par-
tial transformation of surface PO+” groups into HPOs™
and catalyses the dissolution processw’m5‘18’20’53’61’89]. A
schematic representation of this process at different
solution pH is shown in Figure 4" Besides, recent
computer simulations revealed that both OH' (for HA)
and I (for FA) located on the surface are protonated as
well and, of them, fluoride ions exhibited much lower
proton affinities (pKs = 10.8, a weak base) compared to
hydroxide (pKs = 0, a strong base)"””. Furthermore, the
surface protonation of apatites is intimately related to
hydrogen bonding, The details on the latter process are
available in literature!™.

One can notice, that the authors of different dis-
solution models (the diffusion and kinetically con-
trolled'">!%" P91 models) have sug-
gested a similar possibility of a catalytic effect of the
adsorbed protons. At present, indirect data only are
available to support this hypothesis. Namely, at neutral
pH, dissociation of ions is penalized by more than 150
kJ/mol giving rise to very stable apatite-water intet-

and polynuclea

faces. This picture changes drastically with decreasing
pH, as the protonation of orthophosphate and hydrox-
ide ions lowers the free energy of calcium ions dissocia-
tion. An obvious trend in apatite dissolution is that the
dissolution rate is increased as the solution pH decreases,
which is a general phenomenon observed in dissolution
of other minerals. This indicates that dissolution pro-
ceeds by surface protonation, which promotes breaking

of Ca-O bonds.
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In the course of proton uptake, the charge of the
surface anions is reduced and the Coulomb attraction to
the crystal surface is lowered considerably, which might
be considered as “catalysis”. Currently, no precise in-
formation about a catalytic activity of adsorbed protons
on the dissolution of apatites is available. However, it
does not mean that this effect does not exist. Up to now,
nobody has ever succeeded to reveal a catalytic effect
unambiguously due to a lack of an experimental tech-
nique able to provide the experimental data necessary.
Obviously, the general idea on a catalytic activity of the
adsorbed protons seems reasonable and, perhaps, this
effect will be better elucidated in future.

SUMMARY ON THE DISSOLUTION MODELS

There is an old tale on six blind men, who wanted to
determine what an elephant looked like. An elephant
was delivered and the men were allowed to feel different
parts of its body. The blind man who felt a leg said the
elephant was like a pillar; the one who felt the tail said
the elephant was like a rope; the one who felt the trunk
said the elephant was like a tree branch; the one who felt

an ear said the elephant was like a hand fan; the one who
felt the belly said the elephant was like a wall; and the
one who felt the tusk said the elephant was like a solid
pipe. Thus, six blind men appeared to be in complete
disagreement. Then, a wise man explained to them: “All
of you are right. The reason every one of you is telling
it differently is because each one of you touched the
different part of the elephant. So, actually the elephant
has all the features you mentioned.” The story is widely
used to indicate that the reality may be viewed differently
depending upon one’s perspective, suggesting that what
seems the absolute truth may be relative due to a decep-
tive nature of half-truths.

As the complete physical picture that explains widely
observed wvariations in dissolution behavior is still lack-
ing, a similar approach must be adapted to the aforemen-
tioned dissolution models of calcium apatites. Undoubt-
edly, each from the aforementioned models appears to
have limitations and drawbacks of its own and none of
them is able to describe the apatite dissolution in general.
Morteover, most of the models were elaborated for apa-
tite dissolution in either slightly acidic or nearly neutral
(4 < pH < 8) aqueous solutions, relatively small values
of solution undersaturation and temperatures of 25 C
and 37 C only. Nothing is known about the validity of
these models for apatite dissolution in strong inorganic
acids (HCl, HNOs, H2804, H3PO4) for solution pH < 2
and temperatures above 70 ‘C. Moreover, in such “tough”
experimental conditions, the numerical value of solu-
tion undersaturation by HA and FA becomes uncertain
due to impossibility to determine their solubility“"”. The
latter cases serious problems for application of current
versions of calcium-rich layer formation and polynuclear
models to apatite dissolution in strong acids, because
both models operate with the solution supersatura-
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tion/undersaturation phenomena. The abovementioned
“tough” dissolution conditions are common in industry

97 2nd have to be taken into ac-

of fertilizer production
count by the final version of any dissolution model.

However, there ate no doubts that each of the mod-
els discussed is correct for the specific experimental con-
ditions studied. The different models are just devoted to
diverse aspects of the same process of apatite dissolu-
tion and are likely complement each other. Undoubtedly,
the dissolution process of calcium apatites has all the
features elaborated within eight dissolution models. Un-
fortunately, it is still impossible to obtain the complete
understanding for all the processes involved because
experimental techniques able to provide direct following
after diffusion, sorption, detachment and transformation
of the single atoms, ions and molecules currently are
lacking. Therefore, researchers are still forced to make
conclusions about the events happening at the atomic
(ionic) level based on indirect measurements and/or cal-
culations only. That is why, combining the experimental
and theoretical findings, obtained by different investiga-
tors (often under hardly comparable experimental con-
ditions), currently, seems to be the only way to create a
general depiction of the dissolution mechanism of cal-
cium apatites in acids.

A REASONABLE CLASSIFICATION OF
THE DISSOLUTION MODELS

Dorozhkin SV. Dissolution mechanism of apatites

both to (step 2a) and away from (step 4a) the crystal
steps, respectively, as well as a diffusive jump (steps 2b
and 4b)“39]. Finally, process 3 consists of several succes-
sive chemical transformations [step 3a - chemical equa-
tions (1)-(#)]"""" and includes ionic detachment from
the kink sites (step 3b)". Moreover, for adsorption (step
2) to take place, the following intermediate steps are
necessary: (1) dehydration of a surface site; (2) partial
dehydration of ions; and (3) a diffusive jump toward the
surface™. One can also expect three similar intermedi-
ate steps (diffusion jump from the surface, hydration
both the ions and the surface site) for desorption (step 4).

As shown above, different models describe just di-
verse aspects of the same phenomenon of apatite disso-
lution. Commonly, the main distinction is made between
the transport control and surface-reaction control. For
example, in the diffusion controlled, two-site and poly-
nuclear models steps 1 and 5 limit a reaction rate. On the
contrary, in the kinetically controlled, chemical and hy-
drogen catalytic models a reaction rate is limited by step
3. In the cases of the ion exchange and self-inhibition (or
calcium-rich layer formation) models, a reaction rate is
likely to be controlled by both ionic diffusion (steps 1 and
5) and kinetics of the adsorption/desorption phenomena
(steps 2 and 4). Processes of etch pit formation and dis-
solution stoichiometry - are the experimental facts, not
models. Thus, they may be controlled by factors pertain-
ing to any step from 1-5 and even all of them.

At the fundamental level reactions between solids and
liquids involve a coupled sequence of mass transport,
adsorption/desorption phenomena, heterogeneous re-
action, chemical transformations of intermediates, ez.,
whose identification, separation and kinetic quantifica-
tion are all necessary if the mechanism of the process is
to be fully understood and described™. Tt is also gener-
ally agreed that during dissolution lattice ions undergo
the following processes: (1) detachment from a kink site,
(2) surface diffusion away from the crystal steps, (3) de-
sorption from the surface and (4) diffusion into the bulk
solution™. Therefore, the steady-state conditions of
apatite dissolution in aqueous acidic media include the
following simultaneous processes or steps: (1) diffusion
of chemical reagents (H' and anions of acid A™) from
bulk solution to the solid/liquid interface; (2) adsorption
of the chemicals onto the surface of apatite; (3) chemi-
cal transformations on the surface; (4) desorption of
products (ions of fluoride, calcium and orthophosphate)
from the crystal surface; and (5) their diffusion into the
bulk solution.

All the steps mentioned above are likely to be much
more complicated. For example, processes 1 and 5 in-
clude chemical transformations happen with the ions
during diffusion, because solution pH is known to de-
pend on the distance from the solid/liquid interface (in
acidic solutions it is higher near the surface of apatite
and decreases when the distance increases) """, Pro-
cesses 2 and 4 include ionic diffusion along the surface
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BRIEF INFORMATION ON APATITE
STRUCTURE

Briefly, crystals of HA and FA consist of individual or-
thophosphate tetrahedra linked by calcium cations. The
orthophosphate groups forms the skeleton having two
types of calcium sites. The first [Ca(1) site] is occupied
by four calcium atoms that have a nine-fold coordina-
tion, while the second [Ca(2) site] is occupied by six cal-
cium atoms having a seven-fold coordination. Fluoride
(for FA) or hydroxide (for HA) anions are located within
the same channels as the Ca(2) sites and have a high mo-
bility“it’m’mj. Thus, the apatite structure contains Ca-F
(for FA), O-H (for HA), Ca-O and P-O bonds; consider-
ation of the relative electrostatic strength of these bonds
suggests that their relative destruction rate is consistent
with: Ca-F = Ca-OH > Ca(1)-O > Ca(2)-O > P-O.
Considering its structure, once all Ca-F and Ca-O bonds

are broken, apatite is destroyed; while breaking of P-O
6]

bonds is unnecessary for apatite dissolution

NECESSARY ASSUMPTIONS AND
LIMITATIONS

When apatite comes into a contact with an acidic aque-
ous solution, dissolution steps 1-5 (see section 4) begin.
Before giving the detailed description of the processes
involved, the following assumptions and limitations must
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be made: (1) the stoichiometric apatite (Ca/P = 1.67) is
dissolved and neither non-stoichiometric layers nor othet
ions except of calcium, orthophosphate, hydroxide (for
HA) or fluoride (for FA) are initially present in the crystal
lattice, whereas volume and surface defects (dislocations
and dislocation outlets respectively) might be present
and, if present, they are distributed randomly; (2) except
of the presence of dislocation outlets, the initial surface
of apatite is perfect (molecularly sooth). Otherwise, each
imperfection might act as a possible dissolution nucleus;
(3) in spite of the limitations and drawbacks discussed
above, all the afore-discussed dissolution models are
correct and complementary to each other; (4) in some
cases, anions of acid might have an influence on apatite
dissolution due to a specific affinity (e.g, citrate) or by
means of formation of insoluble compounds (e.g, sul-
fate, fluoride). That is why, anions are specified neither
here nor below. It is just assumed that dissolution of
apatite occurs in acid HaA, where A" is an anion; (5) only
soluble compounds are formed during the apatite disso-
lution in acids. No precipitates are obtained; (6) hydration
effects for all the ions and molecules involved as well as
those for crystal surface of apatitemm’ms} are omitted
for simplicity; (7) all crystal faces of a solid apatite are
equal and have a similar ionic arrangement. Although, it
was found that HA (001) facets could be more resistant
against acidic dissolution than (100) ones' "
influence of different crystal faces on the dissolution

, no specific

process is considered; and (8) since the afore-described
dissolution models have been elaborated for micron-
sized apatite crystals, while the nanodimensional calcium
orthophosphates possess the special properties“so’lsﬂ, to
eliminate the size effects, dissolution of large crystals is
described. No specific influence of crystal dimensions on
the dissolution mechanism is considered.

Based on these assumptions and limitations, an at-
tempt to create the general description of the apatite
dissolution mechanism at the atomic (ionic) level is given
below.

CREATION OF THE GENERAL
DISSOLUTION MECHANISM

Atomic (ionic) description for the perfect crystals

Immediately after being placed to acidic aqueous solu-
tions, the surface of apatite crystals becomes in contact
with water molecules and ions of the acid, which results
in sorption of all these chemicals with simultaneous
formation of a solid/liquid interface and vatrious adja-
cent strata, such as a Nernst diffusion layer, an electrical
double layer, e#. Transport of the chemicals (H" and
A™) to the solid/liquid intetface always happens by ionic
diffusion through the Nernst diffusion layer (Figure 1).
A thickness of this layer depends on both solution hy-
drodynamics and dimensions of the crystals dissolving:
it decreases when agitation intensity increases and crystal
sizes decrease. However, in no cases the thickness be-
comes equal to the zero™. Thus, a concentration gradi-
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ent is always present near the solid/liquid interface, the
diffusion laws always remain valid and all findings of the
diffusion-controlled model (e.g., an adsorption resistance
and a diffusion jump) remain applicable for any case of
apatite dissolution. A similar approach is correct for the
surface phenomena: when dissolution occurs, adsorption
and desorption of ions, as well as chemical transforma-
tions (1)-(4) always take place on the surface regardless
the experimental conditions chosen.

After being delivered by diffusion to the solid/liquid
interface, ions of H™ and A™ are adsorbed onto the sut-
face of apatite. A great number of vatious surface com-
plexes might be formed as a result®*1> ">, According
to the diffusion-controlled model, there is an adsorp-
tion resistance for ions to be adsorbed onto the surface
and in order to overcome the resistance the ions make
a diffusive jump toward the surface to a distance cor-
responding to their size!”1, Being charged positively,
protons are adsorbed onto oxygen ions of orthophos-
phate groupsm] as well as onto ions of fluoride (in the
case of FA) and hydroxide (in the case of HA). After the
model by Wu e7 al'™ the surface protonation of apatites
proceeds via formation of =POH surface groups (“=”
stands for the surface) at 5 < pH < 7, while apatite sur-
faces become fully protonated at pH < 5. One may ex-
pect to find some differences in the adsorption kinetics
of protons onto fluoride, hydroxide and orthophosphate
ions. Namely, due to a higher electro negativity of fluo-
ride (when compared to oxygen ions of orthophosphate
groups) and a higher basicity of hydroxide (when com-
pared to orthophosphate), adsorption of protons might
happen faster (or previously) onto these ions when
compared with orthophosphate. However, recent results
of computer simulations indicated a possibility of OH
protonation by the nearest HPO+ ion", indicating to
the fact, that orthophosphate ions might be protonated
faster (or previously) if compared to that for hydroxide
ions. Obviously, this topic needs to be clarified in future.

Anyway, negatively charged anions A" may be ad-
sorbed onto calcium cations only. According to the ion
exchange model, the exchange process shows an adsorp-
tion of about one anion per unit-cell of apatite“zs’lm.
On the other hand, the surface of apatites is charged
positively in aqueous acidic media and negatively in ba-
sic solutions (the point of zero charge is at solution pH
within 0.8-8.5) with an electric double layer formation
at the solid/liquid interface"7A7BSOSBIS SN pp o e
ter points out to a non-equivalent ionic adsorption of
H" and A" onto apatite: in acidic solutions, adsorption
of protons always exceeds that of A", while in basic
solutions the situation is opposite. Therefore, in acidic
solutions there is at least one extra-adsorbed proton per
several neighboring unit-cells of apatite when compared
to the number of adsorbed anions. The fact of a non-
equivalent ionic adsorption might be explained by dif-
ferences in sizes and mobility between H' and A",
Great difference in the surface sites available is another
reason for the non-equivalent ionic adsorption. Namely,

February 26, 2012 | Volume 2 | Issuel |



the concentration of the lattice ions being on the surface
of HA were found to be equal to 2.57, 3.02 and 4.50
ions/nm” for OH, PO+™ and Ca”, respectively™. Fur-
thermore, according to drawings of the apatite structure,
the most part of its surface (up to 80%-90%) is covered
by oxygen ions of orthophosphate groups[mm.

Tons of the crystal lattice of apatites are known to
have different crystallographic positions: so-called X-ions
(F, OH, CI and substitutes for them) are located in
2 This position

: P
results in a relatively high mobility of X-ions: for ex-

Ca(2) channels parallel to ¢-axis

ample, they might be mutually substituted rather casily
BESIOIOT with formation of intermediate compounds,

like fluorhydroxyapatites or hydroxyﬂuorapatites“7’83’164].
Based on these findings, dissolution of apatite in acids
was suggested to start with detachment of X-ions (more
likely, as HX) from the surface """ followed by their
diffusion away from the crystal steps and further into the
bulk solution'™”"*". Recent computer simulations revealed
some differences in the dissolution kinetics between F
and OH’ anions in apatites: surface fluoride is dissolved
not as readily as hydroxide is!", Initial leaving of X-ions

was also detected in the incongruent dissolution mod-
o[176877835859

| Moreover, numerical values for the surface
tension found for dissolution of HA appeared to be
clearly lower than those found for HA growth (the poly-
nuclear model). The latter data were explained by partial
protonation of orthophosphate groups and missing of
some hydroxide ions on the crystal surface!™.

After detachment of X-ions from the surface, there
are calcium, orthophosphate, H" (as HPO4 and/or
H2PO4 groups) and A" ions left on it (hydration effect
1s omitted for simplicity). From now on, any differences
between FA and HA disappear. In any cases, adsorption
of protons onto calcium is impossible due to charge re-
pulsion. Therefore, an electrical double layer with a posi-
tive charge on apatite cannot be continuous at the atom-
ic (ionic) scale. There should be local uncharged places
in it, say, at the positions of calcium cations. According
to the chemical model, an interaction between calcium
cations and anions of acid adsotbed from a solution is
believed to happen in such placesmo’m]. This interac-
tion results in breaking of surface =O-Ca bonds (“=”
stands for the surface) and detachment of some calcium
from the kink sites followed by their diffusion away
from crystal steps and further into the bulk solution
(the diffusion-controlled rnodel“”’mﬂ). Detachment of
calcium might occur as calcium-acid complexes (the ion
exchange model). Recent computer simulations revealed
that a local excess charge of +3 and +4 must be created
to cause exothermic Ca’* displacement from Ca(1) and
Ca(2) cites, respectivelymsl. If so, under otherwise equal
conditions, detachment of Ca”* ions from Ca(1) cites of
the apatite surface should happen faster and/or easily
than that from Ca(2) cites.

Detachment of calcium ions results in formation of
dissolution nuclei. These nuclei are defined as collections
of vacant sites for Ca’", PO+” and X ions on the crys-
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tal surface of apatite[%‘. According to the polynuclear
model, removal even of one ion might result in further
dissolution because critical nuclei (x*) were calculated to
consist of 1-26 ions for dissolution of HA and 0.3-34
ions for dissolution of FA. (According to the authors, x*
< 1 means that there is no nucleation battier to be over-
come™®. Since one unit cell of apatite contains 18 ions,
x* > 18 means that more than one unit cell should be
dissolved for a nucleus to form). The numeric values for
x* were found to depend on solution pH and solution
undersaturation®*". Furthermore, due to charge repul-
sion, adsorbed protons (as HPO4 and/or H2POs4 groups)
might catalyze detachment of calcium ions from the
kink sites (the hydrogen catalytic model).

After being detached, calcium cations [possibly, as
calcium-acid complexes (the ion exchange model)] dif-
fuse along the surface away from the dissolution steps
before entering the solution™”. For dissolution of octa-
calcium phosphate (OCP): [Cas(HPO4)2(PO4)4 5SH20] in
slightly acidic (pH = 5.60) solutions numeric values for
the mean surface diffusion distance of the lattice ions
detached from steps were calculated. These values were
found to depend on the edge free energy and be within
(17 + 4o — 41 + 10)a, where o = 3.7 A is the size of a
growth unit (or mean ionic diameter)"™”, Numeric values
of mean ionic diameter for apatites were also calculated.
They appeared to be less than that for OCP: 3.09 A for
HA and 3.07 A for FA*”, Taking into the consideration
great similarities found between the chemical composi-
tion and crystal structures of OCP and HA!"”
assume that the numerical values of surface diffusion
distance for HA should be close to the values for OCP.

Tonic detachment of some calcium results in remov-

, one might

ing of a local positive charge from apatite, which is im-
mediately compensated by adsorption of other protons
from the acidic solution. This conclusion is based on the
surface charge measurements: no information on influ-
ence of dissolution time to values of the surface charge
on apatite has been found in literature"7>HIOFIT g
one may assume, that if a chemical composition of the
solution is kept constant the surface charge on apatite
will also remain constant during dissolution. Replace-
ment of calcium by protons results in formation of
mono-atomic layer acidic calcium orthophosphates on
the crystal surface. Chemical phenomena of these trans-
formations are described by the chemical model""""
and the kinetics (it strongly depends on the experimental
conditions chosen) - by the surface controlled model.
After being desorbed from the surface, calcium
cations (ptesumably, coupled with anions A™) diffuse
through the Nernst layer into the bulk solution (the dif-
fusion controlled model)™". However, according to
the calcium-rich layer formation model, a part of the
already dissolved calcium ions might be adsorbed back
onto apatite. Adsorption of calcium was suggested to
happen at the very beginning of dissolution only and
resulted in formation of a perm-selective layer of cal-
cium cations with or without counter ions (A" and/or
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acidic orthophosphate)[19’49’53’68]. In this case, there should
be a competition between protons and calcium cations
for the exposed ions of oxygen on the surface to be ad-
sorbed onto. Experimental data on a shift of the point
of surface zero charge into more basic solution pH in

157 .
57 are in favor of such

presence of calcium in a solution
competition.

An idea on formation of some layer on the surface
of apatite was raised in several dissolution models. For
example, there is either a supposition (the polynuclear,
diffusion and kinetically controlled models) or a descrip-
tion (the ion exchange, hydrogen catalytic and chemical
models) of a very thin virtual layer of acidic calcium
orthophosphates (more exactly presence of HPO+*
ions) on the surface of apatite. Besides, according to
the calcium-rich layer formation model, dissolution of
apatite happens by ionic diffusion through a layer con-
taining calcium with or without counter ions!"" 0%
In part, this idea can be found within the ion exchange
model where a monolayer of calcium citrate!>"*" and/

130,131
t I are assumed to form

or calcium-acid complexes
onto apatite during dissolution. However, no other
model requires such suggestion. According to the rest of
them, formation of any calcium containing compounds
(different from acidic orthophosphates) on apatite is not
discussed at all.

According to the chemical model, the initial stages of
apatite dissolution consist of calcium detachment from
the surface and incorporation of protons instead. Ortho-
phosphate groups are assumed to keep their positions
without any relocation™"". Due to the fact, that calcium
occupies definite lattice positions, whereas protons are
bound to oxygen ions of orthophosphate groups, remov-
ing of ecach calcium results in decreasing of attraction
forces between the nearest (to this calcium) orthophos-
phate group and rest part of the crystals. When all (or
almost all) neighboring cations of calcium have been re-
moved, orthophosphate groups (as H2POx, CaHzPOs" or
HsPOs - it is not clear yet) also detach from the sutface.
Then they diffuse along the surface away from the dis-
solution steps before entering the solution as desctibed
above for calcium™”"".

In the case of crystal faces with perfectly smooth
surface (dissolution steps are absent), detachment of one
or several ions results in formation of dissolution nuclei,
which the polynuclear model is based on”* Accord-
ing to this model, all sites in nuclei edges are the kink

4 and, after appearance, the nuclei grow and

positions
spread over the surface with a definite lateral rate”™"), giv-
ing rise to formation of dissolution steps. If dissolution
steps already existed on the crystal faces of apatite, de-
tachment of one calcium or one orthophosphate would
result in dissolution step movement jump-wise over a
distance equal to the sizes of these ions (approximately
for 1 and 3 A, respectively).

The latter is also valid for dissolution of crystal [fl:gl(ﬁges

it

is generally considered, that ions are less strongly bound

and corners. Since the classical paper by Kaischew
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N, X
/ Vacancy
4/

Figure 5 Surface of a crystal according to Kossel". The various types of
imperfections are shown. Reprinted from Ref. [34] with permission.

along edges of a crystal than in the middle of faces
and still less strongly at the corners). No information
about the ionic arrangements on edges and corners of
apatite crystals has been found in literature. Therefore,
two boundary conditions are possible: the edges and
corners mainly consist of ions of either calcium or or-
thophosphate. However, the edges parallel to the ¢-axis,
in principle, may consist of X-ions (F, OH, CI). The
last case is the simplest one. According to the chemical
model""", dissolution of apatite starts with proton-
ation and detachment of X-ions, followed by removing
of calcium (one should remind here that “walls” of
the channels where X-ions are located consist of Ca(2)
ions”) and afterwards by protonation and removing of
orthophosphate. In the case, when the edges and corners
of apatite mainly consist of calcium, again, according to
the chemical model, detachment of weakly bounded cal-
cium precedes protonation and removing of orthophos-
phate. Finally, if the edges and corners mainly consist of
orthophosphate, the dissolution will start by chemical
interaction of protons with these weakly bounded or-
thophosphate groups. The latter decreases electrostatic
attraction forces between orthophosphate anions and
neighboring calcium cations (attraction forces between
Ca’" and PO+ are evidently stronger when compared
with those between Ca’” and HPO«"). These forces be-
come still weaker after adsorption of the second proton
onto the given orthophosphate anion, causing its trans-
formation to H2PO4 followed by detachment.

Influence of dislocations and surface defects

Before now, no data on crystal defects have been used.
For this reason, the above description is valid for dis-
solution of the perfect single crystals without defects
and with the molecularly smooth surface. However,
like other solids, crystals of apatite always contain both
surface irregularities (e.g, steps, missing ions and dislo-
cation outlets) and structural defects inside the bulk of
crystals (e.g., dislocations and inclusions). The schematic
depiction of a crystal surface is shown in Figure 5. This
model is known as the “Kossel model”". In principle,
any surface irregularities may act as dissolution nuclei
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Figure 6 An example of etched crystal surface of natural fluorapatite with
typical hexagonal etch pits. Bar 10 pum.

because sometimes even one missing ion might become
the critical nuclei (the polynuclear model) oot

Each dislocation outlet on apatite was found to be
a hollow core with radius within 8.3-20 A for the screw
dislocations and even 18-43 A for the edge ones!""”.
Dimensions of the hexagonal unit-cell of apatite are:
a= 943 A, ¢ = 6.88 A. If the numeric values for the
dislocation outlets were calculated correctly, their dimen-
sions (diameter of the hollow cores) would be 1.8-4.2
times 2 or 2.4-5.8 times ¢ (for the screw dislocations)
and even 3.8-9.1 times # or 5.2-12.5 times ¢ (for the edge
dislocations). Thus, each dislocation outlet on the crystal
surface looks like a large dissolution nucleus equal to
detachment of 3-19 unit cells, (if this is taken to be the
product ac) for the screw dislocations and even of 15-90
unit cells for the edge ones.

The process of etch pits formation and growth on
apatites was described in details elsewhere!" 60710012,
In the case of single crystals of pure HA, an acid attack
was found to start formation of one etch pit in the basal
plane which was the preferred dissolution spot or active
site. Immediately afterwards the acid formed a longitu-
dinal hole parallel to the caxis™”. On the contrary, dis-
solution of natural FA was found to happen with forma-
tion of a great number of etch pits (about 5 X 10° cm™)
on the surface (Figure 6" The latter just points out
to the great differences in amount of crystal defects and
impurities between the chemically purew’48’66’67’106’112’118’12ZJ
and natural'*"" apatites.

In any case, after being formed, the pits were found
to grow in all directions (length, width and depth - see
Figure 3) with definite rates until they either covered
all crystal faces of apatite (dissolution of natural crys-
tals""”""™ or made longitudinal holes parallel to the ¢-axis
(dissolution of the single crystals of pure HAM,
However, according to “a new dissolution model incor-
porating particle size considerations”, the dissolution
process becomes spontaneous only when the pits are
reached the critical sizes ™. The unit-step movement of
etch pit growth was suggested to consist of removing of
a single ion, followed by surface diffusion away from the
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place of ionic detachment, desorption from the surface
and diffusion into the bulk solution. All these processes
evidently occur according to the basic findings of the ion
exchange, chemical, calcium-rich layer formation, hydro-
gen catalytic and diffusion controlled dissolution models.
To conclude this part, except the dissolution rates
increasing and surface etching, no other influences of
dislocations on the dissolution mechanism wete found.

CONCLUSION

Thus, based on eight dissolution models drawn from
the previously published papers, an attempt to create
the general description of apatite dissolution process at
the atomic (ionic) level has been made. This dissolution
mechanism is based on current level of knowledge and
will be updated, corrected and modified simultaneously
with appearance of new experimental data. Now some
missing and unclear points to be investigated in future
can be outlined: (1) chemical transformations happening
with all ions during diffusion through the Nernst layer;
(2) chemical composition of the apatite surface during
dissolution; (3) processes of ionic sorption and detach-
ment; (4) processes of dissolution nuclei formation and
growth; (5) initial stages of etch pits formation at the
dislocation outlets; and (6) specific influence of anions
to the ionic sorption, surface diffusion and detachment.
The above topics should be investigated in order to have
better understanding of all the processes involved. For
example, atomic force microscopy and phase shift in-
terferometry might be useful tools in investigations on
dissolution nuclei and etch pits formation'®*’, Micron-
sized (better nano-sized) electrodes might be helpful in
studying ionic transformations during diffusion through
the Nernst layer'*”. Modern techniques of the surface
state analysis might be helpful in understanding the sut-
face structure and its chemical composition.
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