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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.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION
Calcium apatites [hydroxyapatite (HA): Ca10(PO4)6(OH)2 
and fluorapatite (FA): Ca10(PO4)6F2] appear to be of  a 
special interest to the mankind, because natural apatites 
are the main source of  inorganic phosphorus in nature[1], 
while calcified tissues (bones and teeth) of  mammals 
consist of  ion-substituted calcium apatites of  biologi-
cal origin[2-4]. 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 orthophosphates[5-7]. 
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[8]. 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[9-30] dissolution models, as well as the two-site 
model[15,31-33], 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 (Ca2+, 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 1)[34]. 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 process[35]. 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[10,13,14], constant com-
position[9,16,18,19,20,36-38] or dual constant composition[22,38,39] 

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, etc., are 
performed[9-33,36-40]. 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 n = 6, a surface controlled 
dissolution mechanism was suggested[22].

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[19,20,23,25], in some other cases - kinetically con-
trolled[21,22] and even intermediate (i.e., both kinetically 
and diffusion controlled) in still other cases[14]. 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[24]. 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 decreasing or temperature increasing, an 
initially kinetically controlled dissolution might be con-
trolled by diffusion[30].

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[41-53]. There is an 
opinion[54] 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 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; Cb: Solute concentration in bulk. 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[34].

A polynuclear model[55-64] 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[65]. According to this model, dissolution nuclei, i.e., 
collections of  vacant sites for Ca2+, PO4

3- and OH- ions, 
are formed on the crystal surface of  apatite and spread 
over the surface with a definite lateral rate[56].

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[62,63]. 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[66,67]. 
These observations provided a valuable support for the 
polynuclear model.

The experimental data on dissolution and growth 

rates versus undersaturation (S < 1) and supersaturation 
(S > 1) values, respectively, were obtained. Numeric val-
ues of  surface tension (40 mJ/m2 for apatite dissolution 
and 100 mJ/m2 for apatite growth[62,63]), ionic frequencies 
to enter or leave a kink (1.6 × 105/s[61]), the mean dis-
tance between kinks in a surface nucleus (approximately 
3.07 Å[60]) and the critical nuclei for both HA[55-59,62,63] and 
FA[60,61] 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[60,61].

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[62,63]. 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 < S < 7, and Ca/P molar ratios 
of  0.1-20[63]. 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[19,49-53]. 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[19,49-53]. 
Similar decreasing of  apatite dissolution rates were ob-
tained by other research groups[41-48,68].

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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A B C D

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.
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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[19,49-53]. 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 long[53]. The 
areas per adsorbed single PO4

3- and Ca2+ 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 Å2, respectively[69].

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 
slower[19,49-53]. It is important to notice that these conclu-
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[19,49-53]. 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 An- (it is as-
sumed, that apatite is dissolved in acid HnA, where An- is 
an anion) adsorbed 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[70] or 
protons and calcium cations from the solution[71,72]. 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 only[70]. The dissolution rate re-
duction found by the authors and explained by the state 
of  the interface (adsorption of  calcium[53]) might also 
be explained by adsorption of  some impurities those al-
ways present in the solution. Other explanations are also 

available[41-48]. 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[11,17,19,21,40,50,68,73-90] is based on the 
direct measurements of  either the ionic concentrations 
in a solution[19,21,40,68,74-76,80,83,84,87,88,90] or the surface compo-
sition of  apatites during dissolution[17,77,81]. 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-
pared to ions of  calcium and orthophosphate[17,68,77,83,88,89]. 
A similar phenomenon of  faster (or in a greater ionic 
proportion) dissolution of  calcium when compared to that 
of  orthophosphate was also found[40,75,76,79-82,90]. In the lat-
ter case, a surface layer of  acidic calcium orthophosphates, 
presence of  HPO4

2- ions and/or Ca-depleting of  the sur-
face were either suggested[52,61,85] or found[81,86,88,89]. 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[40,86,88-94]. 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  
orthophosphate[68]. On the other hand, having followed the 
release kinetics of  calcium and orthophosphate ions into 
solution, apatites were found to dissolve stoichiometricaly 
(congruently)[21,73,95].

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, 
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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[87]. 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[87]. The same effect was discovered in 
another study[89]. Furthermore, dissolution of  both FA 
and natural sedimentary carbonated FA was found to be 
incongruent in the early stages but tended toward con-
gruency as the dissolution reaction proceeded to steady 
state[40,68,96]. According to the authors, this initial incon-
gruency was likely a result of  the exchange of  solution 
H+ ion for mineral bound Ca[40]. 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 Na2SO4 > CH3COONa 
> NaCl, while that increasing calcium was opposite[84]. 
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 
some cases[92-94,97]. Similarly, presence of  other com-
pounds might influence the dissolution congruence[98]. 
Other reasonable explanations might be due to either ex-
perimental 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-
ric HA (Ca/P = 1.67) in aqueous solutions within pH 
4.90-9.94[76]. 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[76]. 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 

maintained this solution ratio by dissolving stoichiomet-
ricaly[76]. The authors explained these phenomena by a 
previous history of  the samples studied. A similar con-
clusion was also made in another paper[74]. 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[85]. 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 described 
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 - P2O5 
- H2O[85]. 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)[85]. 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 surface 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. Per-
haps, this might be due to the differences in experimen-
tal conditions.

Chemical model
A chemical dissolution model was proposed as well[100-102]. 
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:
Ca5(PO4)3(F, OH) + H2O + H+ = Ca5(PO4)3(H2O)+ + HF, H2O  (1)
2Ca5(PO4)3(H2O)+ = 3Ca3(PO4)2 + Ca2+ + 2H2O	   (2)
Ca3(PO4)2 + 2H+ = Ca2+ + 2CaHPO4		    (3)
CaHPO4 + H+ = Ca2+ + H2PO4

-			    (4)
was proposed to describe the chemical processes of  apa-
tite dissolution[100-102]. According to this model, equations 
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(1)-(4) should be used instead of  the well-known net-
reactions (5) and (6):
Ca5(PO4)3(F, OH) + 7H+ = 5Ca2+ + 3H2PO4

- + HF, H2O (5)
Ca5(PO4)3(F, OH) → 5Ca2+ + 3PO4

3- + F-, OH-             	  (6)
Chemical model (1)-(4) was initially created for de-

scription of  apatite dissolution in strong acidic media[101] 
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”[103]. Later, 
Pearce[104] and Chow[35] 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[104]:
5Ca2+ + 3PO4

3- + F-, OH- + 7H+ = 5Ca2+ + 3H2PO4
- + HF, H2O (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[100-102]. 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 Ca3(PO4)2 
and CaHPO4

[100-102]. Both latter substances are known as 
precursors of  apatite formation during chemical crystal-
lization[3,105]. 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)[41-48,96,106-115]. A radius of  dis-
locations outlets (hollow cores) on apatite was calculated 
to be within 8.3-20 Å for screw dislocations and 18-43 Å 
for edge ones[109]. The presence of  dislocations acceler-
ates dissolution, because dislocations give rise to con-

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[116,117]. As a result, the surface of  apa-
tite becomes rough and the total edge length and edge 
free energy increases[41-48]. These pits provide dissolution 
sites and the entire reaction proceeds via nucleation and 
growth of  the pits accompanying step flow. The pits ap-
pear at the dislocation outlets, usually they are 0.1-10 µm 
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 P63/m of  pure HA and FA[106-111,118-123]. However, 
their shape might be different (e.g., triangular) when spe-
cific ions (e.g., fluoride) are present in a solution[121]. It 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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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.
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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-
terlayer distance of  the (100) surface [d(100) ≈ 0.82 nm]. 
Furthermore, it remained constant during dissolution[120].

The formation of  etch pits on the crystal faces is 
the driving force for dissolution. However, in the case 
of  nearly 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[41-48]. 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[41-48]. 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 
incorporating particle size considerations”[41-48], in fact, 
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[19,49-53], 
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[124], no specific influence of  the acids to etch pit 
formation and growth was found[106-115]. 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[43]. However, until recently, the ex-
perimental investigations on pits formation and growth 
on apatites were made when their dimensions became 
at least 0.3-0.5 µm 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 
force microscopy provided new data on this point[41-48,66,67

,118-122]. For example, the growth process of  a single pit on 
apatite was followed since its dimensions were 50 nm[66,67]. 
Therefore, one may expect new results on even smaller 
dimensions of  pits to appear soon.

Ion exchange model
An ion exchange dissolution model is based on a sup-
position about adsorption of  protons[40] and anions of  
acid (e.g., citrate anions[125-127]) from a solution onto the 
surface of  apatite and removing ions of  calcium and 
orthophosphate into the solution instead. An uptake 
of  citric acid[125] and citrate ions[126] from dilute (4-12.5 
mmol/L for citric acid[125] and 0.05-1 mmol/L for sodi-
um citrate[126]) 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”[125]. 

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 sur-
face. Citrate ions were proposed to interact in two ways: 
C6H8O7

3- interacted weakly in a bi-dentate manner (1 
citrate per 2 calcium sites), whereas C6H9O7

2- interacted 
strongly in a mono-dentate manner (1 citrate per 1 cal-
cium site)[126]. Recent computer simulations revealed that 
this process is followed by hydrogen-bonded interactions 
of  citric acid to surface oxygen ions of  apatites[128]. Fur-
thermore, the adsorbed citrate molecules can use their 
free carboxylate and hydroxyl groups to self-assemble on 
the HA surface via intermolecular hydrogen bonding[129].

Later this model was updated by investigation of  ap-
atite dissolution in other acids and an adhesion-decalci-
fication concept was introduced[130,131]. 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[132].

Recently, ab initio total energy methods were used 
to study the atomic structure and surface chemistry of  
HA[133]. 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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researchers found this effect experimentally[86,88]. Fur-
thermore, another type of  the exchange was proposed 
for HA, in which one calcium and one hydroxyl were 
replaced by one proton[87].

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[125,127]. 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[130,131]. 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[134]. Sorption of  protons results in par-
tial transformation of  surface PO4

3- groups into HPO4
2- 

and catalyses the dissolution process[9,10,15,18,20,53-61,89]. A 
schematic representation of  this process at different 
solution pH is shown in Figure 4[119]. Besides, recent 
computer simulations revealed that both OH- (for HA) 
and F- (for FA) located on the surface are protonated as 
well and, of  them, fluoride ions exhibited much lower 
proton affinities (pKB = 10.8, a weak base) compared to 
hydroxide (pKB = 0, a strong base)[135]. Furthermore, the 
surface protonation of  apatites is intimately related to 
hydrogen bonding. The details on the latter process are 
available in literature[136].

One can notice, that the authors of  different dis-
solution models (the diffusion and kinetically con-
trolled[9,10,15,18,20] and polynuclea[56-61] 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 inter-
faces[135]. 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.

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 variations 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. 
Moreover, 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 ℃ 
and 37 ℃ only. Nothing is known about the validity of  
these models for apatite dissolution in strong inorganic 
acids (HCl, HNO3, H2SO4, H3PO4) for solution pH < 2 
and temperatures above 70 ℃. 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[1-4]. 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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Figure 4  A schematic representation of surface protonation of apatites at 
different solution pH. Reprinted from Ref. [119] with permission.
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tion/undersaturation phenomena. The abovementioned 
“tough” dissolution conditions are common in industry 
of  fertilizer production[137] and have to be taken into ac-
count by the final version of  any dissolution model.

However, there are 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
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, etc., 
whose identification, separation and kinetic quantifica-
tion are all necessary if  the mechanism of  the process is 
to be fully understood and described[138]. It 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[139]. 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 An-) 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)[140,141]. Pro-
cesses 2 and 4 include ionic diffusion along the surface 

both to (step 2a) and away from (step 4a) the crystal 
steps, respectively, as well as a diffusive jump (steps 2b 
and 4b)[139]. Finally, process 3 consists of  several succes-
sive chemical transformations [step 3a - chemical equa-
tions (1)-(4)][100-102] and includes ionic detachment from 
the kink sites (step 3b)[139]. 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[139]. 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.

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[1-4,142,143]. 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 
bonds is unnecessary for apatite dissolution[96].

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 other 
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 HnA, where An- 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  apatite[99,144-148] 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[149], no specific 
influence of  different crystal faces on the dissolution 
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[150,151], 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 various adja-
cent strata, such as a Nernst diffusion layer, an electrical 
double layer, etc. Transport of  the chemicals (H+ and 
An-) to the solid/liquid interface 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[152]. Thus, a concentration gradi-

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 An- are adsorbed onto the sur-
face of  apatite. A great number of  various surface com-
plexes might be formed as a result[86-89,153-155]. 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[139,156]. Being charged positively, 
protons are adsorbed onto oxygen ions of  orthophos-
phate groups[58] as well as onto ions of  fluoride (in the 
case of  FA) and hydroxide (in the case of  HA). After the 
model by Wu et al[153], 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 HPO4

2- ion[135], 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 An- 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[125-127]. 
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 6.8-8.5) with an electric double layer formation 
at the solid/liquid interface[70-72,78,86-88,153-155,157,158]. The lat-
ter points out to a non-equivalent ionic adsorption of  
H+ and An- onto apatite: in acidic solutions, adsorption 
of  protons always exceeds that of  An-, 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 An-[159]. 
Great difference in the surface sites available is another 
reason for the non-equivalent ionic adsorption. Namely, 
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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/nm2 for OH-, PO4

3- and Ca2+, respectively[69]. 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[160].

Ions of  the crystal lattice of  apatites are known to 
have different crystallographic positions: so-called X-ions 
(F-, OH-, Cl- and substitutes for them) are located in 
Ca(2) channels parallel to c-axis[1-4,142,143]. This position 
results in a relatively high mobility of  X-ions: for ex-
ample, they might be mutually substituted rather easily 
[88,89,161-163] with formation of  intermediate compounds, 
like fluorhydroxyapatites or hydroxyfluorapatites[17,83,164]. 
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[100-102] followed by their 
diffusion away from the crystal steps and further into the 
bulk solution[139,156]. 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[143]. Initial leaving of  X-ions 
was also detected in the incongruent dissolution mod-
el[17,68,77,83,88,89]. 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[60].

After detachment of  X-ions from the surface, there 
are calcium, orthophosphate, H+ (as HPO4 and/or 
H2PO4 groups) and An- ions left on it (hydration effect 
is 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 adsorbed from a solution is 
believed to happen in such places[100-102]. 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 model[139,156]). 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 Ca2+ displacement from Ca(1) and 
Ca(2) cites, respectively[135]. If  so, under otherwise equal 
conditions, detachment of  Ca2+ 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 Ca2+, PO4

3- and X- ions on the crys-

tal surface of  apatite[56]. 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 barrier to be over-
come[61]. 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[60,61]. Furthermore, due to charge repul-
sion, adsorbed protons (as HPO4 and/or H2PO4 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[139]. For dissolution of  octa-
calcium phosphate (OCP): [Ca8(HPO4)2(PO4)4·5H2O] in 
slightly acidic (pH = 5.66) 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 ± 4)α – (41 ± 10)α, where α ≈ 3.7 Å is the size of  a 
growth unit (or mean ionic diameter)[156]. Numeric values 
of  mean ionic diameter for apatites were also calculated. 
They appeared to be less than that for OCP: 3.09 Å for 
HA and 3.07 Å for FA[62]. Taking into the consideration 
great similarities found between the chemical composi-
tion and crystal structures of  OCP and HA[165], one might 
assume that the numerical values of  surface diffusion 
distance for HA should be close to the values for OCP.

Ionic detachment of  some calcium results in remov-
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[70-72,78,86-88,153-157]. So, 
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[100-102] 
and the kinetics (it strongly depends on the experimental 
conditions chosen) - by the surface controlled model.

After being desorbed from the surface, calcium 
cations (presumably, coupled with anions An-) diffuse 
through the Nernst layer into the bulk solution (the dif-
fusion controlled model)[139,156]. 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 (An- 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 
presence of  calcium in a solution[157] are in favor of  such 
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  HPO4

2- 
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[19,49-53,68]. 
In part, this idea can be found within the ion exchange 
model where a monolayer of  calcium citrate[125-127] and/
or calcium-acid complexes[130,131] are assumed to form 
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[100-102]. Due to the fact, that calcium 
occupies definite lattice positions, whereas protons are 
bound to oxygen ions of  orthophosphate groups, remov-
ing of  each 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 H2PO4

-, CaH2PO4
+ or 

H3PO4 - it is not clear yet) also detach from the surface. 
Then they diffuse along the surface away from the dis-
solution steps before entering the solution as described 
above for calcium[139,156].

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[55-63]. Accord-
ing to this model, all sites in nuclei edges are the kink 
positions[62] and, after appearance, the nuclei grow and 
spread over the surface with a definite lateral rate[56], 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 Å, respectively).

The latter is also valid for dissolution of  crystal edges 
and corners. Since the classical paper by Kaischew[166], it 
is generally considered, that ions are less strongly bound 

along edges of  a crystal than in the middle of  faces 
and still less strongly at the corners[167]. 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 c-axis, 
in principle, may consist of  X-ions (F-, OH-, Cl-). The 
last case is the simplest one. According to the chemical 
model[100-102], 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[96]) 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 
Ca2+ and PO4

3- are evidently stronger when compared 
with those between Ca2+ and HPO4

2-). 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”[168]. In principle, 
any surface irregularities may act as dissolution nuclei 
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because sometimes even one missing ion might become 
the critical nuclei (the polynuclear model)[60,61]. 

Each dislocation outlet on apatite was found to be 
a hollow core with radius within 8.3-20 Å for the screw 
dislocations and even 18-43 Å for the edge ones[109]. 
Dimensions of  the hexagonal unit-cell of  apatite are: 
a ≈ 9.43 Å, c ≈ 6.88 Å. 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 a or 2.4-5.8 times c (for the screw dislocations) 
and even 3.8-9.1 times a or 5.2-12.5 times c (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[41-48,66,67,106-122]. 
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 c-axis[110]. On the contrary, dis-
solution of  natural FA was found to happen with forma-
tion of  a great number of  etch pits (about 5 × 105 cm-2) 
on the surface (Figure 6)[113-115]. The latter just points out 
to the great differences in amount of  crystal defects and 
impurities between the chemically pure[41-48,66,67,106-112,118-122] 
and natural[113-115] 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[113-115]) or made longitudinal holes parallel to the c-axis 
(dissolution of  the single crystals of  pure HA[106-111]). 
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[41-48]. 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 

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 were 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[66,67]. Micron-
sized (better nano-sized) electrodes might be helpful in 
studying ionic transformations during diffusion through 
the Nernst layer[140]. Modern techniques of  the surface 
state analysis might be helpful in understanding the sur-
face structure and its chemical composition.
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GENERAL INFORMATION
World Journal of  Methodology (World J Methodol, WJM, online ISSN 
2222-0682, DOI: 10.5662) is a bimonthly peer-reviewed, online, 
open-access (OA), journal supported by an editorial board consist-
ing of  238 experts in methodology from 41 countries.

The biggest advantage of  the OA model is that it provides free, 
full-text articles in PDF and other formats for experts and the pub-
lic without registration, which eliminates the obstacle that traditional 
journals possess and usually delays the speed of  the propagation 
and communication of  scientific research results. The open access 
model has been proven to be a true approach that may achieve the 
ultimate goal of  the journals, i.e. the maximization of  the value to 
the readers, authors and society.

Maximization of personal benefits
The role of  academic journals is to exhibit the scientific levels of  
a country, a university, a center, a department, and even a scientist, 
and build an important bridge for communication between scien-
tists and the public. As we all know, the significance of  the publica-
tion of  scientific articles lies not only in disseminating and com-
municating innovative scientific achievements and academic views, 
as well as promoting the application of  scientific achievements, but 
also in formally recognizing the "priority" and "copyright" of  in-
novative achievements published, as well as evaluating research per-
formance and academic levels. So, to realize these desired attributes 
of  WJM and create a well-recognized journal, the following four 
types of  personal benefits should be maximized. The maximization 
of  personal benefits refers to the pursuit of  the maximum personal 
benefits in a well-considered optimal manner without violation of  
the laws, ethical rules and the benefits of  others. (1) Maximization 
of  the benefits of  editorial board members: The primary task of  
editorial board members is to give a peer review of  an unpublished 
scientific article via online office system to evaluate its innovative-
ness, scientific and practical values and determine whether it should 
be published or not. During peer review, editorial board members 
can also obtain cutting-edge information in that field at first hand. 
As leaders in their field, they have priority to be invited to write 
articles and publish commentary articles. We will put peer review-
ers’ names and affiliations along with the article they reviewed in 
the journal to acknowledge their contribution; (2) Maximization of  
the benefits of  authors: Since WJM is an open-access journal, read-
ers around the world can immediately download and read, free of  
charge, high-quality, peer-reviewed articles from WJM official web-
site, thereby realizing the goals and significance of  the communica-
tion between authors and peers as well as public reading; (3) Maxi-
mization of  the benefits of  readers: Readers can read or use, free of  
charge, high-quality peer-reviewed articles without any limits, and 
cite the arguments, viewpoints, concepts, theories, methods, results, 
conclusion or facts and data of  pertinent literature so as to vali-
date the innovativeness, scientific and practical values of  their own 
research achievements, thus ensuring that their articles have novel 
arguments or viewpoints, solid evidence and correct conclusion; 
and (4) Maximization of  the benefits of  employees: It is an iron law 
that a first-class journal is unable to exist without first-class editors, 
and only first-class editors can create a first-class academic journal. 
We insist on strengthening our team cultivation and construction so 
that every employee, in an open, fair and transparent environment, 
could contribute their wisdom to edit and publish high-quality ar-

ticles, thereby realizing the maximization of  the personal benefits 
of  editorial board members, authors and readers, and yielding the 
greatest social and economic benefits.

Aims and scope
WJM aims to rapidly report the most recent results in medical di-
agnostics, therapeutic techniques and equipment, clinical medical 
research, clinical and experimental techniques and methodology. It 
provides a platform to facilitate the integration of  clinical medicine 
and experimental techniques and methodology to help clinicians 
improve diagnostic accuracy and therapeutic efficacy. The journal 
publishes original articles and reviews on the following topics: (1) 
Clinical medical techniques, including but not limited to those for 
pharmaceutical medicine, laboratory medicine, radioactive medicine, 
medical imaging, nuclear medicine, physical therapy, pathology, 
surgery, disinfection, nutritional therapy, transfusion and medical 
equipment; (2) Clinical medical research on etiology, epidemiology, 
pathogenesis, morphology and function, signs and symptoms, clini-
cal trials, and evidence-based medicine; and (3) Laboratory meth-
odology, including but not limited to techniques in DNA/RNA 
sequencing, preparation and transformation of  competent cells, 
PCR, protein biochemistry, cell biology, genetics and epigenetics, 
immunology, microbiology, animal models of  human pathologies, 
bioinformatics, and laboratory equipment manipulation and control. 

Columns
The columns in the issues of  WJM will include: (1) Editorial: To 
introduce and comment on major advances and developments in the 
field; (2) Frontier: To review representative achievements, comment 
on the state of  current research, and propose directions for future 
research; (3) Topic Highlight: This column consists of  three formats, 
including (A) 10 invited review articles on a hot topic, (B) a commen-
tary on common issues of  this hot topic, and (C) a commentary on 
the 10 individual articles; (4) Observation: To update the development 
of  old and new questions, highlight unsolved problems, and provide 
strategies on how to solve the questions; (5) Guidelines for Basic 
Research: To provide Guidelines for basic research; (6) Guidelines for 
Clinical Practice: To provide guidelines for clinical diagnosis and treat-
ment; (7) Review: To review systemically progress and unresolved 
problems in the field, comment on the state of  current research, and 
make suggestions for future work; (8) Original Articles: To report 
innovative and original findings in basic and clinical medical research 
methodology; (9) Brief  Articles: To briefly report the novel and in-
novative findings in basic and clinical medical research methodology; 
(10) Case Report: To report a rare or typical case; (11) Letters to the 
Editor: To discuss and make reply to the contributions published in 
WJM, or to introduce and comment on a controversial issue of  gen-
eral interest; (12) Book Reviews: To introduce and comment on qual-
ity monographs of  basic and clinical medical research methodology; 
(13) Guidelines: To introduce Consensuses and Guidelines reached 
by international and national academic authorities worldwide on the 
research basic and clinical medical research methodology; and (14) 
Voices: to publicize methodology-related communications that have 
been rejected or impossible for publication elsewhere due to evident 
prejudice and/or unreasonable reasons. Similarly, your experiences 
of  the proven mistreatment during the past grant applications can be 
narrated or documented in this corner. The corresponding responses 
and echoes from readers are also welcome here.
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footnotes. Vertical and italic lines should be omitted.
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numerals) in the upper left corner. In a multi-curve illustration, each 
curve should be labeled with ●, ○, ■, □, ▲, △, etc., in a certain se-
quence.

Acknowledgments
Brief  acknowledgments of  persons who have made genuine con-
tributions to the manuscript and who endorse the data and conclu-
sions should be included. Authors are responsible for obtaining 
written permission to use any copyrighted text and/or illustrations.

REFERENCES
Coding system
The author should number the references in Arabic numerals ac-
cording to the citation order in the text. Put reference numbers in 
square brackets in superscript at the end of  citation content or after 
the cited author’s name. For citation content which is part of  the 
narration, the coding number and square brackets should be typeset 
normally. For example, “Crohn’s disease (CD) is associated with 
increased intestinal permeability[1,2]”. If  references are cited directly 
in the text, they should be put together within the text, for example, 
“From references[19,22-24], we know that...”

When the authors write the references, please ensure that the 
order in text is the same as in the references section, and also ensure 
the spelling accuracy of  the first author’s name. Do not list the same 
citation twice. 

PMID and DOI
Pleased provide PubMed citation numbers to the reference list, e.g. 
PMID and DOI, which can be found at http://www.ncbi.nlm.nih.
gov/sites/entrez?db=pubmed and http://www.crossref.org/Sim-
pleTextQuery/, respectively. The numbers will be used in E-version 
of  this journal.

Style for journal references
Authors: the name of  the first author should be typed in bold-faced 
letters. The family name of  all authors should be typed with the ini-
tial letter capitalized, followed by their abbreviated first and middle 
initials. (For example, Lian-Sheng Ma is abbreviated as Ma LS, Bo-
Rong Pan as Pan BR). The title of  the cited article and italicized 
journal title (journal title should be in its abbreviated form as shown 
in PubMed), publication date, volume number (in black), start page, 
and end page [PMID: 11819634   DOI: 10.3748/wjg.13.5396].

Style for book references
Authors: the name of  the first author should be typed in bold-faced 
letters. The surname of  all authors should be typed with the initial 
letter capitalized, followed by their abbreviated middle and first 
initials. (For example, Lian-Sheng Ma is abbreviated as Ma LS, Bo-
Rong Pan as Pan BR) Book title. Publication number. Publication 
place: Publication press, Year: start page and end page.

Format
Journals 
English journal article (list all authors and include the PMID where applicable)
1	 Jung EM, Clevert DA, Schreyer AG, Schmitt S, Rennert J, 

Kubale R, Feuerbach S, Jung F. Evaluation of  quantitative con-
trast harmonic imaging to assess malignancy of  liver tumors: 
A prospective controlled two-center study. World J Gastroenterol 
2007; 13: 6356-6364 [PMID: 18081224   DOI: 10.3748/wjg.13. 
6356]

Chinese journal article (list all authors and include the PMID where applicable)

2	 Lin GZ, Wang XZ, Wang P, Lin J, Yang FD. Immunologic 
effect of  Jianpi Yishen decoction in treatment of  Pixu-diar-
rhoea. Shijie Huaren Xiaohua Zazhi 1999; 7: 285-287

In press
3	 Tian D, Araki H, Stahl E, Bergelson J, Kreitman M. Signature 

of  balancing selection in Arabidopsis. Proc Natl Acad Sci USA 
2006; In press

Organization as author
4	 Diabetes Prevention Program Research Group. Hyperten-

sion, insulin, and proinsulin in participants with impaired glu-
cose tolerance. Hypertension 2002; 40: 679-686 [PMID: 12411462   
PMCID:2516377   DOI:10.1161/01.HYP.0000035706.28494. 
09]

Both personal authors and an organization as author 
5	 Vallancien G, Emberton M, Harving N, van Moorselaar RJ; 

Alf-One Study Group. Sexual dysfunction in 1, 274 European 
men suffering from lower urinary tract symptoms. J Urol 
2003; 169: 2257-2261 [PMID: 12771764   DOI:10.1097/01.ju. 
0000067940.76090.73]

No author given
6	 21st century heart solution may have a sting in the tail. BMJ 

2002; 325: 184 [PMID: 12142303   DOI:10.1136/bmj.325. 
7357.184]

Volume with supplement
7	 Geraud G, Spierings EL, Keywood C. Tolerability and safety 

of  frovatriptan with short- and long-term use for treatment 
of  migraine and in comparison with sumatriptan. Headache 
2002; 42 Suppl 2: S93-99 [PMID: 12028325   DOI:10.1046/
j.1526-4610.42.s2.7.x]

Issue with no volume
8	 Banit DM, Kaufer H, Hartford JM. Intraoperative frozen 

section analysis in revision total joint arthroplasty. Clin Orthop 
Relat Res 2002; (401): 230-238 [PMID: 12151900   DOI:10.10
97/00003086-200208000-00026]

No volume or issue
9	 Outreach: Bringing HIV-positive individuals into care. HRSA 

Careaction 2002; 1-6 [PMID: 12154804]

Books
Personal author(s)
10	 Sherlock S, Dooley J. Diseases of  the liver and billiary system. 

9th ed. Oxford: Blackwell Sci Pub, 1993: 258-296
Chapter in a book (list all authors)
11	 Lam SK. Academic investigator’s perspectives of  medical 

treatment for peptic ulcer. In: Swabb EA, Azabo S. Ulcer 
disease: investigation and basis for therapy. New York: Marcel 
Dekker, 1991: 431-450

Author(s) and editor(s)
12	 Breedlove GK, Schorfheide AM. Adolescent pregnancy. 

2nd ed. Wieczorek RR, editor. White Plains (NY): March of  
Dimes Education Services, 2001: 20-34

Conference proceedings
13	 Harnden P, Joffe JK, Jones WG, editors. Germ cell tumours V. 

Proceedings of  the 5th Germ cell tumours Conference; 2001 
Sep 13-15; Leeds, UK. New York: Springer, 2002: 30-56

Conference paper
14	 Christensen S, Oppacher F. An analysis of  Koza's computa-

tional effort statistic for genetic programming. In: Foster JA, 
Lutton E, Miller J, Ryan C, Tettamanzi AG, editors. Genetic 
programming. EuroGP 2002: Proceedings of  the 5th Euro-
pean Conference on Genetic Programming; 2002 Apr 3-5; 
Kinsdale, Ireland. Berlin: Springer, 2002: 182-191

Electronic journal (list all authors)
15	 Morse SS. Factors in the emergence of  infectious diseases. 

Emerg Infect Dis serial online, 1995-01-03, cited 1996-06-05; 
1(1): 24 screens. Available from: URL: http://www.cdc.gov/
ncidod/eid/index.htm

Patent (list all authors)
16	 Pagedas AC, inventor; Ancel Surgical R&D Inc., assignee. 

Flexible endoscopic grasping and cutting device and positioning 
tool assembly. United States patent US 20020103498. 2002 Aug 1

IVWJM|www.wjgnet.com

Instructions to authors

February 26, 2012|Volume 2|Issue 1|



VWJM|www.wjgnet.com

Instructions to authors

February 26, 2012|Volume 2|Issue 1|

Statistical data
Write as mean ± SD or mean ± SE.

Statistical expression
Express t test as t (in italics), F test as F (in italics), chi square test as 
χ2 (in Greek), related coefficient as r (in italics), degree of  freedom 
as υ (in Greek), sample number as n (in italics), and probability as P (in 
italics).

Units
Use SI units. For example: body mass, m (B) = 78 kg; blood pres-
sure, p (B) = 16.2/12.3 kPa; incubation time, t (incubation) = 96 h, 
blood glucose concentration, c (glucose) 6.4 ± 2.1 mmol/L; blood 
CEA mass concentration, p (CEA) = 8.6 24.5 mg/L; CO2 volume 
fraction, 50 mL/L CO2, not 5% CO2; likewise for 40 g/L formal-
dehyde, not 10% formalin; and mass fraction, 8 ng/g, etc. Arabic 
numerals such as 23, 243, 641 should be read 23 243 641.

The format for how to accurately write common units and 
quantums can be found at: http://www.wjgnet.com/2222-0682/
g_info_20100725073806.htm.

Abbreviations
Standard abbreviations should be defined in the abstract and on 
first mention in the text. In general, terms should not be abbrevi-
ated unless they are used repeatedly and the abbreviation is helpful 
to the reader. Permissible abbreviations are listed in Units, Symbols 
and Abbreviations: A Guide for Biological and Medical Editors and 
Authors (Ed. Baron DN, 1988) published by The Royal Society of  
Medicine, London. Certain commonly used abbreviations, such as 
DNA, RNA, HIV, LD50, PCR, HBV, ECG, WBC, RBC, CT, ESR, 
CSF, IgG, ELISA, PBS, ATP, EDTA, mAb, can be used directly 
without further explanation.

Italics
Quantities: t time or temperature, c concentration, A area, l length, 
m mass, V volume.
Genotypes: gyrA, arg 1, c myc, c fos, etc.
Restriction enzymes: EcoRI, HindI, BamHI, Kbo I, Kpn I, etc.
Biology: H. pylori, E coli, etc.

Examples for paper writing
Editorial: http://www.wjgnet.com/2222-0682/g_info_20100725071
851.htm

Frontier: http://www.wjgnet.com/2222-0682/g_info_20100725071
932.htm

Topic highlight: http://www.wjgnet.com/2222-0682/g_info_20100
725072121.htm

Observation: http://www.wjgnet.com/2222-0682/g_info_20100725
072232.htm

Guidelines for basic research: http://www.wjgnet.com/2222-0682/
g_info_20100725072344.htm

Guidelines for clinical practice: http://www.wjgnet.com/2222-068
2/g_info_20100725072543.htm

Review: http://www.wjgnet.com/2222-0682/g_info_201007250726
56.htm

Original articles: http://www.wjgnet.com/2222-0682/g_info_2010
0725072755.htm

Brief  articles: http://www.wjgnet.com/2222-0682/g_info_2010072
5072920.htm

Case report: http://www.wjgnet.com/2222-0682/g_info_20100725
073015.htm

Letters to the editor: http://www.wjgnet.com/2222-0682/g_info_2
0100725073136.htm

Book reviews: http://www.wjgnet.com/2222-0682/g_info_2010072
5073214.htm

Guidelines: http://www.wjgnet.com/2222-0682/g_info_201007250
73300.htm

SUBMISSION OF THE REVISED MANUSCRIPTS 
AFTER ACCEPTED
Please revise your article according to the revision policies of  WJM. 
The revised version including manuscript and high-resolution image 
figures (if  any) should be re-submitted online (http://www.wjgnet.
com/2222-0682office/). The author should send the copyright 
transfer letter, responses to the reviewers, English language Grade B 
certificate (for non-native speakers of  English) and final manuscript 
checklist to wjm@wjgnet.com.

Language evaluation 
The language of  a manuscript will be graded before it is sent for 
revision. (1) Grade A: priority publishing; (2) Grade B: minor lan-
guage polishing; (3) Grade C: a great deal of  language polishing 
needed; and (4) Grade D: rejected. Revised articles should reach 
Grade A or B.

Copyright assignment form
Please download a Copyright assignment form from http://www.
wjgnet.com/2222-0682/g_info_20100725073726.htm.

Responses to reviewers
Please revise your article according to the comments/suggestions 
provided by the reviewers. The format for responses to the reviewers’ 
comments can be found at: http://www.wjgnet.com/2222-0682/
g_info_20100725073445.htm.

Proof of financial support
For paper supported by a foundation, authors should provide a 
copy of  the document and serial number of  the foundation.

Links to documents related to the manuscript 
WJM will be initiating a platform to promote dynamic interactions 
between the editors, peer reviewers, readers and authors. After a 
manuscript is published online, links to the PDF version of  the 
submitted manuscript, the peer-reviewers’ report and the revised 
manuscript will be put on-line. Readers can make comments on 
the peer reviewer’s report, authors’ responses to peer reviewers, 
and the revised manuscript. We hope that authors will benefit from 
this feedback and be able to revise the manuscript accordingly in a 
timely manner.

Science news releases
Authors of  accepted manuscripts are suggested to write a science 
news item to promote their articles. The news will be released rap-
idly at EurekAlert/AAAS (http://www.eurekalert.org). The title for 
news items should be less than 90 characters; the summary should 
be less than 75 words; and main body less than 500 words. Science 
news items should be lawful, ethical, and strictly based on your 
original content with an attractive title and interesting pictures.

Publication fee
WJM is an international, peer-reviewed, open-access, online journal. 
Articles published by this journal are distributed under the terms 
of  the Creative Commons Attribution Non-commercial License, 
which permits use, distribution, and reproduction in any medium, 
provided the original work is properly cited, the use is non com-
mercial and is otherwise in compliance with the license. Authors of  
accepted articles must pay a publication fee. The related standards 
are as follows. Publication fee: 1300 USD per article. Editorial, topic 
highlights, original articles, brief  articles, book reviews and letters to 
the editor are published free of  charge.


	WJMv2i1-Cover
	WJM-Editorial Board
	WJMv2i1-Contents
	1
	WJMv2i1-Acknowledgments
	WJMv2i1-Meeting
	WJMv2i1-Instructions to authors

