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ABSTRACT 

The formation of calcium phosphate phases is extremely important in a biomedical engineering context. These phos-
phates are used in many applications, such as grafts, drug-delivery processes and evaluation of the bioactivity of metal-
lic surfaces. Considering this scenario, it is useful to evaluate the thermodynamic conditions for the precipitation of 
phosphates of biomedical interest, mainly hydroxyapatite. In this work, we investigate the effects of two important fac-
tors using a thermodynamic framework: 1) carbon dioxide partial pressure; and 2) buffer type (2-Amino-2-hydroxy- 
methyl-propane-1,3-diol, known as TRIS and 2-[4-(2-hydroxyethyl)piperazin-1-yl] ethanesulfonic acid, also called 
HEPES), on the driving force behind the precipitation of calcium phosphates in simulated body fluids. The in silico 
results show that the pH value is governed by carbon dioxide content, as expected to occur in vivo. Moreover, the buff-
ers can deplete the free calcium available in solution and, consequently, can cause difficulties in the calcium phosphate 
precipitation. 
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1. Introduction 

Hydrogen potential (pH) is a parameter of prime rele-
vance in aqueous liquid phases, either with in vivo or in 
vitro situations. Therefore, species that are able to control 
their pH values deserve special attention in these systems. 
In the context of fluids that simulate those of body solu-
tions, two chemicals are very important: carbon dioxide 
and buffers. In spite of this situation, few studies focus 
on the thermodynamic aspects of these chemicals in the 
precipitation of calcium phosphates. 

Carbon dioxide partial pressure affects the pH of 
aqueous solutions and can promote an increase/decrease 
of carbonate/bicarbonate content in the liquid phase. In-
deed, its partial pressure plays a key role in in vivo pH 
regulation.  

The use of buffers is advisable in order to maintain the 
pH of aqueous systems within narrow ranges and, thus, 
several chemical reactions can take place under con-
trolled physico-chemical conditions. However, besides 
protonation/deprotonation reactions of buffers, in some 
cases, several complexation reactions can occur, mainly 
with alkaline-earth ions. In these cases, the availability of  

specific ions is diminished, influencing all chemical 
equilibrium reactions, as well as the driving force to the 
precipitation of phosphate phases when these ions take 
part. In the specific case of calcium phosphates of bio- 
medical interest, the quantity of free calcium ions in an 
aqueous system is extremely important because this pa- 
rameter affects the stoichiometry of solid phases (such as 
hydroxyapatite). For example, using BISTRIS buffer, we 
noted a drastic depletion of calcium ion concentrations in 
simulated body fluids [1]. In the same context, Nakon 
and Krishnamoorthy [2] showed that, among 20 buffers 
known as “Good’s buffers”, three of them showed com- 
plexation reactions with metal ions, interfering particu- 
larly in protein analysis. In this paper, we analyze the 
depletion of calcium ions in the presence of TRIS buffer, 
comparing the results with HEPES buffer. Besides, the 
determination of the carbon dioxide effects on calcium 
phosphate precipitation was performed. 

To evaluate the buffers and carbon dioxide in simu-
lated body fluids, we choose a thermodynamic analysis, 
also known as in silico experiments, due to the scarcity 
of works that use a similar theoretical approach. 
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2. Models 

2.1. Thermodynamic Models 

In this subsection, we present the thermodynamic models 
employed in the in silico simulation of chemical equilib-
ria of SBF fluids (essentially, multielectrolyte-diluted 
aqueous solutions). 

Activity coefficients for charged species ( iγ ) were 
calculated using long-range interactions. In this sense, we 
used the extended Debye-Hückel model [1] as follows: 

( ) ( )2 1 2 1 21 BaI+

a z

(61.82 10

log i iz AIγ = − ,        (1) 

where  is the ionic radius, i  is the charge of 
chemical species i, I is the ionic force of medium and 

)1.5
A Tε= × ε

20.5 i i
i

, where  is the dielectric constant 
of water at 298.15 K and T is the absolute temperature 
(Kelvin). Also in (1), we considered the product 

 as suggested by Glinkina et al. [3] (Bates- 
Guggenhein convention for chloride ions). This assump-
tion is valid for ionic forces below 0.2 mol·L−1, as is the 
case for SBF solutions [4]. In this context, the ionic force  

1.5Ba ≅

is calculated by I z C=  iC

+
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+
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+ 2
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, where  is the molar  

concentration (expressed in mol·L−1) of ion i. 

2.2. Chemical Equilibria and Material Balances 

The numerical determination of concentrations—as well 
as activities and Gibbs free energy variations between 
supersaturated and saturated solutions—is conducted by 
a solution of a nonlinear algebraic system. This system 
contains chemical equilibrium relationships and material 
balances. We consider the following equilibrium reac-
tions in aqueous solution. 

a) Water formation/dissociation 

H O+              (2) 

b) Protonation/deprotonation of phosphates 

H PO+
+ 2H HPO+

            (3) 

           (4) 

+
2 4H H PO−+            (5) 

c) Calcium ion equilibria 

4

2+
2 4Ca H PO C−+ 

        (6) 

           (7) 

2+Ca OH−+               (8) 

2+ 3Ca PO+              (9) 

2+ 2Ca CO −+         (10) 

2+Ca HCO−+            (11) 

d) Carbonate/bicarbonate equilibrium 



+
2 4 4H SO HSO H− +

2 +
4 4HSO SO H− − +

( )+2+
3 3Mg HCO Mg HCO−+ 

2+ 2
3 3Mg CO MgCO (aq)−+

           (12) 

e) Protonation/deprotonation of sulphates 

           (13) 

           (14) 

f) Magnesium ion equilibria 

          (15) 


2+Mg OH MgOH− ++ 

2+ +
2 4 2 4Mg H PO MgH PO−+ 

2+ 2
4 4Mg HPO MgHPO (aq)−+ 

2+ 3
4 4Mg PO MgPO− −+ 

+ +HL H L+

          (16) 

           (17) 

          (18) 

        (19) 

           (20) 

g) Protonation and complexation reactions of calcium 
and magnesium ions with buffers 


2+ 2+Ca L CaL+

              (21) 


2+ 2+Mg L MgL+ 

2 2CO (g) CO (aq)

2 2 2 3CO (aq) H O H CO+ 
+

2 3 3H CO H HCO−+

2+CaL
2+MgL

            (22) 

           (23) 

h) Reactions of carbon dioxide in aqueous medium 

              (24) 

           (25) 

            (26) 

In these equations, L represents the buffer (TRIS or 
HEPES, in the present work),  is the calcium- 
buffer complex and  is the magnesium-buffer 
complex. 

Besides chemical equilibrium equations, some mate-
rial balances must be included. These balances are re-
sponsible for keeping the chemical content constant. In 
the following expression, the subscript TOT means the 
total quantity of a given element. 

i) Material balance for phosphorous 

[ ][ ] 3 2
4 4 2 4 3 4TOT

+
2 4 4 4

+
2 4 4 4

P PO HPO H PO H PO

           CaH PO CaHPO CaPO

           MgH PO MgHPO MgPO
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−

−

     = + + +     
     + + +       (27) 

     + + +     

j) Material balance for inorganic carbon 

[ ][ ]
[ ]

2
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+ +
3 3 3
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 (28a) 
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k) Material balance for calcium 
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l) Material balance for magnesium 
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m) Material balance for sulfur 

[ ] [ ] 2
4 4HSO SO− −   +   2 4TOT

S H SO= +      (31) 

n) Material balance for buffer (TRIS or HEPES) 

[ ] [ ] 2 2aL MgL +  +  

  

TOT
L L HL C+ +  = + +      (32) 

3. Degrees of Freedom Analysis 

The system of nonlinear algebraic equations must be 
solved in order to access the concentrations of all chemi-
cal species (and, obviously, Gibbs free energies and su-
persaturations in the precipitation of calcium phosphates). 
The numerical resolution of equations depends on the 
necessary specification of the degrees of freedom in each 
approach. On the one hand, we consider a pH specifica- 
tion (in order to compare the effect of buffer type); on the 
other hand, a carbon dioxide partial pressure specifica- 
tion (to assess the resulting pH). Thus, the analysis of 
degrees of freedom for the nonlinear system is detailed 
for each case, here identified as Situation (a) (pH speci-
fication, buffer effect) and Situation (b) (carbon dioxide 
partial pressure specification, pH result). Situation (a) 
and (b) formulations were proposed by [1,5] and [6], 
respectively, for biomaterials applications; but, here, we 
present a unified approach for both situations and more 
detailed results/explanations concerning calcium phos-
phate precipitation.  

3.1. Situation (a) (pH Specification, Buffer  
Effect) 

The nonlinear system is formed by Equations (2)-(23), 
and by (27)-(32) (considering (28a)). Thus, we have 28 
algebraic equations. The unknowns of this problem are:  

3
4PO −   , , ,2

4HPO −   2H PO−
4 [ ]3H PO4

2
3CO −,    ,

, , ,3HCO−   CaPO4
−   4O−  MgP [ ]4CaHPO ,

 
+H,    OH−,  

2+Ca  
2+Mg, ,    

+
3CaHCO

,

  
+
3MgHCO,   3CaCO   3MgCO  , , ,

[ ]2 4H SO 4HSO−,   
2
4SO −,   

2+CaL  
2+MgL  

+HL, , ,     

and [ ]L . Since we have 29 undetermined values for con- 

centrations, one specification is necessary. If the pH 
value is available, the nonlinear system can be solved, 
and all concentrations are subsequently calculated. Table 
1 shows degrees of freedom analysis for both cases. 

3.2. Situation (b) (Carbon Dioxide Partial  
Pressure Specification) 

In this case, we must consider Equations (2)-(26) and 
(27)-(32) (using (28b)). Thus, this case considers 31 
equations, with the same unknowns of case (a) plus 

[[ ]2  and CO ]2 3 . Thus, with 31 unknowns and 31 
equations, the degree of freedom is zero. However, the 
equilibrium relation of gaseous carbon dioxide and 
aqueous carbon dioxide (24) demands a value for partial 
pressure in the gaseous phase. This equilibrium can be 
calculated by the following expression [7]: 

H CO

K
2 2 2CO CO COeq a p ,           (33) =

2CO

φ

where φ is the fugacity coefficient of carbon dioxide 
in gas phase and  is the partial pressure of the same 
component in gas phase. Also in (33), 2  is the activ-
ity of carbon dioxide in liquid phase. The fugacity coef-
ficient is evaluated by (33) from the reference [7]: 

2COp
COa

( )
2COlog 0.0031 1.4P Tφ = −          (34) 

Table 1 presents the analysis of degrees of freedom 
for Situations (a) and (b), summarizing this information. 

The nonlinear system representing Situation (a) or (b) 
is solved by a damped Newton method (in order to en-
hance convergence properties) [8]. 

4. Results and Discussion 

In this section, we present some results concerning the 
effects of using buffers [Situation (a)] and the effect of 
carbon dioxide [Situation (b)] in simulated body fluids. 
 
Table 1. Degrees of freedom analysis: Situations (a) and (b). 

 Situation (a) Situation (b) 

Chemical equilibrium 
relations + material 

balances 

(2)-(23) + (27) + 
(28a) + (29)-(32) 

(2)-(26) + (27) + 
(28b) + (29)-(32) 

Number of variables 29 31 

Additional 
specifications 

pH specification 
2COp specification

Evaluation 
Calcium  

complexation 
pH regulation 
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4.1. Situation (a) 

We present some simulated results for a solution with the 
composition detailed in Table 2, for the TRIS and HEP-
ES buffers. One can note that the concentrations shown 
in Table 2 do not correspond, for example, to the actual 
concentration of bicarbonate ion in solution, since we 
consider the carbonate/bicarbonate equilibrium in liquid 
phase. We also consider the same concentrations for both 
buffers in our simulated results. Equilibrium constants 
for the chemical reactions were presented in references 
[1,2] and [9-13]. There is an enormous quantity of works 
regarding to the measurements of formation constants for 
complexes in aqueous solutions involving calcium, mag- 
nesium, phosphates and sulfates at different temperatures 
and ionic forces. Therefore, in silico experiment previ- 
sions depend on the reliable values of these forma- 
tion/dissociation constants. 

Table 3 contains the equilibrium constants for the 
chemical reactions used in this work: the protonation/ 
deprotonation of buffers, and the complexation reac- 
tions of the calcium and magnesium ions. As far as we 
can see, HEPES buffer does not form complexes with 
calcium or magnesium when isolated (without ATP) and, 
therefore, these reactions were not considered in our re-
sults. Although out of scope of the present context,   
 

Table 2.Total composition of solution [4,18]. 

Chemicals Concentration (mmol·L−1) 

Na+ 142.0 

K+ 5.0 

Mg2+ 1.5 

Ca2+ 2.5 

Cl− 147.8 

3HCO−

4HPO2−

4SO2−

 4.2 

 1.0 

 0.5 

TRIS or HEPES 50.5 

 
Table 3. Equilibrium constants for protonation/deprotona- 
tion and complexation reactions (298.15 K) [9]. 

 TRIS HEPES 

Protonation/deprotonation (

there is information about the complex Ca2+-HEPES- 
ATP and HEPES that act as an interferent in the am-
perometric determination of ATP (adenosinetriphosphate) 
in clinical applications [14]. Besides, HEPES buffer can 
form complexes with copper(II) ions in aqueous solu-
tions [15-17]. Complexation constants for TRIS buffer 
are available in [9]. 

Figures 1 and 2 show, respectively, the concentration 
profiles for Ca2+ (free) and phosphate ions, as a function 
of pH for the TRIS and HEPES buffers. Clearly, we can 
observe that the concentration of free calcium ions is 
higher for HEPES buffer, because TRIS forms com- 
plexes with the calcium reducing its content in solution. 
At low pH, we noted an increase of free calcium ions. 
This situation seems to be favourable to hydroxyapatite 
formation, but we must consider that, at lower pH, the 
hydroxyapatite is not stable. Other interesting concentra-
tion profiles are related to phosphates in solution. It can 
be noted that phosphate ion concentration is very low in 
comparison with total phosphate (1.0 mmol·L−1, accord- 
ing to Table 2), as indicated in Figure 2. On the other 
hand, almost all phosphate appears as a complex with 
calcium ions ( 4Ca ), as shown in Figure 3. Just for a 
comparison with calcium ions, Figure 4 shows the con- 
centration of 4  as a function of pH. The concen- 
trations of 4  are not significant when compared 
tothe total magnesium concentration (1.5 mmol·L−1), but 
the concentrations of 4  are relevant and can affect 
the driving force for hydroxyapatite precipitation. The 
high stability of this calcium phosphate complex in 
aqueous solutions was described by [10].  

PO−

MgPO−

MgPO−

CaPO−

All the information presented and discussed previously 
can be condensed in other thermodynamic quantities, 
such as the Gibbs free energy variations for precipitation 
of calcium phosphates or supersaturations [4]. For in-
stance, the Gibbs free energy variation between a super-
saturated solution and the saturation condition (a driving 
force for the hydroxyapatite precipitation) is represented 
by [1]: 

apK ) 8.13 7.56 

Complexation with Ca2+ ( CapK

Mg

) 0.70 - 

Complexation with Mg2+ ( pK ) 0.70 - 

,(J/mol) 9 ln( )HAP SP HAPG RT IAP KΔ = − ×

K

,  (38) 

where IAP is the product of ionic activities (calculated 
from the solution of the nonlinear algebraic system that 
represents chemical equilibria and material balances, for 
situations (a) and (b)). The quantity SP HAP,  is the solu-
bility constant product for hydroxyapatite at 298.15 K. 
The quantity R is the universal gas constant and T is the 
system temperature (Kelvin). A similar equation can be 
obtained by octacalcium phosphate. 

Figures 5 and 6 present the supersaturations of hy-
droxyapatite (HAP) and octacalcium phosphate (OCP) 
precipitations, respectively. An analysis of Figure 5 in-
dicates that buffering with HEPES produces higher val-
ues for supersaturations, ther by, enhancing the driving  e 
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Figure 1. Concentration profiles for Ca2+ as a function of pH for the TRIS and HEPES buffers. 
 

 

Figure 2. Concentration profiles for phosphate as a function of pH, for the TRIS and HEPES buffers. 
 

 

Figure 3. Concentration profiles for  as a function of pH, for the TRIS and HEPES buffers. 4CaPO−
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Figure 4. Concentration profiles for  as a function of pH, for the TRIS and HEPES buffers. 4MgPO−

 

 

Figure 5. Supersaturation in hydroxyapatite precipitation, as a function of pH, for the TRIS and HEPES buffers. 
 

 

Figure 6. Supersaturation in octacalcium phosphate precipitation, as a function of pH, for the TRIS and HEPES buffers. 
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force for calcium phosphates precipitations. As expect- 
ed—and also verified by in vitro and in vivo condi-
tions—high pHs promote an increase in hydroxyapatite 
stability (verified by the increase in supersaturation); on 
the other hand, the octacalcium phosphate supersatura-
tion decreases in the same scenario [19]. 

The calcium free concentration is important in the 
driving force for the phosphate precipitations (for hy- 
droxyapatite, as previously discussed) and is presented in 
Figure 7. As expected, the calculations indicate that an 
increase of carbon dioxide partial pressure promotes an 
increase of free calcium concentration. Conversely, low 
pH values are not favourable for hydroxyapatite forma-
tion. Thus, there is a “trade-off” between these two quan-
tities (pH and free calcium concentration). 

4.2. Situation (b) 

For this problem, present in in vitro as well as in vivo 
situations, we used the same solution described in Table 
1, but only with TRIS buffer. Clearly, in this aqueous 
system, a diminishing of the pH as a consequence of an 
increase of carbon dioxide partial pressure is observed. 
The partial pressures used in this work are compatible 
with the in vivo values. The equilibrium constant for 
Equation (24) was obtained from reference [7].  

Figures 8 and 9 show, respectively, the concentrations 
of carbonate and bicarbonate ions as functions of the 
partial pressure of carbon dioxide. As expected, an in-
crease of 2  corresponds to a lower pH and, thus, 
carbonate concentrations tend to zero. Moreover, the 
concentration of bicarbonate ion presents a maximum 
value close to the  bar. 

 

 

Figure 7. Free calcium concentration as a function of carbon dioxide partial pressure (bar). 
 

 

Figure 8. Carbonate concentration as a function of carbon dioxide partial pressure (bar). 
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Figure 9. Bicarbonate concentration as a function of carbon dioxide partial pressure (bar). 
 

 

Figure 10. Gibbs free energies of hydroxyapatite precipitation, as a function of carbon dioxide partial pressure(bar). 
 

Finally, Figure 10 presents the Gibbs free energy 
variations for hydroxyapatite precipitation, as functions 
of carbon dioxide partial pressures. As previously dis-
cussed, we noted a “trade-off” between the two most 
important quantities for hydroxyapatite formation: free 
calcium concentration and pH. However, the increase in 
free calcium availability—as indicated in Figure 7—is 
not capable of compensating for a lower pH due to the 
high carbon dioxide partial pressures. Indeed, we ob-
served an increase in Gibbs free energies as conse-
quences of high 2CO . This situation represents a less 
favourable condition for hydroxyapatite formation in the 
considered system. For higher pH (lower carbon dioxide 
partial pressures), we noted a significant increase in the 
thermodynamic driving force for hydroxyapatite precipi-
tation. These results are fully compatible with experi-  

mental ones (see, for instance, [19]), which indicate a pH 
stability range for hydroxyapatite close to 9.5 - 12.0. This 
finding is only possible to achieve by numerical simula-
tions due to the coupling of dozens of non-linear equa-
tions and chemical species present in simulated body 
fluids. Therefore, due to the typical (and high) non-line- 
arity of equilibrium equations, the use of SBF with high 
concentration of chemicals generally does not give the 
expected proportionality results. 

p 5. Conclusion 

In this work, we investigated the influence of buffer 
types and carbon dioxide partial pressure (in the gaseous 
phase) in the chemical equilibrium of simulated body 
fluids. In addition, the driving force of hydroxyapatite  
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formation, a calcium phosphate of great biomedical in-
terest, was evaluated. We also presented a computational 
framework oriented to the solution of multielectrolyte 
chemical equilibria in this context, with different degrees 
of freedom and specifications. The main results indicated 
that: 1) HEPES buffer promotes a more favourable cond- 
ition for hydroxyapatite/octacalcium phosphate precipita- 
tion than TRIS buffer, since the first does not form com- 
plexes with calcium. These findings can be observed in 
supersaturation profiles for both buffers; 2) the consid-
erations of a specified partial pressure of carbon dioxide 
(in gaseous phase) and other chemical equilibrium rela-
tions in aqueous phase have produced Gibbs free energy 
profiles of hydroxyapatite precipitation. At low partial 
pressures of carbon dioxide (high pH), hydroxyapatite is 
thermodynamically stable—compatible with experimen-
tal observations. An increase incarbon dioxide partial 
pressure reduces the driving force for hydroxyapatite 
precipitation. As an important remark, it is always ad-
visable that equivalent in silico evaluation be performed 
before experimental works to know the effect of each 
chemical in the solution. Thus, in silico experiments are 
extremely useful tools for the design of simulated body 
fluids for different purposes. 
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