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Inhibition of Hydroxyapatite Formation in Aqueous Solutions by Zinc 
and 1,2=Dihydroxy-l,2=bis(dihydroxyphosphonyl)ethane 

Maria Dalpi, Eleni Karayianni and Petros G. Koutsoukos* 
Institute of Chemical Engineering and High Temperature Chemical Processes P.O. Box 14 14, Patras , 
Greece and Department of Chemical Engineering, University of Patras GR-26500, Patras, Greece 

The kinetics of crystal growth of hydroxyapatite [Ca,(PO,),OH, HAP], the thermodynamically most stable 
calcium phosphate phase, at 37"C, pH 7.4 and ionic strength 0.1 mol dm-, has been investigated. The kinetics 
results showed a surface-controlled spiral growth mechanism. The presence of 1,2-dihydroxy-1,2-bis(dihy- 
droxyphosphony1)ethane (DDPE) and Zn strongly inhibited t h e  crystal growth of HAP. The kinetics results in the 
presence of each of the two inhibitors supported the suggestion that they act through adsorption and subsequent 
blocking of the active growth sites of the HAP seed crystals. The affinity found both for DDPE and Zn for the  HAP 
substrate was higher by up to t h r e e  orders of magnitude than the affinities reported in the literature for a 
number of inhibitors. In solutions in which both inhibitors existed simultaneously no synergism was found. The 
inhibition caused by the presence of Zn was stronger compared with that caused by DDPE, which inhibited the 
crystal growth of HAP more drastically as the solution supersaturation increased. 

Phosphorus-containing compounds are extensively used as 
inhibitors for the control of corrosion in water pipes, boilers, 
cooling towers e t ~ . ' - ~  However, degradation of these com- 
pounds in aquatic systems may lead to the release of inorga- 
nic orthophosphate and subsequently to the formation of 
very hard deposits consisting mainly of calcium phosphate 
salts.' Depending on the solution pH and on the concentra- 
tion levels of calcium and phosphate in water, a number of 
phases may be formed. The calcium phosphate phases which 
may be formed at relatively low temperature (< 100 "C) and 
pressures (1 atm) in water are, in order of decreasing solu- 
bility, calcium phosphate dihydrate (CaHPO, - 2H20,  
DCPD), octacalcium phosphate [Ca4H2(P04)3 * 2.5H20, 
OCP] and hydroxyapatite [Ca,(PO,),OH, HAP]. According 
to thermodynamics, the formation of HAP (which is the least 
soluble) is favoured. In natural waters, or in waters used in 
industrial applications, the relatively higher pH (7.0-8.0) 
accelerates the conversion of any unstable phase which may 
be formed to HAP. As a result, calcium phosphate deposits 
are found to consist mainly of HAP. Moreover, since both 
the free calcium and phosphate levels are quite low, it is pos- 
sible that the formation of scale occurs directly onto the 
heated surfaces, without the mediation of precursor phases. 

Since HAP formation is a problem in a number of indus- 
trial operations, efforts have been focused on the investiga- 
tion of various water additives which may retard or even 
eliminate the formation of this salt. Phosphonates have been 
shown to be a successful class of inhibitorsg-" and have 
been commercialized mainly because of their superior stabil- 
ity towards thermal decomposition, in comparison with the 
pyrophosphates" or the polyphosphates. ' However, even 
the chemically resistant P-C-P bond of the diphospho- 
nates is degraded after prolonged use in heated waters. In 
the present work, we have examined the effect of an 
organophosphorus compound, namely 1,2-dihydroxy- 1,2-bis- 
(dihydroxyphosphony1)ethane (DDPE). 

The synthesis of DDPE has been described el~ewhere. '~ 
The main advantage of DDPE is its stability at elevated tem- 
peratures and it has been suggested for use as a fire retardant 
in textiles. The compound was tested by batch crystallization 
experiments at conditions of constant solution supersatu- 
r a t i ~ n . ' ~  There are reports in the literature that the com- 
bination of more than one inhibitor may yield enhanced 
inhibition in water-formed scale deposits.' In this case, the 
combined effect, known as the synergistic effect, is stronger 

than using each of the inhibitors separately. Since zinc is 
widely used for the protection of metal parts, we have further 
examined the effect of this metal ion on the formation of 
HAP and the possibility of a synergistic effect of Zn2+ in 
combination with DDPE. 

Experimental 
All experiments were performed at 37.0 _+ 0.1 "C in a ther- 
mostatted double-walled, water-jacketed Pyrex glass reactor 
(volume 0.06 dm3). Calcium nitrate, potassium dihydrogen 
phosphate and potassium nitrate stock solutions were pre- 
pared from the respective crystalline solids (Analytical Grade, 
Fluka AG) using triply distilled, C0,-free water. Stan- 
dardization of the stock solutions was achieved oia poten- 
tiometric and spectrophotometric titrations as described 
elsewhere.' ',I6 The pH measurements were made using glass/ 
saturated calomel electrodes (Radiometer G202C and K402, 
respectively) standardized before and after each experiment 
with NBS standard buffer solutions.'6 HAP seed crystals 
were prepared from concentrated calcium nitrate and pot- 
assium phosphate as detailed elsewhere.' The seed crystals 
were aged for three years in the mother liquor. Next, the sus- 
pension was filtered through membrane filters (Millipore 0.22 
pm), washed with hot distilled water (70°C) and dried at  
105°C for 12 h. The seed crystals were kept in a dessicator 
for subsequent use. The specific surface area of the dried crys- 
tals was measured by a multiple-point BET method (Perkin 
Elmer Sorptometer, Model 212 D) and was found to be 27.0 
m2 g-'. Powder X-ray diffractograms of the seed crystals 
(Philips XRG 3000) showed that they consisted exclusively of 
HAP. Chemical analysis following the dissolution of solid 
samples gave a molar ratio of total calcium ([Ca],) to total 
phosphate ([PI,) of 1.67 _+ 0.02. The experiments were per- 
formed at sustained supersaturation' ' at constant ionic 
strength, 0.1 mol dmP3, adjusted with potassium nitrate. The 
supersaturated solutions were prepared in the glass reactor 
by mixing equal volumes (0.025 dm3 each) of calcium nitrate 
and potassium dihydrogen phosphate. The ionic strength of 
each of the solutions was adjusted to 0.1 mol dm-3 by the 
addition of the required amount of the stock potassium 
nitrate solution. The solution pH was adjusted to 7.40 by the 
slow addition of standard potassium hydroxide solution 
(Merck Titrisol). Throughout the course of precipitation and 
during the pH adjustment of the solutions, water vapour 
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saturated nitrogen (Linde Hellas, 99.99%) was bubbled 
through the solution. All solutions were stable with respect to 
spontaneous precipitation for time periods exceeding 48 h. 
After the pH adjustment, a further waiting period of ca. 3 h 
was allowed to ensure equilibration. Next, a weighted 
amount of the HAP seed crystals was added to the solution. 
Seeding of the supersaturated solutions resulted in a pH drop 
of the solution because of the crystal growth of the added 
crystallites. A pH drop as small as 0.005 pH units triggered 
the addition of titrants from the two mechanically coupled 
burettes of an appropriately modified automatic titrator 
(Radiometer TTTlb, ABU 1, SBR2C). The following titrant 
concentrations were used : burette 1, total calcium, [CalJmol 
dm-3 = lox + 2x, total potassium nitrate/mol 
dmF3 = 2(0.1 - lox); burette 2, total phosphate, [PIJmol 
dm-3 = (3/5)(10x) + 2y, total KOH/mol dm-3 = 
(1/5)(10x) + 2[(3/5)(1Ox)] + 22, where x, y and z are, respec- 
tively, the concentrations of total calcium, total phosphate (as 
KH,PO,) and of the total base (KOH) added for pH adjust- 
ment in the working supersaturated solution. In experiments 
in which DDPE was used, twice the concentration of this 
compound in the supersaturated solutions was added in 
burette 2 in order to avoid dilution of this compound owing 
to the addition of the titrant solutions. In the investigation of 
the Zn2+ ions, the metal ions (two times their concentration 
in the working solution) were included in burette 1, in order 
to avoid zinc phosphate spontaneous precipitation. During 
the course of the precipitation process, samples were with- 
drawn and the aqueous phase was analysed for calcium and 
phosphorus17 in order to verify the constancy of the solution 
composition. In all cases, the concentrations remained con- 
stant throughout the course of the precipitation process to 
within +2-3%. 

Results and Discussion 
The driving force for the crystal growth process is the differ- 
ence in chemical potential, Ap, between the crystalline and 
aqueous state of HAP, i.e.:18 

(1) Ap = pHAP(s) - pHAP(aq) 
For 

where aca2+, ap043- and aOH- are the activities of Ca2+, 
PO:- and OH- ions, respectively. Taking the difference of 
the chemical potentials in the aqueous and the crystalline 
state we have: 

or 

RT K RT 
A p  = 9 In 2 = 9 In i-2 (4) 

where R is the gas constant, T the absolute temperature and 
K ,  and K: the ionic products of HAP in solution and at 
equilibrium, respectively. The ionic product of the supersatu- 
rated solutions was computed taking into account the 
equilibria and the constants summarized in Table 1. The 
computation of the solution speciation involved also the 
charge and mass balance equations with successive approx- 
imations for the solution ionic strength using the Davies for- 
mulation for the activity  coefficient^.'^ The rates of 
crystallization of HAP were found to depend on the relative 
solution supersaturation, 0, with respect to HAP defined in 

Table 1 
ciation 

Equilibria involved in the computation of the solution spe- 

equilibrium 

~ ~~ ~ ~~ 

log K (1 atm, 
ionic strength 0) 

H +  + PO:- = HPOi- 
H +  + HPOi- = H,PO, 
H +  + H,PO, = H,PO, 
Ca2+ + PO:- = CaPO; 

Ca2+ + HP0:- = CaHPO: 
Ca2+ + H,PO; = CaH,POa 
Zn2+ + HP0:- = ZnHPO, 
Zn2+ + H,PO; = ZnH,PO: 

Zn2+ + OH- = ZnOH+ 
Ca2+ + OH- = CaOH+ 

Zn2+ + 2 0 H -  = Zn(0H)g 
Zn2+ + 3 0 H -  = Zn(0H); 
Zn2+ + 4 0 H -  = Zn(0H):- 
2Zn2+ + OH- = Zn,0H3+ 

H +  + A4- = HA3-- 
H +  + HA3- = H,A2- 
H + H,A2- = H,A- 
H +  + H3A- = H,A 

Ca2+ + H,A2- = CaH,Ao 
Zn2+ + 2 0 H -  = Zn(OH),(s) 

5Ca2+ + 3PO:- + OH = Ca,(PO,),OH(s) 
3Zn2+ + 2PO:- = Zn,(PO,),(s) 

12.18" 
7.25" 
2.21" 
6.54" 
1.50" 
2.83" 
5.03' 
1 .20' 
5.00' 
1.81" 

1 1.10' 
13.60' 
14.80' 

5.00' 
9.34' 
6.60' 
6.60' 
3 . w  
2.96' 

- 1 5.52' 
- 58.62d 
- 35.3' 

" M. Hamad and J. C. Heughebaert, J .  Cryst. Growth, 1986, 79, 192; 
' R. M. Smith and A. E. Martell, Critical Stability Constants, Plenum 
Press, New York, 1976, vol. 4; ' A. Xyla, J. Mikroyannidis and P. G. 
Koutsoukos, J .  Colloid Interface Sci., 1992, 153, 537; M. H. Salimi, 
J. C. Heughebaert and G. H. Nancollas, Langmuir, 1985,1, 119; Note 
H,A stands for DDPE. 

eqn. (5): 

(5) 

In eqn. (5), ll is the saturation ratio of the solution with 
respect to HAP and K: the corresponding thermodynamic 
solubility product. The initial experimental conditions and 
the experimentally measured rates of crystallization are sum- 
marized in Table 2. In all cases, HAP was formed exclusively 
as was verified both by powder X-ray diffraction of the reac- 
tion products and also as predicted by the calculations of the 
thermodynamic driving force. The thermodynamic calcu- 
lations showed that the presence of the inhibitors at the con- 
centration levels used in our experiments did not influence 
the relative solution supersaturation with respect to HAP. As 
may be seen from the experimental results, the rates of crys- 
tallization were higher the higher the solution supersatu- 
ration. The kinetics data were fitted to eqn. (6):20*21 

R ,  = ksd' (6) 
where R, is the crystal growth rate, k the rate constant, s a 
function of the number of the active growth sites provided by 
the substrate (seed crystals), and n the apparent order of the 
crystallization process. Logarithmic plots according to eqn. 
(6) are shown in Fig. 1. From the linear plot obtained, a value 
of n = 2.00 0.30 was found, suggesting a surface-controlled 
spiral growth mechanism. When DDPE or Zn were present 
in the supersaturated solutions, the rate of HAP crystal 
growth decreased significantly. The rate of decrease is shown 
in Fig. 2, in which the amount of HAP (in moles) grown on 
the seed crystal after 1 h as a function of DDPE and Zn is 
plotted. As may be seen, the presence of Zn resulted in a 
more drastic decrease of the rate of HAP crystal growth. 

The presence of foreign compounds or ions in the super- 
saturated solutions in which the HAP growth takes place 
results in the interaction of the solid precipitate with the 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
93

. D
ow

nl
oa

de
d 

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

05
/0

3/
20

16
 2

2:
18

:0
9.

 
View Article Online

http://dx.doi.org/10.1039/ft9938900965


J. CHEM. SOC. FARADAY TRANS., 1993, VOL. 89 967 

Table 2 Experimental conditions, relative supersaturation and measured rates of crystal growth of HAP seed crystals; 37"C, pH 7.40, ionic 
strength = 0.1 mol dm-, in KNO, 

exp. no. [Ca]J10-4 mol dm-, [P]J10-4 mol dm-, [DDPE]/lO-' mol dm-3 [Zn]/lO-' mol dm-, oHAp R/lO-' mol m-' min-' 

1110 
1120 
1130 
1140 
1150 
1 1 1 1  
1112 
1113 
1114 
1115 
1161 
1162 
1163 
1116 
1121 
1122 
1123 
1124 
1125 
1131 
1132 

4.00 
3.00 
2.00 
1 .00 
1 .00 
4.00 
4.00 
4.00 
4.00 
4.00 
3.00 
2.00 
1 .00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 

2.40 
1.80 
1.20 
1 .00 
0.60 
2.40 
2.40 
2.40 
2.40 
2.40 
1.80 
1.20 
0.60 
2.40 
2.40 
2.40 
2.40 
2.40 
2.40 
2.40 
2.40 

- 
- 
- 
- 
- 

1 .o 
5.0 
10.0 
50.0 
100.0 
50.0 
50.0 
50.0 
700.0 
- 
- 
- 
- 
- 
1 .o 
10.0 

6.80 
5.82 
4.43 
2.70 
2.04 
6.80 
6.80 
6.80 
6.80 
6.79 
5.82 
4.43 
2.04 
6.79 
6.80 
6.80 
6.80 
6.80 
6.80 
6.80 
6.80 

19.5 
11.7 
6.0 
2.0 
0.8 
8.3 
7.9 
2.8 
1.7 
0.9 
3.1 
2.9 
2.1 

3 .O 
2.6 
1.7 
0.9 
0.7 
9.0 
8.0 

- 

oHAP : relative supersaturation with respect to HAP; [Ca], : total calcium; [PI, : total phosphate. 

solute species. When the solute species contain functional 
groups such as, e.g., hydroxyl or carboxylate they are 
adsorbed reversibly from hydrogen-bonding solvents and the 
Langmuir formalism may describe the solid-solute inter- 

action.22 The positively charged metal ions (including their 
charged complexes in aqueous medium) are expected to inter- 
act with the HAP surface, negatively charged at pH 7.40.23 
Assuming that the additives are adsorbed onto the HAP seed 

-7.6 
-7.8 

-8.0 
-8.2 

-8.4 
-8.6 

-8.8 
-9.0 
-9.2 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

log OHAP 

Fig. 1 Kinetics of HAP crystal growth at constant supersaturation. 
pH 7.40, 37"C, 0.1 mol dm-3 KNO,. Dependence of the rates of 
crystal growth of HAP on the relative solution supersaturation with 
respect to HAP. 

- -6.0 

E 
U = -6.5 
E 
z a -7.0 z 
-.- 

v 
0 

_o -7.5 

-8.0 - 4 
0 0  0.4 0.8 1 .o 

[inhibitor]/l 0-5 rnol dm-3 

Fig. 2 Inhibition of the crystal growth of HAP at conditions of sus- 
tained supersaturation. Plot of the number of moles of HAP formed 
in 1 h of growth in the presence of: (0) DDPE; (A) Zn. [Ca], = 4.0 

mol dm-3; pH 7.40, 37"C, 
0.1 mol dm-, KNO, 
x mol drn-,; [PI, = 2.4 x 

crystals according to the simple Langmuir model, occupying 
a fraction, 8, of the active growth sites (0 < 8 < l), the rates 
of HAP crystal growth in their presence, R i ,  are given 
by :15.24 

R~ = ~ , ( i  - e) (7) 
where R, is the crystallization rate in the absence of inhibi- 
tors. According to the Langmuir isotherm: 

In eqn. (8), KL is a measure of the affinity of the adsorbate for 
the adsorbent and Ci is the concentration (total) of the addi- 
t i ~ e . ~ ~  Combination of eqn. (7) and (8) yields:26 

(9) 

Plots of the ratio R,/Ri as a function of Ci are shown in Fig. 
3 and 4 for DDPE and Zn, respectively. The linear fit of the 
kinetics data suggested that for the concentration range 
investigated, the inhibitory activity for DDPE and Zn may be 
explained by blocking of the active growth sites by adsorp- 
tion. The slope of the lines obtained from the fit according to 
eqn. (9) may be considered as a measure of the affinity of the 
adsorbate for the substrate. The values of the affinities 
obtained for DDPE and Zn are very similar and one to three 
orders of magnitude higher than those corresponding to 
other HAP inhibitors, as may be seen in the values sum- 
marized in Table 3. The higher affinity of Zn for HAP corre- 
sponds to the more significant efict of this cation on the rate 
of HAP crystal growth. 

Note that DDPE was found to inhibit the formation of 
calcium carbonate2'v2* and combination with Zn yielded 
enhanced inhibition. This case of synergism was investigated 
for HAP as well. The kinetics results summarized in Table 1, 
however, showed that the combination of DDPE with Zn 
gave rates corresponding to those of DDPE alone. The inhi- 
bition of HAP crystal growth by DDPE increased with the 
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Table 3 Comparative data of affinities of various inhibitors of HAP crystal growth 

inhibitor 1 0 7 ~ ~  ref. 

sodium pyrophosphate 0.02 a 

1 -hydroxyethylidene- 1,l -diphosphonic acid 0.21 b 

aminotris(methy1enephosphonic acid) 0.06 a 

1 -hydroxyethylidene- 1,l-diphosphonic acid 0.13 a 

ethylenediaminetetrakis(methy1enephosphonic acid) 0.8 1 a 

hexamethylenediaminetetrakis(methy1enephosphonic acid) 0.14 a 

citric acid 0.002 
mellitic acid 0.16 b 

1 ,Zdihydroxy- 1,2-bis(dihydroxyphosphonyl)ethane 2.16 this work 
Zn 3.02 this work 

a 

Z. Amjad, Langmuir, 1987,3, 1063; P. G. Koutsoukos, Z. Amjad and G. H. Nancollas, J. Colloid Interface Sci., 1981,83, 599; ' Z. Amjad, in 
Adsorption and Surface Chemistry of Hydroxyapatite, ed. D. W. Misra, Plenum, New York, 1984. 

0 

25 

0.01 0.30 0.60 0.90 1.00 

[DDPE]/10-6 rnol dm-3 

Fig. 3 Plot of the ratio of the rates of HAP crystal growth in the 
absence, R ,  , and in the presence, R i ,  of DDPE at constant solution 
supersaturation. [Ca], = 4.0 x 
mol drn-,; pH 7.40,37"C, 0.1 mol dm-, KNO,. 

mol dm-,; [PI, = 2.4 x 

30 I 
25 i 

0.1 2.0 4.0 6.0 8.0 
CZn/lO-' mot dm-3 

Fig. 4 Plot of the ratio of the rates of HAP crystal growth in the 
absence, R,, and in the presence, R i ,  of Zn at constant solution 
supersaturation. [Ca], = 4.0 x 
mol dm-3; pH 7.40,37"C, 0.1 mol dm-3 KNO,. 

mol dm-,; [PI, = 2.4 x 

relative solution supersaturation with respect to HAP, as 
may be seen in Fig. 5. The reduced effectiveness of DDPE at 
lower supersaturations may be due to Coulombic inter- 
actions which may, in turn, influence the adsorption of 
DDPE onto the HAP crystallites. Calcium and phosphate 
are potential-determining ions for HAP and it is therefore 
anticipated that the surface charge of the growing crystals 
changes with the solution supersaturation, being higher the 
higher the solution supersaturation. 

The authors wish to express their gratitute to Professor Dr. 
John Mikroyannidis of the Department of Chemistry of the 

University of Patras, for providing a pure sample of DDPE. 
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