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In the speciation calculations, brushite is the first solid phase to form under conditions 

of thermodynamic equilibrium in the SLWUF buffer and is stable over a pH range of 

4.5-6.5. Above pH 6.5, octacalcium phosphate (OCP) is the thermodynamically more 

stable phase meaning its formation dominates in the speciation distribution pie graph 

(see Figure 4-3) and the majority of calcium and phosphate in the medium is consumed 

in forming this solid. OCP is well known as a precursor to HAP phase formation (Elliot, 

1994). 
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Figure 4-3: SPE calculated distribution of the main soluble and insoluble species in 

the "standard" SLWUF buffer solution at pH=6.8. 

As stated above and shown below in Figure 4-4, SPE calculations predict that the 

brushite phase will be a significant phase at pH 4.6: 
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Figure 4-4: SPE calculated distribution of the main soluble and insoluble species in the 

"standard" SLWUF buffer solution at pH=4.6. 

SPE calculations also demonstrate (Figure 4-4) that at pH=4.6 the concentration of the 

ion complex Ca(Lac t is higher than that of the complex formed between calcium ion 

and citrate, viz, CaCif ion. As was previously shown in Figure 4-2, Ca(Lact ion and 

Ca(Lac h ions are species that begin to form at pH values below 4.3. SPE calculations 

also show that the level of Ca(Lac t ion in this system generally depends on the citrate 

concentration due to the complex CaCif (see next Figure 4-5). 
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Figure 4-5: SPE calculated distribution of the Ca(Lac t ion species as a function of the 

citrate concentration (0, 4 and 8 mM) in the SL WUF buffer. 



89 

Thermodynamic considerations, however, predict that citrate ion plays a more significant 

role in the SLWUF buffer. In general, citrate is a moderate chelating agent for free 

calcium ion because of its tendency to form the CaCir ion complex. As it was shown in 

Figure 4-6, the CaCir ion species appears over the pH range 3-9 and reached a 

maximum at ca. pH 5.8. 

0.006 

0.005 

0.004 

:i: 
0 

0.003 

0.002 

0.001 

3 4 5 

o CaCit(-)/2 mM cit 
A CaCit(-)/6 mM cit 

6 

CaCit(-) ~pecies 

7 a pH 9 

a CaCit(-)/4 mM cit 
• CaCit(-)/8 mM cit 

Figure 4-6: SPE calculated concentration - pH plot showing the pH region over which 

CaCir ion is stable for concentration of citrate in the SL WUF buffer from 2-8 mM. 

The maximum in CaCir ion formation occurs near to the maximum predicted for solid 

brushite formation and thus has a significant effect on the formation of solid calcium 

phosphate phases by restricting the amount of reactive free Ca2+ available for 

precipitation. In this system, solid calcium citrate (Ca2Cit3) is also predicted to form, 

although its formation in the "standard" SLWUF buffers where citrate concentration is 

low (2 mM) is negligible. SPE calculations show that the solid Ca2Cit3 is predicted to 

form in significant amounts when the concentration of the citrate in the SL WUF buffer 

exceed 6 mM. More details on citrate and lactate influences are given in Chapter 5. 
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4.2.2(b) Impact of varying Ca:P Molar Ratios on the Precipitation of Calcium 

Phosphate from the SLWUF Buffer 

Increasing or decreasing the phosphate concentrations m the medium (and hence 

reducing or increasing the Ca:P molar ratio) was found primarily to affect the 

concentration of free calcium in the medium. In general, a Ca:P molar ratio of 1: 1, 

which is lower than in the "standard" SLWUF buffer formulation (where Ca:P molar 

ratio= 1.28), leads to greater utilisation of free calcium over all pH regions with 

consequent higher yields of precipitated calcium phosphate solid. Figure 4-7 is an 

illustration of this general trend and shows that the concentration of the free calcium 

ions decreases in the following order of Ca:P molar ratios 1.5 > 1.28 > 1.0. 
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Figure 4-7: Predicted concentration of free calcium ion ([Ca2\aq>]) in the SLWUF 

buffer for three different Ca:P molar ratios: 1.00, 1.28 and 1.50 ( l.28=Ca:P molar ratio 

in "standard" SL WUF buffer). Percentage values refer to the % of total Ca (31 mM) left 

in the SL WUF buffer at pH 6.0 and 6.5 as [Ca2\aq)] ion after precipitation. 
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For example, at pH 6.0 for Ca:P molar ratios of 1.5 and 1.0, the level of free calcium 

ion ([Ca2\aq)] left after precipitation from SLWUF medium) differs by over 9 % for the 

two cases (100%=31 mM Ca2+). As pH increases, the difference in free calcium ion 

concentration between Ca:P molar ratios of 1.0 and 1.5 decreases to 3.8 % (pH=6.5). 

Overall, these results indicate clearly that phosphate is a limiting reagent in the 

precipitation of calcium phosphate solids from the SL WUF buffer and an increase in 

phosphate level would, in theory, increase the yields of solids from such media, which 

is important from an industrial point of view. 

4.2.2(c) Impact of varying Citrate Concentration on the Precipitation of Calcium 

Phosphate from the SL WUF Buffer 

The main effect of citrate ion in the SL WUF buffer is its ability to act as a moderate 

binding agent for free calcium ion. The chelate CaCir is thermodynamically predicted 

to form over the pH range 4-8. The predicted concentration of this complex increases as 

citrate concentration is increased from 2-8 mM resulting in a decrease in the amount of 

free calcium in the medium (see Figure 4-8). 
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Figure 4-8: SPE calculated concentration of free calcium ions ([Ca2+(aq)]) m the 

SL WUF buffer solutions for citrate levels varying from 2-8 mM. 

This has a consequence on the onset of the predicted formation of the predicted brushite 

and OCP solids. Figure 4-9 is a plot of the percentage yield versus pH for the total yield 

of solid Ca in the form of brushite and OCP (Cacs> = Ca1ocPJ + Ca1sRUSHITEJ). 



';fl 

100 

95 

90 

85 

80 
~ en 75 --as 
o 70 

65 

60 

55 

50 
5 6 7 8 9 

Ca(S)/0 mM cit - Ca(S)/2 mM cit 
- Ca(S)/6 mM cit - Ca(S)/8 mM cit 

92 

10 11 pH 12 

Ca(S)/4mM cit 

Figure 4-9: Predicted concentration - pH plot showing the impact of varying citrate ion 

concentration in the SL WUF buffer on solid CaP yield (C'1(s> = Ca[oCPJ + Ca[BRUSHITEJ) 

for citrate concentrations varying from 0-8 mM. 

It is clear that increasing levels of citrate reduce the yield of solid precipitated. The 

difference in solid yield between precipitation from an 8 mM and O mM citrate is at its 

greatest over the pH range 6.5-6.8 where OCP is beginning to form. For example, at 

pH=6.8, the difference in precipitation yield approaches 8%. 

Citrate is therefore acting as an inhibitor of calcium phosphate formation which is 

well known experimentally from previous studies (Tenhuisen and Brown, 1994). The 

following Figure 4-10 illustrates that an increased level of citrate in the SLWUF buffer 

can extend the pH-stability region of brushite and hence delay the formation of the OCP 

solid phase. 
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Figure 4-10: SPE calculated concentration - pH plot, showing citrate influence on the 

solid brushite and OCP formation in the SL WUF buffer. 

So, an increase in the citrate level in the SL WUF causes a delay in OCP formation and 

extends the stability region of the brushite. This delay is proportional to the 

concentration of citrate in the SL WUF. 

4.2.2(d) Impact of Magnesium Concentration on the Precipitation of Calcium 

Phosphate from the SLWUF Buffer 

Speciation calculations were also performed on the SL WUF system in which the 

concentration of magnesium ion was varied while keeping other components constant 

(see Figures 4-11 and 4-12). The concentration of the Mg2+ ion in a "standard" SLWUF 

buffer system (which most closely resembles actual lactic whey permeate) is 3.2 mM 

(Ca:Mg molar ratio=9. 7). Over the pH region 3-9 (see Figure 4-11) Mg2+ ions were 

merely distributed in the SLWUF medium as MgCif and MgHP04 species. This has the 

effect of releasing more free calcium ion for reaction due to competition of the 
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magnesium for citrate. Increasing the magnesium ion concentration simply increased 

the levels of the MgCif and MgHP04 species (see Figure 4-12). 
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Figure 4-11: SPE calculated concentration-pH plot showing the level of free Mg2+ ions, 

MgCif ions and MgHP04 molecules in the "standard" SLWUF buffer solution (Ca:Mg 

molar ratio= 9.7) at pH 3-9. 
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Figure 4-12: SPE calculated concentration-pH plot showing the distribution of the 

MgCif and species with a different Ca:Mg molar ratios (9.7- for "standard" and 3.1 for 

Mg-enriched SLWUF system). 

However, it is well known from previous research that Mg2+ion has a far more profound 

influence than suggested by the SPE program in that it influences the kinetics of the 

phase transformation. 



4.3 pH-Stat Controlled Experimental Work for Confirmation 

of Trends predicted by Computer Speciation Calculations 
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pH-stat controlled experimental work was undertaken to provide the experimental 

evidence of the trends, predicted for Simulated Lactic Whey Ultrafiltrate (SL WUF) 

buffer solutions, by SPE chemical calculations. For this purpose, the SL WUF buffer 

which had been previously subjected to speciation calculations in an earlier section of 

this chapter was actually formulated (see Table 4-3) to simulate a typical lactic whey 

derived permeate as would be obtained if the majority of whey proteins had been 

removed by an ultrafiltration process. The important industrial link to these studies is that 

they quantify the effect that various species can have on the characteristics of calcium 

phosphate precipitates. SL WUF buffers were also prepared with differing levels of citrate, 

phosphate, lactate and magnesium levels. These were prepared in order to gain insights 

into the effects of concentration variation on the precipitation and solution chemistry 

occurring in these solutions. The rationale behind this was because the actual lactic whey 

permeate used in the proprietary process can often vary considerably from batch to batch 

and from day to day so that an understanding of the complex interactions occurring in the 

permeate streams was needed. 

4.3.1 Preparation of SL WUF Buffers 

Experimental. Doubly distilled water was used for the preparation of solutions in all 

cases. Reagents employed in the preparation of solutions were Analytical Grade and 

used without further purification. The "standard" simulated lactic whey ultrafiltrate 

buffer (SL WUF) buffer solution used in this study was based upon the recipe reported 

in 1962 by Jenness and Koops (Jenness and Koops, 1962) and was prepared by 

combination of two solutions "A" and "B" containing preweighed amounts of the ionic 

components listed in Table 4-3. Solution "A" is made by adding two mol equivalents of 

HCl (1.0 M) to a suspension of MgC03 and CaC03. Calcium lactate is then added, 

dissolved and the resulting solution degassed N2 (for 20 min.) and subsequently filtered 

to remove any particulate matter. The pH at this stage of the preparation is usually < 

5.0. The remaining components in the SLWUF preparation recipe which make up 

solution "B" (see Table 4-3) are dissolved in water (ca. 200 rnL) and filtered. The pH 

of solution "B" at this stage is usually in the range of 4.6-5.0. Solution "B" is then added 

slowly with stirring to solution "A" and the resultant solution made up to 1 L with 



Table 4-3: "Standard" Simulated Lactic Whey Ultrafiltrates (SLWUF) buffer composition (citrate -2 mM). 

Component g L-1 Ca Mg P04 S04 Cl Na K Citrate 
(mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) 

Solution "A" 

CaC03 1.0 10 
Ca(Lactate h.4H20 4.58 21.0 
MgC03 0.27 3.2 
HCl (IM) 26.8 26.8 

mL 
Solution "B" 

KH2P04 3.3 24.2 24.2 
K3(Citrate ).HzO 0.65 6 2 
Na3(Citrate).2H20 0 
K2C03 0.03 0.61 
K2S04 0.19 1.1 2.2 
KOH(lM) 5.29 5.29 
NaOH(lM) 16 16 
Lactic acid 2.5 
Total (g L-1) 1.24 0.08 2.3 0.106 0.95 0.368 1.50 0.378 

mM 31 3.2 24.2 1.1 26.8 16 38.3 2.0 

Protein and lactose are not included. 

Lactate 
(mM) 

42.0 

28 
6.2 
70 

\0 
0\ 
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degassed doubly distilled water with extra lactic acid added if necessary to adjust to pH 

4.6. The solution was then either used immediately or else stored in plastic polyethylene 

bottles in the fridge until needed for pH-stat precipitation experiments. Slightly altered 

formulations of the "standard" SLWUF buffer were also prepared and used for studying 

precipitation. These were solutions in which one or more of the components had been 

changed in order to simulate the seasonal variability expected in natural whey permeates 

and its consequent effects on calcium phosphate precipitation. Tables 4-4 to 4-6 

summarise the altered formulations that were prepared for experiments. In general, 

changes to three of the fundamental components comprising the "standard" SL WUF 

formulation were made: a) Ca:P molar ratio (see Table 4-4). This was varied in the 

SL WUF from a ratio of ca. 1: 1 to 1: 1.55 by changing the amount of phosphate salts 

added with the Ca:P molar ratio in the "standard" SL WUF buffer formulation being 

defined as 1.29:1, a value close to the ratio expected in natural whey permeates, b) 

Citrate concentrations (see Table 4-5). These were varied from 0-8 mM with 2 mM 

being defined arbitrarily as the normal level of citrate in the "standard" SLWUF buffer 

permeate and c) Ca:Mg molar ratio (see Table 4-6). SL WUF buffers were in which the 

Ca:Mg molar ratio was 9.7:1 (corresponding to 3.2 mM Mg2+ defined as being the 

normal level of Mg2+ ion in the "standard" SL WUF formulation), 7 .6: 1 corresponding to 

4.1 mM Mg2+, and 3.1:1 corresponding to 10 mM of Mg2+. 

Table 4-4: Additives for the SLWUF buffer solutions with different Ca:Pratios, based 

on a SLWUF buffer, containing a basic 2 mM citrate concentration (assuming 1 L total 

volume). 

Component· 20mM 24mM 28mM 30mM 

phosphate phosphate phosphate phosphate 

K2HP04, g 2.72 3.30 3.80 4.00 

K3(Citrate).H20, g 0.65 0.65 0.65 0.65 

KOH(lM),mL 9.49 5.29 1.49 0.51 

NaOH (lM), mL 16.00 16.00 16.00 16.00 

Lactic acid, mL ca.3 ca. 2.5 ca.2 ca. 1.5 
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Table 4-5: Additives for the SLWUF buffer solutions with different citrate concentration 

(assuming 1 L total volume). 

Component· OmM 2mM 4mM 6mM 8mM 

Citrate Citrate Citrate Citrate Citrate 

K3(Citrate).H20, g 0 0.65 1.23 1.23 1.23 

Na3(Citrate).2H20, g 0 0 0.06 0.66 1.24 

KOH(lM), mL 9.6 5.29 0 0 0 

NaOH (lM), mL 16.0 16.0 15.4 7.0 3.3 

Lactic acid, mL ca.3 ca. 2.5 ca.2 ca. 1.5 ca. 1 

Table 4-6: Additives for the SL WUF buffers with different magnesium concentrations, 

based on a 2 mM citrate solution (assuming 1 L total volume). 

Component·· 3.2mM 4.lmM 10.0mM 

Mg2+ Mg2+ Mg2+ 

MgC03,g 0.27 0.35 0.84 

·Au changes in the Tables 4-4 and 4-5 relate to "Solution B". 

··changes in Table 4-6 relate to "Solution A" (see also Table 4-3). All other component 

concentrations involved in the preparation protocol for the SLWUF buffer solutions 

were kept the same. 

4.3.2 Precipitation of Solids from the SL WUF Buffers under pH-stat Control 

The objective of the pH-stat experimental work was to study the kinetics of the 

precipitation reaction from SLWUF buffer solutions by measurement of the volume of 

added NaOH solution needed to keep pH constant in the reaction medium during the 

period. The pH-stat controlled experiments were carried out by performing the calcium 

phosphate precipitation at fixed pH-values in the range 6.0-7 .2. 

4.3.2( a) Experimental 

All pH-stat controlled precipitation experiments were carried out under an atmosphere 

of nitrogen in a jacketed cell (54 x 80 mm) heated to the required temperature by way of 
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