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Abstract: A chemical method for removing calcium sulfate saturated solutions (0.016 mol/L CaSO4) using barium 
chloride (BaCl2ꞏ2H2O) and sodium phosphate (Na3PO4) was experimentally studied. The main interest is to remove 
these ions from the solution through the precipitation of two solid species: sulfate (SO4

2−) as barite (BaSO4), and calcium 
(Ca2+) as hydroxyapatite (Ca5(PO4)3OH). Additionally, a solid/liquid separation method (i.e., flotation) was explored, 
using oleic acid and dodecylamine as collectors. The results show that, the chemical treatment of saturated solutions   
at 60 °C, pH 11.5 and using 3.9 g/L BaCl2ꞏ2H2O and 1.6 g/L Na3PO4, promotes the precipitation of barium sulfate and 
calcium-deficient hydroxyapatite (Ca10−x(HPO4)x(PO4)6−x(OH)2−x), with residual concentrations of calcium and sulfate 
below 0.10 and 5 mg/L, respectively. The residual calcium concentration increases to 28 mg/L when using the same 
amount of reactants, at temperature and pH values below those quoted. The highest flotation recovery of hydroxyapatite 
with oleic acid at pH 9.5 was about 80%, while that of barite floated with dodecylamine at pH 6.5 was about 90%. 
Key words: calcium; sulfate; dodecylamine; oleic acid; barite; hydroxyapatite; flotation separation  
                                                                                                             

 

 

1 Introduction 
 

Currently, water has become an increasingly 
scarce natural resource and it is expected that in the 
coming decades it will be even more limited. Water 
consumption by industrial operations of complex 
sulfides flotation is extremely high [1], which 
causes the natural sources to be over-exploited, 
sometimes in an irresponsible manner. To face this 
scenario, some companies reuse water resources in 
their processes, which are generally recycled from 
tailings dams, thickener overflows, and filtration 
units [2]. However, recycle water commonly 
contains high concentrations of naturally occurring 
ions (Na+, K+, Mg2+, Ca2+, Cl−, and CO3

2−) and ions 
inherent to the process (e.g., Ca2+ and SO4

2−, mainly) 
that alter the chemistry of the system [3,4]. 

For mineral processing operations with 
shortage of freshwater, the use of alternative water 

sources such as recycled water and seawater are 
realistic options [5−9]. However, the variation of 
water quality must be carefully considered, as the 
fluctuation in its composition can drastically change 
the flotation performance, and this in most cases 
affects the recovery of the mineral species of 
interest [10−13]. 

The presence of calcium in the water of the 
sulfides flotation operations is due to the use of 
calcium oxide to raise the pH from around 7 
(freshwater pH) to 10 or 11 (in the zinc flotation), 
as well as to the dissolution of calcium-bearing 
minerals (i.e., calcite and dolomite) present in the 
ore. In turn, the presence of sulfate is due to the 
natural oxidation of the sulfide−sulfur of the 
minerals [14], due to atmospheric oxygen in  
contact with the suspension during grinding, 
conditioning, flotation and thickening, as shown in 
Reaction 1 [15]. Besides, sulfate also originates from 
the oxidation of sodium metabisulfite (Na2S2O5) 
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that is commonly added as depressant of the  
sulfide gangue (i.e., pyrite and pyrrhotite) [16]. 
Table 1 [17−23] presents the sulfate and calcium 
concentrations of process water of some mining 
operations around the world, in which it is observed 
that most of them exceed the saturation 
concentration for gypsum precipitation (i.e., about 
0.016 mol/L). Furthermore, they are all above the 
limit allowed by WHO or US EPA standard, which 
is less than 250 mg/L [24]. 
 

2+ 2
2 2 2 42MeS +7O +2H O 2Me +4SO +4H     (1) 

 
There are both industrial and laboratory 

evidences showing that the presence of Ca2+ and 
SO4

2− in sulfide flotation water causes adverse 
effects on the flotation performance [25−32]. It is 
worth mentioning that the concentrations of 
calcium and sulfate ions are critical for mineral 
depression. BULUT and YENIAL [4] found that 
galena recovery decreases for concentrations above 
1×10−3 mol/L (40 and 96 mg/L of Ca2+ and SO4

2−, 
respectively). Similarly, IKUMAPAYI [33] found 
that galena is gradually depressed in the presence of 
sulfate concentrations above 100 mg/L. This behavior 
is probably due to the formation of a non-uniform 
layer of lead sulfate on the galena surface, which 
acts as a barrier that hinders the interaction of the 
collector with the metal sites on the galena surface, 
inhibiting the chemisorption mechanism [34]. 

Studies in our laboratories have shown that 
Ca2+ activates sphalerite (ZnS) in the lead circuit, 
where it must remain in the tails [35]; while SO4

2− 
depresses galena (PbS) in the Pb−Cu circuit [34]. 
Furthermore, the simultaneous presence of both 
ions at concentrations above 0.016 mol/L causes the 

precipitation of gypsum, which indiscriminately 
depresses the valuable mineral species (PbS, ZnS, 
CuFeS2, etc) [36]. It is worth mentioning that the 
interaction mechanisms between some sulfide 
minerals and calcium and sulfate ions have been 
studied by various researchers [34,37−39]. 

The phenomena described previously resulted 
in a decrease in the recoveries of the valuable 
species and the grades of the final concentrates 
obtained. In order to diminish the adverse effect of 
calcium and sulfate on flotation, several strategies 
have been developed to remove them from process 
water [16,40−42]. 

The most commonly used method to remove 
calcium is based on the addition of sodium 
carbonate as an alkaline agent, with the aim of 
precipitating it in the form of calcium carbonate, 
and of dissolving the gypsum that has already 
precipitated and adhered to mineral surfaces [16]. 
However, this strategy has the disadvantage that 
sulfate remains in the solution, which by itself is 
capable of affecting the collector adsorption on 
minerals such as galena [24,34]. The feasibility of 
simultaneously removing calcium and sulfate has 
been studied through the use of compounds based 
on calcium aluminate, with the aim of precipitating 
calcium sulfate as ettringite, a hydrated calcium 
sulfoaluminate, achieving residual concentrations of 
calcium and sulfate below 200 mg/L [40]. Besides, 
electrochemical methods such as electrocoagulation 
for calcium and sulfate removal have been   
studied and developed in recent years [15,19,43,44]. 
However, these are still under development and one 
of their main disadvantages, in addition to anodic 
passivation, is the high energy consumption. 

 

Table 1 Sulfate and calcium concentrations of process water of some mining operations around world [17−23] 

Localization 
Type of 

mine 

Concentration/ 
(mgꞏL−1) Strategy of removal Ref.

Sulfate Calcium

Harmony Mine, South Africa Gold 4800 1040
CSIR ABC (alkali−barium−calcium) 

 desalination process 
[17] 

Abandoned Mine  
Guanajuato, Mexico 

Silver 3567 − Electrocoagulation [18] 

Copper Mine, China Copper 3000 − Sulfate-reducing bacteria (SRB) process [19] 

Carnoule’s Mine, France (inactive) Lead−zinc 2000−7500 − Sulfate-reducing bacteria (SRB) process [20] 

Chessy Mines, France Copper 5000 − Sulfate-reducing bacteria (SRB) process [21] 

Nickel Rim Mine Site, Canada Nickel 2400−4600 2300 A permeable reactive wall [22] 

Avoca Mines, Ireland Copper 10579 − − [23] 
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Based on the previous studies described above, 
it is important and relevant to treat recycling water, 
under the diverse circumstances that arise in the 
polymetallic sulfide flotation circuits. In the present 
investigation, a chemical method to remove calcium 
and sulfate ions is experimentally studied, through 
the precipitation of barium sulfate and calcium 
phosphate from a synthetic solution with 
concentrations and pH similar to those found in 
process water, namely, saturated with calcium 
sulfate and alkaline pH. Likewise, barium sulfate 
(BaSO4) and calcium phosphate (hydroxyapatite, 
CaHPO4, or another similar compound) were 
obtained as by-products. Figure 1 illustrates the 
process applied in complex sulfide flotation 
operations that recirculate process water from 
thickener/tailings dam. 

 
2 Experimental 
 
2.1 Materials 

The synthetic solution used in this work was  
a saturated calcium sulfate solution (0.016 mol/L) 
in equilibrium with calcium sulfate dihydrate 
(CaSO4∙2H2O). The reactants that were used to treat 
the saturated solution were barium chloride 
(BaCl2ꞏ2H2O) and sodium phosphate (Na3PO4). As 
pH regulators, solutions of hydrochloric acid (HCl) 
and sodium hydroxide (NaOH) were used. Oleic 
acid and dodecylamine (DDA) were used in the 
microflotation measurements as hydroxyapatite   
and barite collectors, respectively. The chemical 
structures of both collectors are illustrated in Fig. 2. 
It is worth mentioning that all the reagents and 

 

 
Fig. 1 Process to remove calcium and sulfate in complex-sulfide flotation operations that recirculate process water from 

thickener/tailings dam 

 

 

Fig. 2 Chemical structures of collectors: (a) Oleic acid; (b) Dodecylamine 
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collectors used were analytical grade and were 
supplied by Sigma Aldrich. 
 
2.2 Thermodynamic simulation of aqueous 

systems of interest 
The conducted thermodynamic modeling has 

two aspects: the first focuses on determining the 
solubility of CaSO4∙2H2O (i.e., the concentration of 
calcium and sulfate species at the saturation point), 
and the second is aimed at establishing the amount 
of the necessary reactant for precipitating barite 
(BaSO4), of very low solubility, due to the reaction 
of added BaCl2ꞏ2H2O and the sulfate species 
(CaSO4(aq), SO4

2− and HSO4
−) of a saturated solution 

(0.016 mol/L CaSO4); the second focuses on the 
precipitation of some species of calcium phosphate 
(HAP: Ca5(PO4)3OH), also of low solubility, due to 
the reaction between the added sodium phosphate 
and the calcium species (CaSO4(aq), Ca2+ and CaOH+) 
of a saturated solution. Thermodynamic modeling 
was carried out at pH 11.5. 

The thermodynamic modeling was performed 
at 25 °C considering the following species: in the 
case of gypsum solubility, H2O(l), H+, OH−, 
CaSO4ꞏ2H2O(s), CaSO4(aq), Ca2+, CaOH+, SO4

2− and 
HSO4

−; in the case of barite precipitation, BaSO4(s), 
Ba2+, BaOH+, BaCl+, Cl−, CaCl+, CaCl2(aq), BaCl2ꞏ 
2H2O(s) (added reactant), Ca(OH)2(s) and Ba(OH)2(s), 
in addition to the species of the gypsum−water 
system; in the case of “hydroxyapatite” precipitation, 
Ca5(PO4)3OH(s), Ca3(PO4)2(s) CaHPO4(s), 3Ca3(PO4)2ꞏ 
Ca(OH)2(s), Na3PO4(s) (added reactant), Ca3(PO4)2(aq), 
Ca5(PO4)3OH(aq), PO4

3−, HPO4
2−, H2PO4

−, H3PO4(aq), 
Na+ and NaSO4

−, in addition to the species of the 
gypsum−water system. A relatively small volume 
atmosphere (79% N2, 21% O2, 0.03% CO2, volume 
fraction) was considered to facilitate the 
convergence of the thermodynamic calculations of 
the system. The evolution of the concentration of 
chemical species in equilibrium, in aqueous and 
solid states, was plotted as a function of the amount 
of added reactant. The modeling was performed 
with the HSC Chemistry 6.1 thermodynamic 
software. 

It is important to achieve a more accurate 
prediction of a system that involves a non-ideal 
solution, the activity coefficients of the aqueous 
species present in the solution were estimated using 
Davies’ equation (Eq. (2)), as a function of the ionic 

strength of the solution (Eq. (2)): 
 

2lg 
1

I
γ Az BI

I

 
     

                  (2) 

 
where γ�is the activity coefficient, A and B are 
temperature-dependent constants (at 25 °C, A and B 
take values of 0.509 and 0.328, respectively), z is 
the valence of the aqueous species, and I represents 
the ionic strength of the solution, which is estimated 
with Eq. (3): 
 

21

2 i iI c z                               (3) 

 
where ci and zi are the concentration (mol/L) and 
the valence of species i, respectively. 

The activity coefficients calculated for the 
CaSO4∙2H2O system are as follows: γ1±=0.8239, 
γ2±=0.4609. 

These coefficients are used in both systems  
of calcium and sulfate precipitation since both 
consider the treatment of a saturated calcium sulfate 
solution for which these activity coefficients are 
applied. 
 
2.3 Calcium and sulfate removal measurements 

Calcium and sulfate removal measurements 
were carried out in a water-jacketed beaker 
containing 1 L of the saturated solution of CaSO4 
(0.016 mol/L), at 25 °C and pH 7.5 or 11.5. It 
should be noted that this solution is a simplified but 
approximate representation of the process water of 
complex sulfide concentrators, which is generally 
saturated with gypsum and shows a slightly alkaline 
pH (between 8 and 11), so its content of dissolved 
heavy metals is very low (i.e., these have 
precipitated as solid metal hydroxides). 

The removal of sulfate and calcium ions in the 
form of BaSO4 or Ca5(PO4)3OH was carried out in 
two stages: in the first stage, the necessary amount 
of the reactant BaCl2ꞏ2H2O or Na3PO4 was added 
(according to the amount resulting from the 
thermodynamic modeling) to the saturated solution; 
after 1 h of vigorous stirring, the solids obtained 
were filtered and separated. In the second stage, the 
second reactant (Na3PO4 or BaCl2ꞏ2H2O) was added 
to the filtered solution and after 1 h of agitation, the 
suspension was filtered and the solids were dried at 
room temperature. 
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2.4 Characterization of reaction products 
The solid products of the chemical reactions 

were filtered, dried at room temperature, and 
analyzed by X-ray diffraction (XRD) using a D8 
Advance Bruker diffractometer. Likewise, the 
precipitates were analyzed by plasma emission 
spectroscopy (ICP-OES) using a PerkinElmer 
spectrophotometer (Optima 8300) to determine 
their calcium and phosphorus concentrations. 
 
2.5 Analysis methods for determination of 

calcium and sulfate ions 
The filtered solutions were chemically 

analyzed to determine calcium and sulfate residual 
concentrations. The quantification of sulfate in 
solution was carried out using the turbidimetric 
method, which corresponds to the ASTM D516—02 
standard, for which a LaMotte 2020i turbidimeter 
was used. The residual calcium concentration   
was determined by ICP, using a PerkinElmer 
spectrophotometer (Optima 8300). 
 
2.6 Zeta potential measurements 

The zeta potential measurements were carried 
out using a Pen Kem model 501 zetameter, which 
allows direct reading of the zeta potential of 
colloidal particles, estimated with their 
electrophoretic mobility and the Smoluchowski 
equation [45]. The investigated pH range was from 
4 to 10; in all cases, particles below 20 µm    
were used. To determine the zeta potential of 
hydroxyapatite and barite in water, 0.15 g of 
mineral was conditioned for 10 min in deionized 
water at different pH (from 2 to 10). Next, a sample 
of the suspension was taken, and the zeta potential 
was measured. The pH was controlled by means  
of 0.1 mol/L NaOH and HCl solutions. The 
experiments were triplicate and the average 
recovery was reported together with the error bars 
of the 95% confidence interval of a Student’s 
t-distribution [46]. 
 
2.7 Microflotation experiments 

Microflotation tests were conducted in an 
80 mL Partridge-Smith cell using 1 g of sample 
(hydroxyapatite or barite) with the size fraction of 
75−106 µm, which was conditioned for 5 min in 
100 mL of the collector solution (oleic acid or 
dodecylamine), at the concentration and pH of 

interest. Next, the solid sample and 80 mL of the 
solution were transferred to the cell and the solids 
were floated for 4 min with 23 mL/min of high 
purity nitrogen. The remaining solution (20 mL) 
was progressively added to the cell as make-up 
water. At the end of the test, the floated and sunk 
solids were filtered, dried, and weighed, to calculate 
the recovery. The experiments were triplicate, and 
the average recovery was reported together with the 
error bars of the 95% confidence interval of a 
Student’s t-distribution. 
 
3 Results and discussion 
 
3.1 Gypsum (CaSO4∙2H2O) solubility 

Figure 3 shows the species distribution 
diagram of calcium sulfate species in aqueous 
solution to which accumulative amounts of gypsum 
(CaSO4∙2H2O) were added. It is clearly observed  
in the figure that gypsum ceases to dissolve      
at a CaSO4∙2H2O concentration of approximately 
0.016 mol/L. It should be noted that this   
modeling corroborates the experimentally measured 
concentration of the saturated solution used in this 
study. 

 

 
Fig. 3 Species distribution diagram of CaSO4−H2O 

system at 25 °C open to atmosphere (79.02% N2, 20.94% 

O2, 0.03% CO2) 

 

3.2 Necessary amount of reactants for BaSO4 
and HAP precipitation 
Figure 4 shows the species distribution 

diagram of the systems analyzed considering 1 L of 
saturated solution of CaSO4∙2H2O (0.016 mol/L), 
when barium chloride (Fig. 4(a)) and sodium 
phosphate (Fig. 4(b)) are added, for which the 
following reactions are suggested to occur: 
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4(aq) 2(s) 4(s) 2(aq)CaSO +BaCl BaSO +CaCl      (4) 

4(aq) 3 4(s) 2 (aq) (aq)

2 2 1
CaSO + Na PO + H O + OH

3 15 15
   

5 4 3 (s) 2 4(aq) 2 4(aq)

1 1
Ca (PO ) OH +Na SO + H PO

5 15
  

(5) 
In Fig. 4(a) it is clearly observed that the 

precipitation of the SO4
2− as BaSO4 is achieved   

by adding approximately 3.9 g of reactant 
BaCl2ꞏ2H2O. In turn, the precipitation of 
hydroxyapatite (Ca5(PO4)3OH) is achieved with 
addition of approximately 1.6 g of Na3PO4 (see 
Fig. 4(b)). 

Once the necessary amounts of the reactants 
for the complete removal of sulfate and calcium 
were determined, the way of adding them (i.e., in a 
single dose or cumulative fractions of the does), the 
effects of pH and temperature on the residual 
concentrations of calcium and sulfate, as well as on 
the crystallinity of the precipitates were evaluated.  

The results obtained are presented and discussed 
below. 
 
3.3 Removal of calcium and sulfate from 

saturated solution (0.016 mol/L CaSO4) 
Table 2 presents the initial concentrations of 

the calcium and sulfate ions in the saturated 
solution, as well as the residual concentration after 
chemical treatment under different conditions. The 
table shows that regardless of the order and mode of 
addition of the reactants, as well as of the 
temperature and pH used, the residual sulfate 
concentration is below 5 mg/L, which confirms the 
effective removal of the SO4

2− in all tests. 
It is worth noting that the lowest residual 

calcium concentration (<0.10 mg/L) is obtained in 
Test 2, which consists of treating the saturated 
solution at pH 11.5 and 60 °C, by adding Na3PO4 in 
a single dose, while BaCl2 is cumulatively added  
in five fractions of the dose. Note that when using 

 

 
Fig. 4 Species distribution diagrams of systems of CaSO4−BaCl2ꞏ2H2O and (b) CaSO4−Na3PO4 (b) (Systems were 

analyzed based on 1 L of saturated solution of CaSO4∙2H2O (0.016 mol/L), 25 °C and in atmosphere (79.02% N2,  

20.94% O2, 0.03% CO2, volume fraction) 

 

Table 2 Initial concentrations of sulfate and calcium ions in saturated solution (0.016 mol/L CaSO4∙2H2O) and residual 

concentrations after chemical treatment under different conditions 

Test 
 No. 

Initial  
concentration/ 

(mgꞏL−1) 

 

 
 

Experimental condition  
Residual 

concentration/
(mgꞏL−1) 

Ca2+ SO4
2−  T/°C pH 

Amount of 
BaCl2ꞏH2O/g

Amount of 
Na3PO4/g

Order of reactants addition  Ca2+ SO4
2−

1 641 1536  35 11.6 3.9 1.6 (1) Na3PO4 *; (2) BaCl2 *  3.8 <5

2 641 1536  60 11.6 3.9 1.6 (1) Na3PO4 (single dose); (2) BaCl2 *  <0.10 <5

3 641 1536  25 7.5 3.9 1.6 (1) Na3PO4 (single dose); (2) BaCl2 *  28 <5

4 641 1536  25 11.6 3.9 1.6 Simultaneous addition (single dose)  23 <5

5 641 1536  25 11.6 3.9 1.6 (1) Na3PO4 **; (2) BaCl2 *  5.5 <5
*Reactant added in 5 cumulative additions; **Reactant added in 10 cumulative additions 
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the same reactants and pH, and the temperature is 
increased from 25 to 35 °C, the remaining calcium 
concentration decreases from 5.5 to 3.8 mg/L. 
Furthermore, the residual calcium concentration is 
further increased to 28 mg/L when using the same 
reactants, but the lower values of temperature and 
pH (i.e., 25 °C and pH 7.5). 
 

3.4 XRD patterns of precipitates  
Based on the qualitative behavior of the test 

shown and discussed previously, the precipitates 
from Test 2 were selected to be characterized by 
X-ray diffraction (XRD). The diffractograms are 
shown in Fig. 5. 
 

 

Fig. 5 XRD patterns of precipitates obtained from Test 2: 

(a) Barite; (b) Hydroxyapatite 

 
The characteristic peaks observed correspond 

to barite and hydroxyapatite, which are identified 
with the diffraction patterns 01-080-0512 and 
01-1008, respectively. It should be noted that no 
other phase was identified, indicating that the 
precipitates obtained are practically pure. It is 
important to note that unlike barite, very broad 
peaks are observed in the XRD patterns of 

hydroxyapatite, which suggests that the obtained 
HAP is fairly amorphous. 

It should be noted that these results give    
the guideline to explore different experimental 
conditions to obtain a more crystalline hydro- 
xyapatite. This may be probably achieved by 
considering the growth of the particles by 
controlling the additions of reagents, as well     
as a subsequent heat treatment at moderate 
temperatures. 
 

3.5 Calcium and phosphorus determination by 
ICP-OES 
Table 3 presents the results of elemental 

analysis by ICP-OES of the hydroxyapatite 
precipitate from Test 2, in which a Ca/P molar ratio 
of 1.50:1 was obtained, which corresponds to a 
mass ratio of around 2:1. In this regard, a series of 
molar relationships are reported in Ref. [47], which 
are related to the occurrence of different calcium 
phosphate species. Based on this classification, it is 
inferred that the analyzed precipitate corresponds to 
a calcium-deficient hydroxyapatite, Ca10−x(HPO4)x- 
(PO4)6−x(OH)2−x (0<x<1), stable at pH between 6.5 
and 9.5 [47]. The latter may explain the behavior of 
the solids when measuring their zeta potentials at 
pH below 5.5, since the particles were neither 
clearly appreciated, nor their movement could be 
accurately measured, as will be discussed later. 
 
Table 3 Elemental analysis results of hydroxyapatite 

precipitate obtained in Test 2 by ICP-OES 

Element Content/wt.% Ca/P molar ratio 

Ca 20.90 
1.50:1 

P 10.71 

 
3.6 Zeta potentials of barite and hydroxyapatite 

Zeta potential measurements were carried out 
in order to determine surface charges of the barite 
and hydroxyapatite particles in the pH range of 
interest, before conditioning with the collectors. 
Fig. 6 presents the results obtained. 

In the case of barite, it is observed that the 
particles present their isoelectric point at pH around 
2, similar to that reported by REN et al [48]. This 
value is of relevance since under this condition it is 
expected that the flocculation of fine particles may 
occur. It is also observed that the charge of barite 
particles becomes more negative as the suspension 
pH increases. Furthermore, in the pH range between 
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4 and 6, a region of fairly constant potential is 
observed, which is probably due to the pre- 
dominance of the BaHCO3

+ species on the barite 
surface, according to the thermodynamic modeling 
of the system (see Fig. 7). Finally, at pH values 
above 7, the zeta potential becomes more negative, 
probably due to the action of the incongruent 
dissolution mechanism, which favors the dissolution 
of Ba2+ over SO4

2−, thus leaving a surface enriched 
with sulfate, which provides his negative character 
to the particle (see Fig. 7(b)). 

In the case of hydroxyapatite, measurements 
below pH 5 were not possible because the solid 
particles and their movement could not be clearly 
appreciated. This behavior is attributed to the  
nature of the solid, identified as Ca-deficient hydro- 
xyapatite (Ca10−x(HPO4)x(PO4)6−x(OH)2−x), stable at 
pH between 6.5 and 9.5 [47]. In Fig. 6(b), it is 
observed that the surface of HAP gradually 
becomes negatively charged as the pH increases 
from 5.5 to 10. The mechanism of surface charge 
development is also incongruent dissolution, with 

calcium dissolving in excess to phosphate mainly 
due to the formation of calcium hydroxo complex 
(CaOH+). 

Based on the information obtained with the 
zeta potential measurements, we explore flotation 
as the solid/liquid separation method. It should be 
noted that there are other separation methods such 
as those based on flocculation, in which resultant 
precipitates are removed by either sedimentation or 
filtration [49]. However, it is important to note that 
this method may be easy only for barite, whose 
isoelectric point occurs at pH around 2 (see 
Fig. 6(a)). In the case of the calcium-deficient 
hydroxyapatite (Ca10−x(HPO4)x(PO4)6−x(OH)2−x), the 
flocculation of particles could be difficult since they 
present a surface negative charge. 

 
3.7 Microflotation results of barite and hydro- 

xyapatite 
The cationic collector dodecylamine (R—NH2) 

and the anionic collector oleic acid (R—COOH) 
were selected to conduct the microflotation tests. 

 

 
Fig. 6 Zeta potentials of barite (a) and hydroxyapatite (b) as function of pH (The error bars correspond to the 95% 

confidence intervals) 

 

 

Fig. 7 Species distribution diagram of BaSO4−H2O−O2−CO2 system (10 g/L BaSO4) at 25 °C in atmosphere (79.02% 

N2, 20.94% O2 and 0.03% CO2): (a) Initial states; (b) Equilibrium 
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Hydroxyapatite microflotation was performed 
using two concentrations of oleic acid (5×10−4 and 
5×10−5 mol/L) and two size fractions (75−106 μm 
and <75 μm). The results obtained are presented in 
Fig. 8. It is observed that regardless of the particle 
size and the collector concentration used, the 
recovery is favored at pH 9.5. This behavior has to 
do with the dissociation of the collector, since at pH 
values below 8 the neutral species R—COOH 
predominates, while at higher pH values the ion    
R—COO− and its dimmer (R—COO−)2

2− pre- 
dominate [50,51]. Apparently, these ions (R—

COO− and (R — COO−)2
2−) are the ones that 

chemically interact with the positive sites of 
hydroxyapatite, Ca2+ and CaOH+, providing HAP 
the hydrophobic properties necessary to be 
recovered by the gas bubbles. The highest hydro- 
xyapatite recovery, around 80%, was obtained at pH 
9.5 using the size fraction of 75−106 µm and 
5×10−4 mol/L of collector. 
 

 
Fig. 8 Effect of pH and oleic acid concentration on 

hydroxyapatite recovery (The mineral was conditioned 

for 4 min in 200 mL of the oleic acid solution and 

subsequently floated for 4 min at room temperature) 

 
Figure 9 shows the recovery of barite as a 

function of pH. The figure shows that the recovery 
increases as the pH decreases from 9.5 to 6.5, 
which is attributed to the fact that the RNH3

+ cation 
favorably interacts with the negatively charged 
barite particle. At the collector concentration  
tested, the cation RNH3

+ predominates at pH below 
10 [52]. As observed in the figure, the highest 
recovery of barite, around 88%, was obtained at pH 
6.5, where barium sulfate (BaSO4) is the most 
stable species (see Fig. 7). Above this pH value, the 
BaHCO3

+ species forming in the double-layer that 

surrounds the barite particle (see Fig. 7), may 
interfere with the adsorption of the cationic 
collector, thus reducing the particle hydrophobicity. 
 

 
Fig. 9 Effect of pH on recovery of barite (The mineral 

was conditioned for 4 min in 200 mL of 1×10−4 mol/L 

dodecylamine, after being floated for 4 min) 

 

4 Conclusions 
 

(1) Based on the thermodynamic simulations, 
the best conditions for the removal of Ca2+ and 
SO4

2− ions were determined and experimentally 
corroborated. The chemical treatment of CaSO4 
saturated solutions at 60 °C, pH 11.5 and treated 
with 3.9 g/L of BaCl2ꞏ2H2O and 1.6 g/L of Na3PO4, 
promotes the precipitation of barium sulfate  
(BaSO4) and calcium-deficient hydroxyapatite 
(Ca10−x(HPO4)x(PO4)6−x(OH)2−x), with the residual 
concentrations below 0.10 and 5 mg/L of calcium 
and sulfate, respectively. 

(2) The calcium-deficient hydroxyapatite 
(Ca10−x(HPO4)x(PO4)6−x(OH)2−x) was obtained, 
although the possible formation of another calcium 
phosphate of relatively amorphous nature was not 
discarded. 

(3) The highest flotation recovery of 
hydroxyapatite with oleic acid at pH 9.5 was about 
80%, while that of barite floated with dodecylamine 
at pH 6.5 was about 88%. Oleic acid species 
C17H33COO− and (C17H33COO)2

2−
 chemically interact 

with the positive sites of hydroxyapatite, Ca2+ and 
CaOH+; apparently, both are responsible for the 
maximum recovery attained under such conditions.  
In turn, the recovery of barite was relatively easy, 
most probably due to the favorable interaction 
between the RNH3

+ cation and the negatively 
charged barite surface. 
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(4) The mineral processing industry is 
expected to adopt chemical treatment more 
decidedly due to its simplicity and inexpensive 
nature. 
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复合硫化物浮选作业循环水中钙和 
硫酸根离子去除的热力学及实验研究 
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摘  要：研究一种用氯化钡(BaCl2∙2H2O)和磷酸钠(Na3PO4)去除饱和溶液中(0.016 mol/L CaSO4)硫酸钙的化学方法。

主要目的是通过沉淀出两种固体物质从溶液中去除这些离子：硫酸根(SO
4
2−)沉淀为重晶石(BaSO4)，钙(Ca2+)沉淀

为羟基磷灰石(Ca5(PO4)3OH)。此外，探索一种用油酸和十二烷基胺作捕集剂的固体/液体分离方法(即浮选)。结果

表明，在 60 °C、pH 11.5 下用 3.9 g/L BaCl2ꞏ2H2O 和 1.6 g/L Na3PO4对饱和溶液进行化学处理，促进硫酸钡和缺钙

羟基磷灰石(Ca10−x(HPO4)x(PO4)6−x(OH)2−x)的沉淀，钙和硫酸根的残余浓度分别低于 0.10 和 5 mg/L。当反应剂用量

相同、在低于上述温度和 pH 值下处理时，残余钙浓度增加到 28 mg/L。用油酸作捕集剂、pH 9.5 时羟基磷灰石的

浮选回收率最高，约为 80%；而用十二烷基胺作捕集剂、pH 6.5 时重晶石的浮选回收率约为 90%。 

关键词：钙；硫酸盐；十二烷基胺；油酸；重晶石；羟基磷灰石；浮选分离 
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