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Antimony (Sb) is regarded as an emerging environmental contaminant, reflecting its previously 

unrecognized presence in aquatic and soil systems. Oxidative dissolution releases Sb into surface 

environments primarily in the form of oxyanions.  A primary control on the mobility of Sb species is 

sorption onto mineral surfaces.  Although recent studies have reported Sb sorption onto various mineral 

surfaces, no studies have been performed on the sorption behavior of Sb with hydroxyapatite, which is an 

effective sorbent. The objective of this study is to understand the sorption behavior of Sb(V) on the 

surface of hydroxyapatite, Ca5(PO4)3OH. The oxidized form of antimony, Sb(V), occurs mainly as  

Sb(OH)6
-  in aqueous systems above pH 3.   

In the present study, batch sorption experiments were conducted over a range of conditions, including pH, 

ionic strength, and initial concentration of Sb(V). All sorption experiments were conducted in solution 

that was pre-equilibrated with hydroxyapatite, using a particle loading of 1.0 gL-1.  The range of solution 

conditions encompassed pH 5.5-8.0, ionic strength 0.005 and 0.01 M, and initial Sb(V) concentration 

from 50-2000 µM. The isotherm experiments (determined at 24 hr) showed that Sb(V) sorption decreases 
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as pH increases at I = 0.005 M. However, a sharp increase in uptake in the isotherm suggests that 

precipitation occurred in the solution at [Sb(V)] > 1000 µM. The type of background electrolyte has an 

effect on the sorption behavior of Sb(V). Using NaCl as the background electrolyte, evidence for the 

onset of precipitation was found at a lower Sb(V) concentration at I = 0.01 M (compared to I = 0.005 M), 

and was more pronounced at pH 7.0 and 8.0. To confirm formation of a solid precipitate in the solution, 

the filtered, dried samples were analyzed with powder X-ray diffraction. Sodium hexahydroantimonate 

(NaSb(OH)6), with the mineral name mopungite, was observed as the only secondary phase. Above the 

initial Sb(V) concentration 1000 µM, mopungite formed over the entire pH range at I = 0.005 M, and was 

observed to form at lower Sb(V) concentration at I = 0.01 M. This precipitation dominates sorption 

behavior of Sb(V) on hydroxyapatite at higher Sb concentrations.  

This study suggests that lower concentrations of Sb(V) could be effectively removed by sorption on 

hydroxyapatite at I = 0.005 M, consistent with previous work showing that metal oxides are effective 

sorbents of Sb(V). However, the sorption behavior of Sb(V) is critically affected by the existence of Na+ 

in the solution, which may promote precipitation. In nature, Na+ is one of the most abundant ions in 

aquatic systems, especially freshwater and seawater. Therefore, a comprehensive understanding of actual 

conditions, including properties of the aqueous and solid phases, is necessary for predicting the transport 

and fate of Sb in the environment.  
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INTRODUCTION 

Antimony (Sb) is regarded as an emerging environmental contaminant in aquatic and soil systems. 

Antimony naturally occurs in soils and rocks at very low concentrations (e.g., 1 µg/L) in non-polluted 

waters. The maximum contaminant level (MCL) is 6 µg/L for drinking water (United States 

Environmental Protection Agency).  However, high Sb concentrations can be found at contaminated sites 

associated with mining, ore deposits and widespread industrial use such as flame retardants, 

semiconductors, lead batteries, and lead alloys. As industrial uses for Sb increase, the fate and movement 

of Sb has become a growing concern (Filella et al., 2002b). Oxidative dissolution of metallic forms 

releases Sb into surface environments primarily in the form of oxyanions. Sb is classified as a metalloid 

and belongs to Group 15 in the periodic table, below phosphorus and arsenic. In nature, Sb exists in 

various oxidation states ranging from -3 to +5.  However, Sb(III) and Sb(V) are only the dominant 

oxidation states for dissolved species in the environment, occurring mainly as the oxyanions Sb(OH)3 and 

Sb(OH)6
-, respectively (Filella et al. (2002b), Figure 1).  In well oxidized surface environments above pH 

3, Sb(OH)6
- is the dominant dissolved species in solution (Figure 2).   

Sorption onto solid surfaces commonly constrains the fate and transport of both of inorganic and organic 

species in natural aquatic settings (Sposito (1984), Jenne (1998), Hem (1977)). For this reason, the 

sorption process is often applied to remove dissolved contaminants during water treatment or purification 

in engineered systems. Sorption behavior is influenced by various physical and chemical conditions such 

as sorbate concentration, pH, redox potential, particulate loading, the presence of competing ions, and 

properties of the sorbent (Smith, 1999). Hydroxyapatite, Ca5(PO4)3OH, is a common mineral constituent 

in soils, sediments, and forms among all three rock types.  Hydroxyapatite (HAP) also exists as a major 

constituent of bones and teeth of human body in a modified form (Smičiklas et al., 2006).  

Hydroxyapatite is the most stable calcium phosphate at room temperature and in solution over the pH 

range 4 to 12 (Meejoo et al., 2006). Previous studies have shown that HAP is an effective sorbent for 



 

2 

 

taking up heavy metals and radionuclides from solution in the environment (Meejoo et al. (2006), Corami 

et al. (2008), Lee et al. (2005), Xu et al. (1994), Smičiklas et al. (2006),  Huang et al. (2011)). However, 

the sorption behavior of Sb(V) on the surface of hydroxyapatite is poorly known, including the roles of 

pH,  Sb(V) concentration, and ionic strength. Several studies have investigated the sorption behavior of 

Sb(III) and Sb(V) on iron, manganese, and aluminum oxides (Rakshit et al. (2011), Xi et al. (2009), 

(2011), Mitsunobu et al. (2010), Wang et al. (2012a), Ilgen and Trainor (2012), Sarı et al. (2012), Li et al. 

(2012a), Kolbe et al. (2011b)). However, there have been no studies on the sorption behavior of Sb(V) on 

HAP.  

In this study, the sorption behavior of Sb(V) on HAP is investigated under various physical and chemical 

conditions through batch sorption experiments. The objects of this study are to identify environmental 

conditions where Sb(V) can be effectively immobilized by HAP particles in the system and to understand 

the physical and chemical parameters that influence the sorption process to allow further applications to 

environmental settings. 

PREVIOUS WORK 

Hydroxyapatite is considered to be an effective sorbent for immobilizing dissolved contaminants, 

including metals, metalloids and radionuclides. It is available with a high specific surface area, and has 

relatively low solubility in the near neutral pH range in aqueous systems. Numerous studies have 

investigated sorption of toxic metals and radionuclides on the HAP surface, including Zn2+, Cu2+, Co2+, 

Pb2+, Cd2+, Sr2+ and Ni2+ (Brudevold et al. (1963), Ingram et al. (1992), Lazić and Vuković (1991)).  

Previous work had suggested that ion exchange between a metal cation and Ca on the HAP surface is 

important for their adsorption (Kukura et al., 1973), although other mechanisms have been considered, 

including: 1) adsorption, 2) co-precipitation, and 3) precipitation (Xu et al., 1994).  The sorption behavior 

of anion species, such as SeO4
4- and AsO4

3-, are thought to involve ligand exchange or substitution for 

PO4
3-. The presence of Ca2+ and PO4

3- in HAP has a strong effect on the sorption behavior of cations and 
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anions. Furthermore, with Sb in the same group as P and As in the periodic table, it might be expected 

that Sb(V) behaves similarly during sorption.  

The sorption behaviors of both cations and anions are dependent on pH, background electrolyte, aqueous 

speciation, and the surface charge of HAP. As described by Bell et al. (1972)., the surface charge of 

hydroxyapatite depends on pH and background electrolyte. That paper determined that the PZC of HAP 

with NaCl as the background electrolyte is pH 7.6 ± 0.1. Previous studies of the sorption behavior of 

phosphate (PO4
3-) on calcite, and arsenate (AsO4

3-) and selenate (SeO4
2-) on HAP showed that uptake 

depends on the pH, with a maximum at low pH and minimal uptake at and above the PZC (Chutia et al. 

(2009), Monteil-Rivera et al. (1999), Duc et al. (2003)). Similar behavior can be expected for Sb(V) (Liu 

et al. (2010), Millero et al. (2001)).  

 Previous work on Fe, Al and Mn oxides confirmed that Sb(III) and Sb(V) sorption decreases with 

increasing pH (Wang et al. (2012b), Kolbe et al. (2011a), Rakshit et al. (2011)) and the sorption affinity 

of Sb(III) show the sequence MnOOH > Al(OH)3 > FeOOH (Thanabalasingam and Pickering, 1990). The 

sorption behavior depends on ionic strength of the solution and the mineral sorbent. For example, Sb(V) 

sorption on gibbsite shows a significant dependence on ionic strength, yet there is just a small effect on 

iron-zirconium oxide (Li et al., 2012b). The sorption of Sb(V) is minimal at the PZC of of metal oxides, 

and both of Sb(III) and Sb(V) show the highest affinity with Mn-oxide. The oxidation state of Fe is 

important to sorption behavior of Sb(V) and reduced Fe has more affinity to Sb(V) compared to Sb(III).   

The objects of the present study are: i) to establish the systematic sorption behavior of Sb(V) on HAP 

over a range of Sb concentrations, ii) to determine the sorption dependence on pH and ionic strength 

conditions, and  iii) to constrain possible sorption mechanisms.  

 

SAMPLES AND METHODS 
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Reagents and materials 

The hydroxyapatite used in this study was obtained from Acros Organics. The surface area as measured 

by N2 BET is 70.1 m2g-1. Powder X-ray diffraction confirmed that hydroxyapatite is the only phase 

present. Reagent KSb(OH)6 from Alfa Aesar with 94+% purity was used to make Sb(V) stock solutions 

for all experiments. Because of the slow dissolution of this reagent in deionized water, stock solutions 

were sonicated for 24 hr before use to ensure complete dissolution.  Resulting solutions were clear, and 

final concentrations were measured with ICP-OES. The final pH of the Sb(V) stock solution was 6.43±0.1.  

Solution modeling 

The program PhreeqC, which uses the database from Minteq4 (USGS) was used for modeling the initial 

Sb(V) solutions used for sorption experiments to predict solution speciation and saturation states with 

respect to potential precipitates.  Calculations were performed over the range of pH and ionic strength 

conditions of the experiments. Table 1 shows HAP equilibrium date for dissolved species. The possible 

processes between Ca2+, Sb(V) and background electrolyte (Na+, Cl-) are predicted based modeling with 

PhreeqC with database used for this study. At pH 9.0 and above, the solutions are predicted to be 

supersaturated with respect to calcite.  This results from dissolution of Ca2+ from the HAP and CO2 from 

the atmosphere into the solutions at this pH. Therefore, sorption experiments were not conducted above 

pH 8.0.  

 Pre-equilibration of Hydroxyapatite suspensions 

Hydroxyapatite suspensions were prepared in two stages.  HAP was aged in deionized water with NaCl as 

the background electrolyte for at least 7 days at ambient conditions to reach solubility equilibrium.  

Suspensions were aged for different ionic strength and pH conditions.  Suspensions were prepared for pH 

5.5, 6.0, 7.0, and 8.0.  HAP particles were removed from equilibrated suspensions by filtration with 

0.2μm polycarbonate membrane filter (IsoporeTM Membrane Filters, LOT# R4EA59977) and combined 
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with fresh reagent HAP for individual sorption experiments.  This procedure prevented excessive 

dissolution of HAP during the sorption experiments. This procedure prevented excessive dissolution of 

HAP during the sorption experiments. The pH of the hydroxyapatite suspensions was monitored at 

regular intervals and, if necessary, titrated with 0.01 M HCl and NaOH. To confirm that HAP is the sole 

phase in the solution after aging, XRD was used to compare solid phases before and after aging HAP. 

Figure 3 shows the XRD results; there is no sign of the presence of other phases except the HAP. 

Sorption experiments 

Batch sorption experiments were conducted with acid-cleaned 125 mL polypropylene copolymer (PPCO) 

bottles after confirming no uptake of Sb(V) by these bottles. Preliminary experiments at different particle 

loadings revealed that 1 g of HAP per liter of solution resulted in a distribution of Sb(V) between the 

sorbent and the solution that was well suited for analyses, and was used for all subsequent experiments.   

Filtered, equilibrated solutions were prepared with 1 g/L HAP in 100 mL of solution. No change in pH 

was observed during preparation for solutions at pH 5.5, 6.0 and 7.0.  However, a slight change was 

observed at pH 8.0, likely due to CO2 exchange with the atmosphere, and was adjusted accordingly.  

Initial Sb(V) concentrations over the range 50-2000 µM were used for isotherm experiments and 

transferred to each hydroxyapatite suspension with pipette. The pipette was calibrated to ensure accurate 

delivery. After introduction of Sb(V) into bottles, they were sealed and placed on a shaker table for 24 hr, 

with the pH of each samples measured periodically. No significant changes of pH were observed after 

introduction of the Sb(V) into the suspensions.  All the isotherm experiments were performed in replicates 

under identical conditions. After 24 hr, equilibrated suspensions were filtered through 0.2 µm nylon filters 

and delivered to acid-cleaned 15 mL polystyrene tubes (FalconTM Conical Centrifuge Tubes) for ICP-OES 

analysis.   

ICP analysis 
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All filtered solution aliquots were measured for Sb concentration using a Thermo Sciences i-CAP 6000 

series ICP-OES  Calibration standards were prepared from a 1000 mg/L Antimony atomic absorption 

standard solution (1000mg/L Antimony, SPEC CertiPrep, Inc., PLSB7-2X). The detection limit of Sb was 

determined to be 1 ppm (8.2 µM) (See Appendix 1).  A blank standard and 50 and 100 ppm Sb(V) 

solutions were selected for calibration. All standard solutions were prepared prior  to each session. It was 

found that regular cleaning of the ICP-OES was necessary to prevent precipitation. The wavelength used 

for analysis was 206.83 nm. The amount of sorbed Sb(V) on HAP was calculated based on the measured 

amount of Sb(V) remaining in solution, by subtraction from the initial Sb(V).  

X-ray diffraction analysis 

Solid samples collected after filtrations were examined using powder X-ray diffraction (XRD) to identify 

the presence of any secondary phases. A Rigaku Ultima-IV diffractometer using Cu Kɑ (λ = 1.5418 Ȧ), 

was used. Solid samples were prepared with 24 hr reaction time, using the same procedure as in the 

isotherm experiments.  Samples were also collected from HAP-free solutions prepared using the same 

solutions from the highest concentration experiments (2000 µM) with I = 0.1 M NaCl to identify possible 

precipitates in the absence of HAP. Solutions were placed on a shaker table for 24 hr and then centrifuged 

to isolate solid particles. Solids were dried at room temperature and briefly ground with a quartz pestle 

and mortar for examination with XRD. A 2 theta range 10-80 degrees was used, with the glass sample 

plate.   

 

RESULT 

Isotherm experiment results  

The results of Sb(V) sorption experiments on hydroxyapatite are presented as room-temperature 

isotherms in Figures 4-9. The isotherm is an effective way to show the distribution of Sb(V) between the 
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solution and the surface of HAP. All isotherms in this study are plotted with Sb(V) sorbed on HAP 

(μmol/g) as a function of remaining Sb(V) in the solution (μM). The sum of those two value corresponds 

to the initial [Sb(V)] (μM).  The isotherms showing different ionic strengths presented in Figures 4 and 6 

are shown in an enlarged view for the lower concentration range, [Sb(V)] ≤ 750 μM, in Figures 5 and 7. 

The isotherm trends in Figure 4 (I = 0.005 M) show that the amount of Sb(V) sorbed increases as the 

initial [Sb(V)] increases below 600 μM. However, above [Sb(V)] = 600 μM, the isotherms exhibit a sharp 

increase in uptake, which is more obviously shown at pH 7.0 and 8.0. Figure 5 shows an enlarged view of 

the isotherm below [Sb(V)] = 750 μM. The trend of the isotherm at I = 0.01 M (Figure 6) is mostly 

consistent with the isotherm from I = 0.005 M (Figure 4) at entire pH range. Particularly, above [Sb(V)] = 

600 μM, both of isotherm (Figure 4 and 6) shows steep increasing at pH 7.0 and 8.0. Typical adsorption 

behavior was observed at pH 5.5 and 6.0, however, at pH 7.0 and 8.0, the isotherm has different 

adsorption behavior from both of ionic strength (Figure 5 and 7).   

The isotherm results show that the behavior of Sb(V) on HAP is affected by both pH and ionic strength. 

Furthermore, sharply increased uptake behavior with higher Sb(V) initial concentration is suggestive of a 

different sorption process in the suspension. The pH dependent behavior of Sb(V) is possibly related to 

the point of zero charge (PZC) of HAP. These two critical factors on sorption behavior of Sb(V) will be 

discussed separately.  

i. Influence of pH on Sb(V) sorption      

The pH dependence of Sb(V) sorption was examined over the pH range 5.5-8.0 at two ionic strength 

conditions (0.005 and 0.01 M). Figure 4 and 6 contain the entire Sb(V) range of isotherm results and 

enlarged isotherms below [Sb(V)] ≤ 750 μM are in Figure 5 and 7. The pH dependence Sb(V) behavior is 

clearly shown in Figure 5 at relatively lower Sb(V) with I = 0.005 M. The isotherms generally show the 

trend that as pH increases, the amount of Sb(V) on hydroxyapatite is decreased at initial [Sb(V)] ≤ 750 
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µM (Figure 5). In detail, this does not hold for the pH 7.0 isotherm at I = 0.005 M above 350 µM Sb(V). 

These inconsistencies may result from experimental errors. However, for initial [Sb(V)] ≥ 1000 µM  

different behaviors are evident in Figure 4 and 6. Both of isotherm from different ionic strength (Figure 4 

and 6) show a steep slope with higher initial concentration and suggests a different uptake mechanism, 

such as formation of a second phase. This trend shown in Figure 4 and 6 above [Sb(V)] ≥ 600 µM is 

evident for the entire pH range and suggests that a mechanism other than adsorption on hydroxyapatite is 

needed to explain behavior at high Sb(V) concentrations for both of ionic strength. Figure 6 and 7 showed 

the isotherm conducted with I = 0.01 M. The behavior of pH dependence is obviously observed at pH 5.5 

and 6.0 because the sorbed Sb(V) decreased as pH increased. However, unlike isotherm trends at pH 5.5 

and 6.0, Sb(V) behavior at pH 7.0 and 8.0 less effect at higher ionic strength (Figure 7).  

ii. Influence of ionic strength on Sb(V) sorption 

The behaviors of Sb(V) with different ionic strengths of NaCl are compared in Figures 8 and 9. The effect 

of ionic strength below 500-600 µM is minimal for all pH conditions, in as much as isotherms for both 

ionic strength conditions (0.005 and 0.01 M) are generally coincident at lower concentrations (Figure 8 

and 9). However, ionic strength has a greater effect on Sb(V) behavior at concentrations greater than 

600-700 µM (Figure 8 and 9). In both of Figure 8 and 9, isotherms for the different ionic strengths 

diverge significantly at higher Sb(V) concentration for each pH condition.  For pH 5.5 this ionic strength 

is somewhat smaller than at other pH conditions (Figure 8). The effect of ionic strength on Sb(V) uptake 

is different at pH 8 compared to pH 5.5, 6.0, and 7.0 (Figure 8 and 9).  At these latter pH conditions, the 

sharp increase in uptake is enhanced at I = 0.005 M, whereas at pH 8.0 the enhancement is observed for 

the higher ionic strength, 0.01 M.   

Both isotherms at pH 7.0 and 8.0, with I = 0.01 M, show an initial rise followed by a decrease in sorption 

near 500 µM. The experimental result at [Sb(V)] = 500 µM likely reflects an experimental anomaly that 

cannot be explained with the present data and more investigation is required.  
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iii. Influence of surface charge of HAP on Sb(V) sorption  

Figure 10 shows the Sb(V) sorbed on HAP as a function of pH at four initial Sb(V) concentrations. For all 

Sb(V) concentrations, the sorbed fraction decreases with increasing pH.  A distinct inflection in sorption 

curves (that would represent a pH edge) is not evident.  Nevertheless, the decrease in sorption with 

increasing pH is consistent with the behavior expected for an anion. The PZC value of HAP is 7.6 ± 0.1, 

and the lowest observed sorption in Figure 10 at this pH is consistent with expected behavior.  

Characterization of precipitates during sorption 

The isotherm results showing a sharp increase in uptake at higher Sb(V) concentrations suggest a 

different uptake mechanism relative to lower Sb(V) concentrations. In other studies, a sharp increase in 

uptake has commonly been explained as the result of surface or bulk precipitation of a second phase.  As 

the sharp increase in uptake is dependent on ionic strength, it was considered that any precipitation 

process could involve a component of the background electrolyte, NaCl. Separate experiments were 

performed that duplicated initial solution conditions in suspensions in the absence of HAP.  With no 

initial solid phase present, any precipitation could be identified in the filtrate following reaction.  Figure 

11 shows XRD results for precipitates identified in filtrates at pH 5.5 and 7. Comparison with the ICSD 

diffraction database reveals that the precipitate at both pH conditions is NaSb(OH)6, known as the mineral 

mopungite.   

 

DISCUSSION      

It is well known that the sorption behaviors of both cations and anions are controlled by several factors, 

including pH, concentration, and background electrolyte (Hayes and Leckie, 1987). In this study, we find 

that all these factors exert an influence on the observed uptake behavior of Sb(V) onto HAP.  The most 

notable finding of this study is the sharp increase in sorption at higher Sb(V) concentrations (Figures 4 
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and 6).  This upturn, although most pronounced at pH 7.0 and 8.0, is strongly affected by ionic strength 

(Figures 8 and 9).  We therefore consider that the presence of NaCl as the background electrolyte is one 

of the primary factors to control the sorption behavior of Sb(V) on HAP at higher Sb(V) concentrations.  

Sodium ion in solution from the NaCl electrolyte allows for  precipitation between Na+ and Sb(OH)6
- to 

form sodium hexa-hydroxoantimonate (NaSb(OH)6), which is the mineral mopungite. To ascertain if the 

solution was oversaturated with respect to NaSb(OH)6, we modeled initial solution conditions using 

PhreeqC, as described below.  

Sb complexation with Na+ 

The solubility of NaSb(OH)6, mopungite,  was reported by Blandame et al. (1974) as Ksp = 8.89 * 10-6 

(log K = -4.96, Table 2).  Among the alkali metal hydroxoantimonates, the sodium form is the least 

soluble at room temperature, with the trend in solubilities Cs+ > Rb+ > K+ > Na+ < Li+. This also may 

explain the slow dissolution of the KSb(OH)6 reagent. The reported solubility product for mopungite and 

thermodynamic data for related species (Filella et al., 2009) were used for PhreeqC modeling of 

saturation states for initial solution conditions during isotherm experiments (See Table 2).   

The saturation index (SI) values modeled with PhreeqC are presented in Figure 12. The SI value for 

mopungite is plotted as a function of initial Sb(V) in the suspension for pH 5.5 and 7.0. Values of SI > 0 

represent supersaturated solution conditions and values < 0 represent undersaturated solution conditions.  

The SI values in Figure 12 show that mopungite precipitation is favored only for the highest Sb(V) 

concentration at I = 0.01 M NaCl (for both pH 5.5 and 7.0).  All other initial solutions are undersaturated 

with respect to mopungite. However, we observe a sharp upturn in sorption at lower concentrations and 

lower Sb(V) concentration, which we have suggested may be due to precipitation. Hence, if the observed 

upturn in sorption is due to precipitation of mopungite, it occurs at a lower Sb(V) concentration and lower 

ionic strength than predicted by the thermodynamic calculations. There are several possible explanations 

for this discrepancy.  First, it is known that surface precipitation may occur at lower saturation conditions 
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than in bulk solution.  The HAP surface may facilitate such precipitation even though the calculations do 

not support precipitation in bulk solution.  Second, we cannot rule out the possibility that the solubility 

product reported for mopungite is in error; there is no way to evaluate that further in this study.  Finally, it 

is possible that surface precipitation results in a phase, possibly a mixed phase, other than mopungite.  We 

note that XRD results described earlier indicate that mopungite does indeed precipitate at 0.1 M and 2000 

μM Sb(V) at both pH 5.5 and 7.  However, these conditions are not equivalent to those used in our 

sorption experiments.  Ultimately, we are unable to resolve this discrepancy with the currently available 

data, and further study is required.  

Sb(V) complexation with Ca2+  

 

Previous work that investigated possible precipitation reactions showed that calcium antimonates, such as 

Ca[Sb(OH)6]2 and Ca2Sb2O7 (romeite), could be solubility limiting phases (Ainsworth et al. (1990), Oorts 

et al. (2008), Diemar et al. (2009)).  The HAP-equilibrated solutions clearly contain Ca2+. However, the 

PhreeqC calculations showed that equilibrated suspensions were undersaturated with respect to these 

calcium antimonate phases. 

Sb(V) sorption on Hydroxyapatite 

The sorption behavior of anions on mineral surfaces is controlled by multiple factors, such as pH, ionic 

strength, the surface charge and sites of the sorbent and background electrolyte (Stumm (1987), Sposito 

(1984), Parks (1990)). The results presented here show that adsorption behavior of Sb(V) on HAP 

depends on  pH, ionic strength, Sb(V) concentration, and the background electrolyte. It is not possible to 

determine the maximum in adsorption (Гmax) because of the occurrence of apparent precipitation at high 

initial Sb(V) concentration.   

i) Use of nonlinear regression for Langmuir and Freundlich models 
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Various types of isotherms can be used to model the distribution of sorbate between the solution and the 

surface of the sorbent. The Langmuir and Freundlich isotherms are the most widely used types of 

isotherms. The Langmuir isotherm is based on the assumption of limited surface sites available for the 

sorbate, and this results in a plateau corresponding to the maximum adsorption. The Freundlich isotherm 

does not exhibit a maximum in adsorption. It is commonly used for empirical modeling of sorption 

behavior. The nonlinear regression function in Sigma plot 13.0 (Systat Software, Inc.) was used to model 

sorption data with both the Langmuir and Freundlich equations.  Fit parameters for the Langmuir (Ka and 

Bmzx) and for the Freudlich (KF and n) models were determined. Because of the sharp upturn in sorption 

above 750 µM, fitting was limited to the concentration range below 750 µM . Table 3 shows the 

parameters obtained for both equations. Figure 13 shows both fitted isotherm models for the sorption data 

at pH 5.5 (I = 0.005 M) and pH 8.0 (I = 0.01 M). It is found that both models represent the sorption 

isotherms equally well over the limited data range shown. Furthermore, in the absence of a clear 

maximum in uptake, no preference in model can be identified.   

Surface area and charge of hydroxyapatite 

i) Surface site of hydroxyapatite 

Hydroxyapatite, which was obtained from Acros (LOT#0321992, CAS : 1306-06-5), has a surface area of 

70.1 m2/g as determined by N2 BET measurements. The desired particle loading of hydroxyapatite is 1.0 

g/L. Therefore, the number of Sb(V) ions sorbed onto on HAP per unit area could be calculated. Table 4 

contains calculated Sb ions per nm2 on HAP. The number of Ca2+ sites on the (110) surface of HAP is 6. 

We estimate that this corresponds to the maximum number of potential sorption sites for Sb(V) surface 

complexes, and typical monolayer coverageis likely half that value.  It is useful to compare the actual 

coverage of Sb(V) with the maximum number of available surface sites, which gives an estimation of 

fractional monolayer coverage.  The calculated surface site coverage is less than 1 except for the higher 

initial Sb(V) concentrations, over the entire pH range at both ionic strength conditions (Table 4).  This 



 

13 

 

result is consistent with Sb(V) adsorption at lower Sb(V) concentrations in solution and the absence of a 

maximum.  At higher Sb(V) solution concentrations, where the calculated surface site coverage exceeds 

2-3, this is consistent with surface precipitation. Therefore, the sorption of Sb(V) on the surface of HAP is 

likely dominated by surface precipitation at highest Sb(V) concentrations and adsorption at lower Sb(V) 

concentrations.   

Surface charge of hydroxyapatite 

The surface charge of HAP can be altered by interaction with surrounding conditions, such as background 

electrolyte and pH of the solution. Generally, the net surface charge of hydroxyapatite is positive at pH 

values below the PZC and negatively charged above the PZC (Jenne (1998), Stumm (1987)). The point of 

zero charge (PZC) corresponds to the pH at which the surface charge is zero. The location of the PZC can 

be shifted to more negative or positive directions depending on the background electrolyte concentration 

in the solution, and the resulting shift of PZC can influence sorption behavior of anions or cations 

(Sposito, 1984).  

Sb(OH)6
- is the dominant aqueous species of Sb(V) in the environment, and because it has negative 

charge the sorption behavior of Sb(V) is affected by the location of the PZC of hydroxyapatite. Figure 10 

shows that the Sb(V) sorbed on HAP depends on pH.  Although there is no distinct pH edge, it is obvious 

that as pH increases, the sorbed Sb(V) decreases. At the PZC, little Sb(V) is sorbed on the HAP surface. 

At lower pH, sorption increases.  This result is consistent with expected differences in surface charge as 

the pH changes.  

CONCLUSION 

The experimental results show that the sorption behavior of Sb(V) with hydroxyapatite is affected by pH 

and ionic strength, and strongly affected by type and concentration of background electrolyte. Similar 

with the behavior exhibited by other anions, Sb(V) adsorption decreases as pH increases, which reflects 
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the influence of decreasing positive surface charge. The presence of NaCl background electrolyte exerts 

an effect on sorption at higher Sb(V) concentration. In this study, this is caused by the formation of a 

secondary phase. Precipitation of NaSb(OH)6, mopungite, considerably affects the behavior of Sb(V) at 

higher [Sb(V)]. .  

Equally good fits of Langmuir and Freundlich isotherm models are obtained for the sorption data below 

750 µM. The calculated Sb surface coverage on HAP suggest that surface precipitation of Sb(V) on HAP 

is dominant at higher Sb(V) concentration. Therefore, it is possible to speculate that in the presence of 

NaCl solutions the sorption mechanism of Sb(V) on HAP is dominantly by precipitation at higher Sb(V) 

concentration. At  lower Sb(V) concentrations, or in the absence of dissolved NaCl, the immobilization of 

Sb(V) may occur by formation of surface complexes on the HAP surface. However, spectroscopic study 

would be needed to confirm such a mechanism The desorption behavior of Sb(V) on HAP surface also 

remains unexplored. Therefore, the stabilization of Sb(V) by HAP should be investigated for before using 

HAP as a sorbent.  

Even though much research has focused on the sorption behavior of Sb species in solution with various 

minerals under a range of conditions, the fate and movement of Sb(V) in nature is still largely unknown 

(Filella et al., 2002c). Like As, there is no known biological function for Sb in the human body, and it is 

considered toxic. Lack of understanding of Sb could result in  environmental issues, such as human health 

problems and contamination in soil and water. The occurrence of Sb in natural waters is poorly 

understood. Based on the experimental results in this study, a reaction with alkali elements is potentially 

important and could result in formation of an insoluble compound. This could be a critical factor for 

constraining the behavior of Sb(V) in environmental settings. In environmental settings there are various 

factors that affect the behavior of Sb(V) and related species. More biologically related research should be 

focused on understanding the behavior of Sb, such as oxidation reactions between Sb(III) and Sb(V), as 
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well as methylation related to biological process and the solubility of Sb in natural water to constrain the 

transport of Sb in nature.  
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Figure 1. Eh-pH diagram of Sb ( [∑Sb] = 10-8 mol/l [∑S] = 10-3 mol/) (Filella et al., 2002a) 
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Figure 2. Sb(V) aqueous speciation from pH 1.0 to 10.0 ([∑Sb(V) = 10-6], calculated with PhreeqC) 
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Figure 3. HAP XRD comparison before aging and after aging reagent 
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Figure 4. Sb(V) isotherm from pH 5.5 to 8.0 (I = 0.005 M) 
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Figure 5. Enlarged Sb(V) isotherm below [Sb(V)] ≤ 750μM for all pH values  
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Figure 6. Sb(V) isotherms from pH 5.5 to 8.0 (I = 0.01 M) 
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Figure 7. Enlarged Sb(V) isotherms below [Sb(V)] ≤ 750μM for all pH values 
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Figure 8. Isotherm comparison with different ionic strength at same pH 
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Figure 9. Isotherm comparison with different ionic strength at same pH 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 200 400 600 800 1000 1200 1400 1600 1800

S
o

rb
ed

 S
b

(V
) 

o
n

 t
h

e 
H

A
P

 (
µ

m
o

l/
g

)

Sb(V) in the solution (µM)

0.005 M

0.01 M

pH 7.0

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 200 400 600 800 1000 1200 1400 1600 1800

S
o

rb
ed

 S
b

(V
) 

o
n

 H
A

P
 (

µ
m

o
l/

g
)

Sb(V) in the solution (µM)

0.005 M

0.01 M

pH 8.0



 

28 

 

 

 

 

 

 

Figure 10. Sorbed Sb(V) on HAP as a function of pH (I = 0.005 M) 
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Figure 11. XRD Experimental result of solid precipitation at pH 5.5 and 7.0 ( [Sb(V)] = 2000 µM, I = 0.1 

M). The peaks correspond to NaSb(OH)6. 
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Figure 12. Saturation Index (SI) of value for NaSb(OH)6 modeled with PhreeqC (experimental results are 

marked) 
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Figure 13. Use of non linear regression for the Langmuir and Freudlich models (pH 5.5, I  = 0.005 M, pH 

8.0, I = 0.01 M) 
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Table 1. HAP Equilibrium Data  

 

Reactions log K 

H+ + H2PO4 ↔ H3PO4 2.21 

H+ + HPO4
2- ↔ H2PO4

- 7.81 

H+ + PO4
3- ↔ HPO4

2- 12.18 

Ca2+ + H2PO4
2- ↔ CaH2PO4

+ 1.5 

Ca2+ + HPO4
2- ↔ CaHPO4 2.83 

Ca2+ + PO4
3- ↔ CaPO4- 6.54 

Ca5(PO4)3OH ↔ 5Ca2+ + 3PO4
3- + OH- 59 
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Table 2. Sb(V) related Solid Phase 

 

Solid Reaction log K  

Pyroantimonates Ca2Sb2O7 + 2H+ + 5H2O = 2Ca2+ + 2Sb(OH)6
- - 6.7 (G. Cornelis et al. 2011) 

Romeite Ca(Sb(OH)6)2 = Ca2+ + 2Sb(OH)6
- -12.55 (G. Cornelis et al. 2011) 

Mopungite NaSb(OH)6 = Na+ + Sb(OH)6
- - 4.95 

(Blandame.Mj et al., 

1974) 
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Table 3. Calculated parameters form Langmuir and Freundlich isotherm 

 

 

Langmuir isotherm parameters 

pH I = 0.005 M Bmax Kd I = 0.01 M Bmax Kd 

5.5 
 

401.93 598.44 
 

440.43 759.80 

6 
 

99.00 158.04 
 

358.57 824.13 

7 
 

92.73 259.05 
 

206.43 152.28 

8 
 

N.D. N.D. 
 

186.01 162.57 

       

       
Freundlich isotherm parameters 

pH I = 0.005 M KF n I = 0.01 M KF n 

5.5 
 

1.88 0.74 
 

2.57 0.67 

6 
 

5.38 0.43 
 

0.90 0.41 

7 
 

1.12 0.67 
 

9.80 0.44 

8 
 

8.23 0.45 
 

8.23 0.45 
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Table 4. Calculated Sb/nm2 on HAP  

 

 

 
Site Density 

I = 0.005 M pH5.5 pH 6.0 pH 7.0 pH 8.0 

μM Sb/nm2 

50 0.20 0.17 0.05 0.05 

100 0.35 0.27 0.10 0.07 

200 0.59 0.40 0.23 0.11 

300 0.90 0.50 0.30 0.24 

500 1.22 0.61 0.72 0.41 

750 1.70 0.72 1.42 0.76 

1000 2.25 1.18 3.54 1.39 

1500 4.00 3.92 8.43 4.39 

2000 6.92 12.69 13.50 10.03 

  

 
Site Density 

I = 0.01 M pH5.5 pH 6.0 pH 7.0 pH 8.0 

μM Sb/nm2 

50 0.21 0.15 0.11 0.11 

100 0.36 0.29 0.29 0.32 

200 0.60 0.53 0.79 0.69 

300 0.80 0.64 1.28 1.09 

500 1.18 0.94 0.41 0.05 

750 1.53 1.23 1.30 1.18 

1000 1.99 1.61 2.96 3.02 

1500 3.19 2.55 7.28 6.25 

2000 4.77 5.50 12.11 11.78 
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Appendix 1.  

  

Figure 1. L: The distribution of measured value of background signals and the standard deviation with Gaussian 

shape. R: The relation between xB, xLLD and xLoD.  

 

Introduction 

Detection limit can be broadly defined as the minimum concentration of an element that can be measured 

with an analytical technique. This concept can be further parsed out into a lower limit of detection (LLD) 

and a limit of determination (LoD), where the former term refers to the lowest concentration at which an 

unambiguous detection of measurable signal can be made, and the latter refers to the lowest concentration 

at which the concentration can be reliably quantified (Potts, 1987, A Handbook of Silicate Rock Analysis).  

Diagrams reproduced from Potts, 1987 (Figure 1, below) illustrate the general concepts for the 

determination of LoD and LLD: (1) the detection limit signal should be placed on a randomly measured 

background measurement. (2) The measurements should show a normal distribution characterized by a 

mean background signal µB and a standard deviation δB. (3) The detection limit can be determined with xB 

and δB. Figure 1 presents the relation among lower limit of detection (xLLD), limit of determination (xLOD), 

and the background (xB).  

At the lower limit of detection (xLLD), the concentration of the element cannot be reliably determined, but 

a signal can be measured. This signal has a value of xB + 3δB. The limit of determination (xLoD), which 

can be used for quantification, is the measurement that shows the value of xB + 6δB above the 

background. 
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In this study, we determined the LoD (as defined by Potts, 1987) for antimony on the iCAP 6000 ICP-

OES using the set of measurements described below.  Our results for this series of measurements are in 

shown on Figure 2.  

Method 

i) Measured a solution with Sb(V) in a known concentration (50 ppm) 3 times.  

ii) Measured a blank solution 20 times 

iii) Calculated the average value of 20 blank measurements and +/- standard deviation 

from the measurement.  

iv) Calculate the limit of detection with the equation.  

v) Calculated the limit of detection for Sb(V) is 0.90ppm ( = 7.31µM) 

 

 

Figure 2: Determination of detection limit of Sb(V) on ICP-OES 
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Appendix 2.  

Calculation of Sb(V) on HAP 

 

𝑆𝑏(𝑉)

𝑛𝑚2  =  
𝑋 𝑚𝑜𝑙𝑒 𝑜𝑓 𝑆𝑏(𝑉)

𝑔 (𝐻𝐴𝑃)
∗  

1𝑔 (𝐻𝐴𝑃)∗1𝑚2

1 𝑚𝑜𝑙𝑒∗ 70.1𝑚2 ∗
6.02∗ 1023

1018𝑛𝑚2   

 


