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ABSTRACT. HAP powder of a low crystallinity and rather large specific 
surface area was synthesized by an environmentally friendly, cost effective 
precipitation method, and characterized by XRD, FTIR, and BET isotherms. 
TEM and AFM are used to envisage the surface of HAP nano particles, 
showing a high porosity of this ceramic powder. It was used for the removal 
of metals (Al, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn) from mine wastewater. 
Metal contents in the initial and treated samples were quantified by inductively 
coupled plasma atomic emission spectrometry and high-resolution continuum 
source atomic absorption spectrometry. By the use of HAP, an efficient removal 
of all metals was ensured. The increase of Ca2+ ions content in the treated 
water suggests an ion exchange mechanism.  
 
Keywords: hydroxyapatite, heavy metal removal, mine wastewater, sorption 
kinetics 

 
 
 
INTRODUCTION  

 
The presence of heavy metals in wastewater [1-6], resulting from mining 

operations, various manufacturing industries, leather tanning, paper production, 
fertilizers, photographic materials, explosives, is a major environmental concern. 
These elements can enter the human body both in a direct manner and 
following the food chain [7, 8]. Easily accumulated by organisms and non-
biodegradable [1] heavy metals can lead to a large number of potentially deadly 
health issues [8-10] Some metals can be toxic even in small concentrations [11]. 
The admissible levels of heavy metals are regulated in most countries [12, 
13], during the wastewater treatment.  
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With water playing a crucial role in a sustainable development, the 
removal of heavy metals from contaminated waters has been the subject of 
many studies. Some examples are: strontium [14], iron [2, 15-18], lead [1-4, 6, 
15, 18-28], cadmium [2, 3, 7, 18, 25, 29-33], zinc [2, 5, 15, 16,18, 22, 23, 29, 
32], nickel [2, 8, 10, 17, 18, 31], chromium [18, 32, 35], arsenic [9], copper [17-
20, 22, 24, 25, 32, 33], manganese [15, 16, 23], mercury [36], cobalt [18, 37]).  

Some of the methods employed in the removal of these elements 
involve physical (e.g., membrane filtration, coagulation, adsorption on both 
stable and floating beds, reverse osmosis), chemical (such as, neutralization with 
various materials, including lime, ion exchange, adsorption, chemical oxidation 
or reduction) and biological processes [2-4, 9, 14, 15, 23, 34, 35]. The latter 
category presents certain models that are not easily implemented in industrial 
conditions as they require high manufacturing costs and are too complex [2]. 

The published data revealed that adsorption onto solids has been a 
preferred method, due to being simple, highly-selective, relatively low cost 
and showing very few to no problems [11, 14]. Among organic and inorganic 
materials used are: both natural [7, 10, 32, 35] and synthetic hydroxyapatite 
(HAP) [1, 2, 19, 21, 24], and various composites containing it [3, 4, 6, 25, 37], 
zeolites [23] polymers, organic resins [8], silicate sand, bentonite [6, 23], 
carbon nanotubes [4], coals [8, 9], bone charcoals [17], and natural waste 
materials (spent coffee grounds, fruit waste, nut and eggshells, rice husks, 
bamboo, saw dust, tea waste, grape stalks, algae, wood) [1, 9, 26, 32, 34, 
37]. 

Hydroxyapatite (HAP, Ca10(PO4)6(OH)2), a naturally available form of 
calcium phosphate and a component of hard tissues [15, 26, 27]), has been 
reported to act as an efficient ion removal material for various heavy metals 
from aqueous solutions due to its excellent reactivity and low water solubility 
[8, 14, 35]. The high structure stability of HAP, along with its flexibility permit a 
large variety of substitutions (especially Ca with divalent heavy metal ions, 
such as Pb, Cu, Sb, Zn, Cd, Co, Ni, U, Hg, As [6, 8, 18, 27, 28, 33, 34, 38-
40], of great importance in the field of environmental science [34].  

HAP can be synthesized through various methods, including sol-gel [24], 
wet precipitation [6, 31, 41-44], combustion and ultrasonic [32]. Its slightly-
alkaline pH and high biocompatibility will not likely cause any form of secondary 
environmental damage [19]. The efficiency of HAP in removing heavy metal 
ions heavily depends on ion nature, charge, diameter and concentration, as 
well as the properties of the treated water (pH, temperature) [8, 25]. In addition, 
the removal of HAP from the purified aqueous solution is not without problems 
[38], as is the isolation of some important heavy metals from it [3, 36]. 
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Some studies have tried to enhance the properties of hydroxyapatite 
(improved porosity, specific surface area, mechanical properties, etc. [6, 27]) 
through the addition of non-toxic polymers, abundantly found in nature – 
dextran [27], chitosan [4, 38], carboxymethyl cellulose [26, 36], alginate, gelatin 
[21]. However, these additions do tend to increase the manufacturing cost, 
thus making it difficult to translate from a laboratory level to an industrial 
one. Other studies have tried to combine the reactivity of hydroxyapatite as an 
adsorbent with a magnetic separation process for an increased adsorption 
of heavy metal ions, synthesizing magnetic HAP particles [22] or magnetic 
core-shell nanocomposites [5]. Ca deficient HAP has also been reported to 
exhibit different ion substitution ability to stoichiometric HAP [18], due to its 
large number of Ca-deficient sites. While the main focus of some research 
groups is to enhance the properties of HAP by using its composites with various 
polymers, such as chitosan, others choose to focus on cost effectiveness, 
by synthesizing hydroxyapatite, using environmental friendly methods. 

The aim of this study was to develop a rapid and low cost method to 
remove metal ions from mine wastewaters, using a low crystalline HAP 
prepared by a precipitation method [41]. This study meant to correlate the ion 
adsorption behaviour of a low crystallinity HAP, and its efficiency in removal 
of a large range of various metals (Al, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and 
Zn) from a multi-component Roșia Montana mine wastewater.  
 
 
RESULTS AND DISCUSSION 

 
Hydroxyapatite characterization 
X-ray diffraction pattern (Fig. 1) shows, by comparison with PDF 74-

0566 (characteristic for stoichiometric HAP) that synthesized HAP sample 
contains only pure hydroxyapatite. Average crystallite size was evaluated, using 
Scherrer formula, to be 23.3 nm, and the degree of crystallinity was obtained, 
using Reflex computer program, as 32.3%. This nanoHAP with rather low 
crystallinity is expected to present good adsorptive properties. 

The FTIR spectrum (Fig. 2) presents the absorption bands of 
hydroxyapatite, corresponding to vibrations of PO4 and OH groups characteristic 
for HAP, and of OH groups from adsorbed water  

An example of TEM image (Fig.3) for the HAP sample in aqueous 
dispersion reveals acicular assemblies of particles, with a diameter of 15-20 nm. 
These dimensions are confirmed by the atomic force microscopy (AFM) images 
(an example is given in Fig. 4). 

Brunauer-Emmett-Teller (BET) analysis on HAP powder gave a specific 
surface area of 106.5 m2/g and a specific volume of the pores of 0.358 cm3/g. 
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The large specific surface area recommends HAP as a good adsorbent. From 
the surface area, a rough estimation of the particles size is possible, using the 
formula 

݀ ൌ 	
଺

ௌఘ
                      (1) 

where d is the average diameter of particles, S is the specific surface area 
and ρ is the density of the material; using the theoretical density of HAP: 
3.14 g/cm3 [45], a value of 17.9 nm is found for the average diameter of a 
HAP particle. 

 

 

Figure 1. XRD pattern for HAP sample, compared with PDF 74-0566 for 
stoichiometric hydroxyapatite 
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Figure 2. FTIR spectrum of HAP  
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Figure 3. TEM image of HAP; the bar is 100 nm 
 

      
                a                             b                                                             c 

 

Figure 4. AFM images for HAP, adsorbed on glass support: 2D topography (a), 
phase image (b), cross section profile (c) along the arrow in panel (a);  

scanned area of 1µm x 1µm 

   
Metal ions removal from mine wastewater samples 
The removal degree, R (%), was calculated as 

ܴ	ሺ%ሻ ൌ 	100
௖బି௖೐
௖బ

               (2) 

where c0 is the element’ content (mg/L) in the initial mine wastewater sample, 
while ce is its final content at equilibrium, after adsorption for 120 min on HAP. 
The initial and final content, and the calculated removal degree for each metal 
are given in Table 1, along with the standard errors from determinations on 
3 parallel samples. In the same table the limit values for the metal content 
admissible in wastewater discharged in natural waters [12] are indicated.  

All metal ions are removed to final values below the values admitted 
in standards for wastewaters. The removal degree is near to 100% for metals 
existent in higher amounts in the wastewater, and lower (60-80%) for those 
present initially only in very low concentration (even under the admitted limit 
value – Table 1). Probably, their sorption on the surface of HAP nanoparticles 
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is limited by the simultaneous sorption of ions existent in high excess in the 
wastewater. The confidence intervals are wide due to the existence of some 
metals (Cu, Cr, Pb, Ni) near the quantification limit of analytical methods. However, 
an efficient removal of these metals below the values of admitted levels in 
wastewater in the presence of those in high concentrations can also be observed.  
 
Table 1. Metal removal from mine wastewaters using nano HAP powder (results are 

given as mean ± confidence interval for n = 3 and 95% confidence level) 
 

Metal Initial content 
c0, mg/L 

Final content 
ce, mg/L 

Removal 
degree, %a 

Limit value for 
wastewater, mg/L 

[12] 
Al 
Cd 
Co 
Cr 
Cu 
Fe 
Mn 
Ni 
Pb 
Zn 

313 ± 37 
0.21 ± 0.07 
1.1 ± 0.6 

0.046 ± 0.024 
1.0 ± 0.7 
92 ± 9 
190 ± 5 

0.47 ± 0.22 
0.16 ± 0.07 
14.4 ± 0.9 

1.9 ± 0.6 
0.068 ± 0.043 
0.15 ± 0.07 

0.009 ± 0.006 
0.014 ± 0.011 

0.9 ± 0.6 
0.81 ± 0.48 
0.16 ± 0.09 

0.066 ± 0.045 
0.18 ± 0.08 

99 ± 12 
68 ± 58 
86 ± 63 
80 ± 66 
99 ± 71 
99 ± 10 
100 ± 3 
66 ± 77 
59 ± 88 
99 ± 6 

5 
0.2 
1 
1 

0.1 
5 
1 

0.5 
0.2 
0.5 

a the removal degree and its confidence interval were calculated by a concentration 
difference and pooled standard deviation 

 
Adsorption kinetics of Mn2+ ions on HAP 
The concentration of Mn2+ ions in mine wastewater was measured at 

different time points. The Mn uptake, x, from the contaminated solution on 
the HAP, was calculated in mg Mn/g HAP for each moment by the formula: 

ݔ ൌ 	
ሺ௖బି௖೟ሻ௏

௠
                 (3) 

where co is the initial Mn2+ content, ct is the content at time t (mg/L), V is the 
volume of solution (0.1 L), and m is the mass of HAP (10 g).  

In order to assess the kinetics of Mn removal from the solution, three 
kinetic models were used [3], assuming a pseudo-first-order kinetic [46], a 
pseudo-second order kinetic [47], and an intraparticle diffusion model [48]. 

The first order kinetic (Lagergren kinetic) would be described by the 
equation: 

ௗ௫

ௗ௧
ൌ ݇ଵሺݔ௘ െ  ሻ                (4)ݔ

where xe is the sorbed amount at equilibrium, assumed to be the value at 
960 min, and k1 is the first order adsorption rate constant. The representation 
of the linearized form of the integrated equation: 

lnሺݔ௘ െ ሻݔ ൌ ln ௘ݔ െ ݇ଵݐ        (4a) 
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as ln (xe-x) = f(t) should give a straight line if the equation would apply. The 
poor linearity observed in Fig. 5a (r2 = 0.62) shows this model to be inadequate 
here. 

The 2nd order kinetic equation:  
ௗ௫

ௗ௧
ൌ 	݇ଶሺݔ௘ െ  ሻଶ     (5)ݔ

with k2 as second order sorption rate constant, linearized after integration as: 
௧

௫
ൌ 	

ଵ

௞మ௫೐
మ ൅	

௧

௫೐
      (5a) 

gives in the representation: t/x = f(t) a perfect straight line (Fig. 5b), with r2 = 
0.9999; thus this model best describes the kinetics of Mn sorption on HAP. 
 The third model assumes the diffusion to be the rate-limiting step in 
the sorption, using an equation for intraparticles diffusion rate: 

ݔ ൌ ݇ௗݐଵ/ଶ ൅  (6)     .ݐݏ݊݋ܿ

where kd is the diffusion rate constant and const. an integration constant. The 
representation of x = f(t1/2) in Fig. 5c shows no linear correlation (r2 = 0.32), so 
this model is not applicable in our case. Nevertheless, for the first 15 minutes of 
sample contact with HAP, a quite good correlation is found (r2 = 0.985, Fig. 5d) 
with kd = 0.480 ± 0.034 and const. = 0. 02 ± 0.07. 

From the parameters of the linear plot of equation (5a) for the pseudo 
second order kinetics: intercept, a = 0.57502, and slope, b = 0.52808, we can 
calculate the xe value: xe = 1/b = 1.894 mg/g, very close to the assumed value 
1.891, and the pseudo second order rate constant k2 = 1/(axe

2) = 0.485 
g·mg-1·min-1 = 29.1 g·mg-1·h-1. A second order reaction kinetic was observed also 
for the sorption on hydroxyapatite of other metal ions, such as Cd2+ [3], Cu2+ 
[19], Ni2+ [10], Zn2+ [34], Cr(VI) [35], or Pb2+ [3, 19, 21]. For the adsorption of 
Co2+on a HAP/zeolite composite [34], Pb2+ on a HAP/bentonite composite [6], 
Cr(VI), Zn2+, and Cd2+ on HAP/chitosan composite [38], of Mn2+, Fe2+, Ni2+, 
and Cu2+ on charcoal [17], the same pseudo-second order kinetic was found. 

We could assume that for the initial stage (about 15 min), diffusion is 
important; subsequently, the second order chemical process is rate determining.  

Hydroxyapatite immobilizes heavy metal ions from aqueous solutions 
in various ways. Some of these mechanisms include: surface complexation, 
ion exchange, dissolution followed by the precipitation of metal phosphates, 
and the substitution of Ca2+ present in the HAP structure by other divalent 
heavy metals during co-precipitation [16, 18, 28, 34]. Literature presents very 
little information on the specific contribution of these processes, leading 
researchers to believe that they are all employed at the same time [16, 34] 
(in aqueous solutions containing multiple competing heavy metal ions [33]). 
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a                                                             b 

      
c                                                             d 

 

Figure 5. Plots of linearized kinetic equations for pseudo first order (a), pseudo 
second order (b) and intramolecular diffusion (c, d) kinetics of Mn sorption on HAP 
 

The sorption process of metal ions involves complex adsorption on 
the adsorption sites on the HAP surface [19]. For the mechanism of ions 
retention, ion exchange was considered, for instance for Pb2+ [1, 15], where the 
incorporation of Pb in the HAP lattice was evidenced, or for Cd2+ [33]. For Zn2+, 
Fe2+ and Mn2+ the formation of metal phosphates was considered [15], by 
dissolution of HAP and precipitation of phosphate ions with the heavy metal 
ions. 

During the metals removal process, an increase of the Ca2+ content in 
the solution was observed, from initially 115.5 mg/L to 287.3 mg/L (after 120 min), 
which corresponds to the release of 4.29 mmol/L. The total amount of heavy 
metal ions removed from the solution (Table 1) in the same time is 5.35 mmol/L. 
So, most of the heavy metal ions were exchanged with Ca2+ ions during sorption, 
while other were simply adsorbed on the surface of HAP. 
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CONCLUSIONS 
 
Our study has evidenced that low crystallinity HAP can be successfully 

used in heavy metal removal from mine wastewater. For all the 10 metals 
analyzed (Al, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn), their content was rapidly 
reduced by contact with HAP under the legal admissible limits for wastewater 
discharge in natural environment. The importance of ion exchange in sorption 
processes was revealed and the pseudo-2nd order kinetics of manganese ions 
sorption on HAP was assessed. 
 
 
EXPERIMENTAL SECTION 

 
The nano-hydroxyapatite was prepared by the direct reaction of calcium 

nitrate and diammonium hydrogen phosphate at basic pH. The calcium nitrate 
solution (0.25 M), prepared from Ca(NO3)2·4H2O (pure p.a., Merck) in ultrapure 
water, with addition of 25% ammonia solution to pH 8.5 was mixed at room 
temperature with an equal volume of 0.15 M (NH4)2HPO4 (pure p.a., Sigma-
Aldrich), with pH 11 (fixed with ammonia solution). The mixing was achieved 
rapidly, using a peristaltic pump (Masterflex L/S Digital Drive, 600 RPM, 115/230 
VAC, EW-07523-80) and an impact reactor type Y To assist the formation of 
the HAP lattice, the so obtained dispersion was maintained for a maturation 
stage at room temperature (22oC) for 24 h. After subsequent filtration and 
washing with ultrapure water (until no nitrate ions were detected), the wet 
precipitate was dried by lyophilization (freeze drying process). The dried material 
was dispersed by grinding in an agate mortar. 

X-Ray Diffraction (XRD) investigations: a DRON-3 diffractometer was 
used, in Bragg-Brentano geometry, equipped with a X-ray tube with Co Kα 
radiation (wavelength 1.79026 Å), 25 kV/20 mA. FTIR spectra were determined 
on the HP powder in KBr pellets, using a FTIR spectrometer JASCO 6100 
in the 4000-400 cm-1 range of wave numbers, with a 4 cm-1 resolution.  

TEM images were obtained with a transmission electron microscope 
(TEM, JEOL – JEM 1010); the aqueous dispersion of the HAP sample was 
adsorbed on the specimen grids. The same HAP dispersion was used for the 
preparation of samples for atomic force microscopy, AFM JEOL 4210 used in 
tapping mode, [49-53], after HAP adsorption for 10 s on glass. The images 
were processed by the standard AFM-JEOL procedures. 

For BET analysis an automated Sorptomatic 1990 instrument was 
used, with nitrogen adsorption at 77 K. The calculation of surface area was 
made in the P/Po range between 0.03 and 0.3, and the total pore volume was 
determined at P/Po = 0.95. Before the analysis the samples were outgassed 
for 6 h at 70 oC. 
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The ion adsorption capacity of synthetic hydroxyapatite was studied 
using raw, non-treated wastewater collected from Roşia Montană, Alba County, 
Romania. Adsorption experiments were carried out in controlled conditions 
using a predetermined wastewater/HAP ratio, namely 100 ml wastewater to 
10 g HAP. All experiments were performed by submitting the HAP/wastewater 
mixture to magnetic stirring for `100 minutes, followed by a 20 minutes 
sedimentation period. For manganese, samples were collected in a time span 
ranging from one minute to 960 minutes, for kinetics determination purposes. 
All samples were filtered using Millipore syringe filters (0.22 µm).  

Treated water samples were analyzed by Inductively Coupled Plasma 
Atomic Emission Spectrometry using a Spectro Ciros CCD spectrometer 
(Spectro Ciros, Germany) and High-Resolution Continuum Source Atomic 
Absorption Spectrometry using a ContrAA 300 flame spectrometer (Analytik 
Jena, Germany). The results are calculated as the mean values of 3 independent 
measurements. 
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