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a b s t r a c t
Chemical neutralization of aqueous cadmium by adding soluble phosphorus compounds has 
been successfully applied to treat contaminated waters. However, the reagent costs are relatively 
high. The present work proposes a novel alternative approach for removing aqueous cadmium 
from wastewaters through an in-situ precipitation reaction promoted by adding phosphate solu-
tions prepared by acid digestion of waste animal bones. As the major components of the biologic 
phosphates, calcium hydroxyapatite Ca10(PO4)6(OH)2, and tricalcium phosphate Ca3(PO4)2 pow-
ders were firstly synthesized and used as model sources of PO4

–3 ions to investigate the optimal 
neutralization conditions. The extraction at pH 7 revealed that equilibrium was rapidly estab-
lished, and the kinetics data could well be described by the pseudo-second-order model. This 
model is related to chemical bonding reactions between Cd2+ from synthetic wastewater with 
a Cd2+ concentration of 50  mg  L–1 and the added bone-derived ions (Ca2+, PO4

–3), forming Ca(10–x)-
Cdx-phosphate apatites with Cd molar fractions x up to ~8.7. The precipitates were characterized 
by different spectroscopic techniques (Fourier transform infrared, X-ray diffraction, and scan-
ning electron microscopy-energy dispersive X-ray spectroscopy). The experiments revealed that 
this novel approach enables removing high degrees (up to ~99%) of aqueous cadmium from 
contaminated waters with Cd2+ concentrations within the range of 50-500 mg L–1.
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1. Introduction

Contamination due to the presence of heavy metals in 
soil, surface, and groundwater, is one of the major issues 
of the environmental sciences. The main sources of metals 
released into the environment include industrial wastes, 
operating mining sites, phosphate fertilizer manufacture, 
and use [1–3]. Nowadays, much attention is being paid to 
the environmental problems associated with heavy metals. 

Thus, there are considerable scientific and technological 
interests in modeling the environmental flow of aqueous 
metals, and in implementing effective regulatory control 
strategies to mitigate these problems.

One of the most harmful heavy metals, even at a low 
level, is cadmium [4–6]. The most severe stage of chronic 
poisoning related to cadmium exposure by oral route is 
the Itai–Itai disease, described in Japan in the 1960s [7]. Its 
bioaccumulation in human organisms could degenerate 
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into very serious diseases such as kidney dis-function [8], 
hypertension [9], osteoporosis [10], and even cancer [11,12]. 
Therefore, continuous efforts have been made toward 
reducing this pollutant from contaminated sites. With this 
purpose, several methods have been attempted such as pre-
cipitation [13,14], membrane separation [15], ion exchange 
[16], biological process [17], and adsorption on activated 
carbon and apatites [18–20]. Among these remediation 
techniques, the in-situ phosphate formation is potentially 
the most environmentally attractive one due its ability to 
immobilize high levels of toxic metals into stable phos-
phate compounds, such as tricalcium phosphate Ca3(PO4)2 
(TCP) and calcium hydroxyapatite Ca10(PO4)6(OH)2 (HAp), 
with heavy metal cations partially replacing Ca2+ ions in 
their lattices. Such replacements are facilitated especially 
when the ionic species have similar ionic radii as in the 
case Cd2+ (0.95  Å) and Ca2+ (1.00  Å). However, the abil-
ity of calcium phosphates to accommodate strange ionic 
species with significantly different ionic radii such as 
Sr2+ (1.20 Å), Mg2+ (0.69 Å), and Zn2+ (0.74 Å) [21–26], and 
many other, including anions [26], has been intensively 
explored for incorporating therapeutic ions and obtaining 
biomaterials with enhanced biological performances.

Cadmium, like other heavy metals in water, could be 
neutralized by its adsorption onto calcium phosphates 
through batch equilibrium technique [27,28], or by pre-
cipitation of metal-phosphates through the addition of the 
soluble phosphorus compounds [13]. Thereby, the mobile 
ionic forms are converted into stable metal-phosphates, 
alleviating the environmental concerns [29]. Nevertheless, 
the manufacturing costs of sorbents and the relatively 
high expensive chemicals used to precipitate this pollutant 
constitute the main drawbacks of these procedures.

The novel alternative approach adopted in the present 
study involves the acid digestion of waste animal bones 
and using the as obtained phosphate-containing solution to 
precipitate aqueous cadmium from contaminated waters. 
The efficacy of the procedure was firstly tested using acid 
solutions of synthetic HAp and TCP powders with dif-
ferent concentrations as sources of PO4

3– ions, since these 
calcium phosphate phases are the major components of 
the biological phosphates [25,26,30]. The optimal precipi-
tation/neutralization conditions were then applied to the 
P-containing solutions derived from the acid digestion of 
waste animal bones.

2. Materials and methods

2.1. Material preparation and characterization

Samples of rabbit and chicken waste bones were collected 
from local restaurants, separated by animal type, and here-
after denoted as RBw and CBw, respectively. The samples 
were firstly cleaned and boiled in water for 2 h in order to 
facilitate the removal of soft tissues and collagen. After that, 
the defatted samples were dried and finely grinded to pow-
ders, and finally submitted to acid digestion without any 
further thermal treatment. Energy-dispersive X-ray spec-
troscopy (EDS) analyses were carried out on the powdered 
bones in order to determine the main elements. According 
to the chemical analysis, the compositions of the biological 
apatites can be expressed by the following formulas:

RBw: Ca9.62Mg0.14Na0.19Al0.04(PO4)5.62(CO3)0.38(OH)1.62	 (1)

CBw: Ca9.42Mg0.25Na0.23Al0.10(PO4)5.42(CO3)0.58(OH)1.42	 (2)

The model phosphate compounds were synthesized 
according to the wet precipitation route [31,32]. Thus, 
HAp powder was prepared by the dropwise addition of a 
diammonium hydrogen phosphate solution (NH4)2HPO4 
into a boiling solution of calcium nitrate Ca(NO3)2·4H2O, 
whereas, TCP powder was obtained by the fast precip-
itation technique which consists in quickly pouring the 
first solution into the second one at room temperature. 
The stoichiometric calcium to phosphorous molar ratios 
were planned, (Ca/P  =  1.67 for HAp, and Ca/P  =  1.50 for 
TCP). The synthesis of these compounds could be described 
by the following schemes:

10Ca(NO3)2 + 6(NH4)2HPO4 + 8NH4OH →  
 Ca10(PO4)6(OH)2 + 20NH4NO3 + 6H2O	 (3)

9Ca(NO3)2 + 6(NH4)2HPO4 + 6NH4OH →  
 3Ca3(PO4)2 + 18NH4NO3 + 6H2O	 (4)

The powders were characterized by X-ray diffraction 
(XRD) and Fourier transform infrared (FTIR) spectros-
copy, as reported elsewhere [31,32]. The lattice param-
eters determined for both samples allowed us to certify 
the purity of these products. Moreover, FTIR spectrum 
of HAp, exhibited the characteristic absorbance bands 
of PO4

3– groups appearing at 567; 601; 962; 1,039; and 
1,090 cm–1. The bands centered at 630 and 3,570 cm–1 were 
assigned to the structural OH– groups. On the other hand, 
the recorded spectrum for TCP sample revealed only the 
characteristic absorbance bands of PO4

3– groups located 
in the region 551–1,103  cm–1. All these minerals were 
submitted to acid digestion as described in the next section.

2.2. Preparation of phosphate solutions

The phosphate solutions derived from the synthesized 
model compounds (SHAp and STCP) were prepared by 
dissolving 1 g of each powder in 8 mL of a 6 wt.% HNO3 
solution. The liquid was kept under vigorous stirring and 
the total volume was adjusted to 50  mL with distillate 
water. A similar procedure was adopted for preparing the 
phosphate solutions derived from the animal waste bones 
(SRBw and SCBw), but the concentration of the HNO3 solution 
used for acid digestion was increased to 12 wt.%.

2.3. Cadmium neutralization technique

The cadmium neutralization procedure consisted in 
adding 0.25–7  mL of the as prepared phosphate solutions 
into 100  mL of the metal-contaminated waters with vari-
ous initial concentrations. The starting pH of the reaction 
medium was adjusted to three different: 5.0 ± 0.2, 7.0 ± 0.2, 
and 9.0  ±  0.2 by adding sodium hydroxide (0.1–1  M) 
solutions and no further attempts were made to maintain 
this parameter constant during the experiments. The pre-
cipitated white Ca-Cd-phosphate apatites were kept under 
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continuous stirring for 1  h to provide homogeneity, and 
the as obtained suspensions were vacuum filtrated. The 
powders were dried at 70°C and characterized by spec-
troscopic techniques, whereas the filtrate was analyzed 
for the residual Cd2+ content. The neutralization rate of 
Cd2+ ions (%) in the treated water was evaluated from the 
change in the solution’s concentration, Eq. (5):

Neutralization rate %( ) = −( )
×

C C
C

e0

0

100 	 (5)

where C0 and Ce (mg  L–1) are the concentrations of Cd2+ 
ions in the liquid phase before and after the extraction. 
An overview of the described procedure is illustrated in 
Fig. 1. The experiments were performed in duplicate and 
the error on the measurement was found to be less than 
5%. On the other hand, the Cd2+ solutions with various con-
centrations were prepared by diluting a stock solution of 
cadmium nitrate at initial metal concentration 1,000 mg L–1.

Assuming the formation of monophasic compounds of 
Ca-Cd-phosphates under alkaline pH conditions, Cd2+ ions 
will be precipitated according to the following reactions:
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where x is the molar fraction of cadmium into the con-
tinuous solid solution of Ca-Cd-phosphate (0  ≤  x  ≤  10 
for HAp and 0  ≤  x  ≤  3 for TCP) [33,34]. This parameter 
could be evaluated from the following expression:
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where VCd is the volume of the metal solution (L), Vadd is 
the added volume of SHAp or STCP (mL), nCa-phosphate is the 
molar content of the testing solution, MCd and MCa-phosphate 
are the atomic weights of cadmium and the dissolved 
starting calcium phosphate, respectively (g mol–1).

2.4. Analytical methods

The identification of the crystalline phases was carried 
out by XRD technique. The measurements were made with a 
D8 ADVANCE Bruker diffractometer (Germany) using cop-
per radiations (Kα1 = 1.5406 Å; Kα2 = 1.5445 Å). Attenuated 
total reflectance-Fourier transform infrared spectroscopy 
(ATR-FTIR) was applied to identify the functional groups 
of the different phosphates. The spectra were recorded 
between 400 and 4,000 cm–1 using a PerkinElmer Spectrum 
100 FTIR spectrometer (USA). The morphological modifi-
cations of the natural apatites after being re-precipitated in 
Cd-loaded solutions were observed by ultra-high-resolution 
Analytical Electron Microscope HR-FESEM Hitachi SU-70 
(Japan) field emission scanning electron microscopy 
(FESEM) coupled to EDS system for elemental analyses 
(SEM-EDS). The Cd2+ contents remaining in the treated 
water were determined by means a flame atomic absorption 
Spectrometer novAA 350 Analytik Jena (Germany).

3. Results and discussion

3.1. Modeling of Cd2+ precipitation

3.1.1. Effect of the phosphate solution dose 
on the cadmium removal efficiency

In order to determine the most suitable experimen-
tal conditions leading to the highest neutralization rates, 
series of experiments were carried out on Cd2+ solutions 
by varying both the initial metal concentrations (from 
10 to 50 mg L–1) and the volumes of the added phosphate 
SHAp and STCP solutions (from 0.25 to 7  mL). The results 
for Cd2+ precipitation as Ca-Cd-phosphate apatite solid 
solutions at pH 7 are displayed in Fig. 2.

In general, the precipitated quantities of Cd2+ ions are 
sensibly increased up to 2  mL of the added phosphate 
solution (SHAp) and 1 mL of its homologous (STCP). The results 
also show that the removal extent is greatly influenced 
by the initial metal concentration. In fact, increasing this 
parameter from 10 to 50  mg  L–1, increases the neutraliza-
tion rate from 65% to 95% upon adding SHAp, and from 
50% to 99% by the addition of STCP, while the optimal 
added volume decreased to 0.25 mL for both solutions.

3.1.2. Effect of the initial cadmium concentration 
on its removal efficiency

The incorporated amounts of cadmium per unit cell 
of Ca(10–x)Cdx(PO4)6(OH)2 and Ca(3–x)Cdx(PO4)2 compounds 
were determined for the different initial metal concentra-
tions. The results obtained are listed in Table 1. It should 
be noticed that the method seems to be particularly inter-
esting for initial metal concentrations exceeding 30 mg L–1 
as indicated by the evolution of x parameter against C0. 
Indeed, the availability of a reactant generally increases 

Fig. 1. Schematic illustration of Cd2+ neutralization in 
Cd-contaminated water through acid digestion of animal waste 
bones and NaOH-assisted precipitation of Ca–Cd–phosphate 
apatites.



S. Jebri et al. / Desalination and Water Treatment 217 (2021) 253–261256

the conversion rate because more molecules or ions inter-
act to form new compounds [35]. Accordingly, the higher 
x values at pH 7 were obtained by reacting 50  mg  L–1 
of the Cd2+ solution with 0.25 mL of SHAp or STCP.

3.2. Extending the optimal precipitation conditions to 
solutions of waste animal bones

3.2.1. Effect of the set precipitation pH

Based on the data reported in Table 1, the optimal con-
ditions (50 mg L–1 of Cd2+ solution and 0.25 mL of the syn-
thetic phosphate solutions) were selected to investigate 
the influence of the set precipitation pH, which was varied 
within the 5-9 range. The experiments performed included 
all the phosphate-containing solutions derived from syn-
thetic calcium phosphates (SHAp or STCP) and from acid 
digestion of the waste animal bones (SRBw, SCBw). The results 
displayed in Fig. 3 reveal that the novel approach enables 
achieving comparable degrees of efficiency irrespective 
of the calcium phosphate source (synthetic or natural). 
Furthermore, the phosphate solution prepared from rabbit 
waste bones (SRBw) is more effective in Cd2+ neutralization in 
comparison to its homologous prepared from the chicken 
bones (SCBw). This difference can be attributed to the higher 
P-content of rabbit bones in comparison to chicken bones, as 

determined by EDS. Moreover, the precipitated quantities 
of Cd2+ ions tend to decrease under acid conditions (pH < 7), 
as expected from the solubility curves of the various cal-
cium phosphate compounds as a function of pH reported 
elsewhere [36]. Similar results were obtained by adding 
P-containing solutions prepared from soluble phosphorus 
compounds such as K2HPO4, NH4H2PO4, and fertilizer [13].

3.2.2. Kinetic parameters

The kinetics of Cd2+ precipitation using phosphate solu-
tions derived from the acid digestion of waste animal bones 
was evaluated under the optimal conditions determined 
for the solutions prepared from the synthetic calcium phos-
phates. Hence, 0.25  mL of each SHap and STCP solution was 
added to 50  mg  L–1 of the synthetic waste water at pH 7. 
Fig. 4 shows that whatever is the type of the added solution, 
the equilibrium extraction of Cd2+ from water was rapidly 
established. The kinetic parameters were determined though 
the application of the pseudo-second-order kinetic model 
which is related to the chemical bonding reactions [37], 
which could be described by the following equation:

t
x kx x

t
t e e

= +
1 1
2 	 (9)

Fig. 2. Efficiency of Cd2+ neutralization from solutions with different initial metal concentrations as a function of the added 
volumes of: (a) SHAp and (b) STCP.

Table 1
Molar fractions of Cd incorporated per unit cell of the re-precipitated HAp and TCP at pH 7

HAp TCP

C0 (mg L–1) Ce (mg L–1) Vadd (mL) x Substitution rate (%) Ce (mg L–1) Vadd (mL) x Substitution rate (%)

10 3.50 ± 0.29 2.00 0.14 ± 0.01 1.45 ± 0.13 5.08 ± 0.38 1.00 0.07 ± 0.01 2.26 ± 0.29
20 4.66 ± 0.35 2.00 0.34 ± 0.02 3.43 ± 0.24 8.65 ± 0.63 1.00 0.16 ± 0.01 5.22 ± 0.54
30 4.93 ± 0.37 1.00 0.12 ± 0.07 11.20 ± 0.69 3.45 ± 0.29 1.00 0.37 ± 0.02 12.21 ± 0.70
40 5.95 ± 0.44 0.25 6.08 ± 0.36 60.86 ± 3.66 5.32 ± 0.39 0.25 1.91 ± 0.11 63.80 ± 3.75
50 3.97 ± 0.31 0.25 8.22 ± 0.45 82.28 ± 4.50 1.60 ± 0.22 0.25 2.67 ± 0.14 89.04 ± 4.62
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where xt and xe are the quantities of the metal ion pre-
cipitated at a given reaction time t, and the equilibrium 
extraction, respectively (in a mole of Cd2+ ions per mole 
of Ca-Cd-phosphate apatite), and k is the pseudo-second-
order constant of the reaction [molapatite (molCd min)–1]. 
From the plot of t/xt vs. t inserted in Fig. 4, the slope and 
the intercept of the straight lines led to the theoretical val-
ues of xe and k parameters, respectively. The related rele-
vant data gathered in Table 2 show good coincidences 
between the experimental and the calculated xe values for 
the three tested cases. Furthermore, it can be concluded that 
irrespective of the phosphate source, natural or synthetic 
apatite, the solutions derived thereof exhibit similar per-
formances in Cd2+ precipitation from contaminated waters.

3.2.3. Applicability of the method to higher 
metal concentrations

The robustness of the proposed method to neutralize 
aqueous cadmium was further tested using metal concen-
trations within the range of 100-500 mg L–1, while the mass 
ratio of the aqueous cadmium to the added dissolved apa-
tite phosphate was kept constant. However, the reaction 
time has been limited to 15 min. From Fig. 5, it can be seen 
that the percentage of aqueous Cd2+ precipitated is almost 
constant for SRBw addition (~99%), being slight lower (~97%) 
for SCBw addition.

3.2.4. Effect of coexisting heavy metals

Considering that several heavy metals often coexist in 
wastewaters, and the difficulty in obtaining a real wastewater 
sample in our country, the efficiency of the precipitation pro-
cess in neutralizing heavy metals was also investigated in a 
multi-component system. Therefore, a synthetic wastewater 
sample containing 50 mg L–1 of each Cd2+, Pb2+, Zn2+, Fe2+, and 
Cu2+, totalizing an overall concentration [M2+]0 of 250 mg L–1 
was prepared for this purpose. The results are shown in 
Fig. 6. It could be noticed that the other coexisting cations 
in the solution had no great impact on the removal percent-
age of Cd2+. Furthermore, this technique could successfully 
be applied to neutralize heavy metals in wastewaters.

3.3. Identification of the metal-forming phosphates

3.3.1. FTIR and XRD analysis of natural and 
Cd-containing re-precipitated apatites

FTIR and XRD analysis were performed for the starting 
powdered bones (RBw and CBw) and for the re-precipitated 
apatite powders, RBw-Cd and CBw-Cd, derived thereof by 
adding their acid digestion solutions to Cd-containing syn-
thetic wastewater. The main aims were: (i) determining the 
functional groups and the crystalline phase assemblages 
in both types of apatites; (ii) check if the Cd-neutralizing 
process brings any functional or structural changes.

The recorded FTIR spectra depicted in Fig. 7a exhibit 
the characteristic absorbance bands of PO4

3– group appear-
ing at 560; 601; 969; 1,017 cm–1 for rabbit derived samples, 
RBw and RBw-Cd. Similar but less discretized vibration 
bands appear centered at 560 and 1,000  cm–1 for the 
chicken derived CBw and CBw-Cd (Fig. 7b). The spectra 
also reveal low-intensity peaks at ~3,570 and sharpener 
ones at ~1,660  cm–1, which are assigned to structural OH– 
groups and N–H bands, respectively. Besides, the bands 
located at 875  cm–1 and those in the region of 1,420–1,570 
indicate the presence of CO3

2– groups partially substituting 
the PO4

3– tetrahedrons. This means that all the samples can 
be identified as B-type carbonate apatites [38,39]. The XRD 
patterns displayed in Figs. 7c and d are typical of apatites 
with low crystallinity, especially for the chicken derived 

Fig. 3. Efficiency in Cd2+ precipitation by adding the inves-
tigated phosphate solutions SHAp, STCP, SRBw, and SCBw, under 
the following experimental conditions: [Cd2+]0  =  50  mg  L–1; 
VCd = 100 mL; Vadd = 0.25 mL; pH = 5, 7, and 9).

Fig. 4. Application of the pseudo-second-order kinetic model 
to the experimental results of Cd2+ precipitation using phos-
phate solutions prepared from the natural apatites (SRBw, SCBw) 
and from the synthetic hydroxyapatite apatite (SHAp) under 
the following experimental conditions: [Cd2+]0  =  50  mg  L–1; 
VCd = 100 mL; Vadd = 0.25 mL; pH = 7.

Table 2
Kinetic parameters of Cd2+ precipitation upon adding three types 
of the phosphate solutions (SHAp, SRBw, and SCBw)

Phosphate 
solution

Kinetic parameters

xe,exp xe,cal k R2

SHAp 8.888 8.913 1.593 1
SRBw 8.700 8.711 4.881 1
SCBw 8.501 8.591 0.529 1
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samples, as deduced from the broad and low-intensity 
peaks. This is in good agreement with similar observa-
tions reported elsewhere [40]. The difference between 
the rabbit- and chicken-derived samples is likely attrib-
utable to the lower P-content measured by EDS for the 
chicken bones. However, structural differences between the 

original powdered bones and the respective Cd-containing 
precipitates can hardly be distinguished.

The similarity in the recorded spectra for these 
products and those of the starting minerals indicates that 
the re-precipitation process does not contribute to any 
apparent functional or structural modifications.

Fig. 5. Precipitated Cd2+ ions in water for different initial con-
centrations using the corresponding quantities of the phos-
phate solutions SRBw and SCBw under the following experimental 
conditions: pH = 7; reaction time = 15 min.

Fig. 6. Efficiency of the precipitation process in neutraliz-
ing Cd2+, Pb2+, Fe2+, Zn2+, and Cu2+ in a synthetic wastewa-
ter sample under the following experimental conditions: 
[M2+]0 = 250 mg L–1; VCd = 100 mL; Vadd = 1.25 mL; pH = 7.

Fig. 7. FTIR spectra (a and b) and XRD patterns (c and d) of powdered rabbit and chicken bones (RBw, CBw) and the respective 
Cd-containing precipitates (RBw-Cd, CBw-Cd) derived thereof, following the novel approach here proposed for removing aqueous 
cadmium from wastewaters.
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3.3.2. SEM-EDS analysis

Fig. 8 compares the EDS spectra and the morphologi-
cal features (inserted SEM images) of the powdered rabbit 
and chicken bones (RBw, CBw) with those of the respective 
Cd-containing precipitates (RBw-Cd, CBw-Cd). The SEM 
images reveal that the re-precipitation process induced some 
morphological changes. But the most salient feature is the 
clear cadmium enrichment of the precipitated solids well 
evidenced in the displayed EDS spectra.

The atomic contents deduced from the EDS peak inte-
gration are displayed in Fig. 9, and the corresponding com-
positions are reported in Table 3. The chemical formulas 
of the starting minerals and the final precipitates given in 

Table 3, were determined considering the general chem-
ical formula proposed for the carbonate-containing apa-
tites Ca10–x(PO4)6–x(CO3)x(OH)2–x (with 0  ≤  x  ≤  2) on the one 
hand [41], and the coexistence of trace elements of Mg2+, 
Na+, and Al3+ in the cationic sites, on the one other hand. 
Accordingly, the molar ratios of the total metal ions to 
phosphate (M/PO4

3–) for the starting minerals are around 
1.8. This slight deviation from the stoichiometric value of 
the pure HAp (1.67) has been already reported by miner-
alogist studies [42]. It was explained by the coexistence of 
minor fractions of tricalcium phosphate Ca3(PO4)2 and tetr-
acalcium phosphate Ca4P2O9 in the biologic apatite [30]. 
Otherwise, it may be the consequence of CO3

2– groups par-
tially substituting PO4

3– in the B-sites [38].

Table 3
Chemical formula of the waste animal bones before and after being re-precipitated in Cd-loaded solutions together with the corre-
sponding (M/PO4

3–) molar ratio

Sample Chemical formula M/PO4
3–

RBw Ca9.62Mg0.14Na0.19Al0.04(PO4)5.62(CO3)0.38(OH)1.62 1.78
RBw-Cd Ca0.39Cd8.33Mg0.11Na0.74Al0.42(PO4)4.33(CO3)1.67(OH)0.33 2.31
CBw Ca9.42Mg0.25Na0.23Al0.10(PO4)5.42(CO3)0.58(OH)1.42 1.84
CBw-Cd Ca0.19Cd9.19Mg0.00Na0.42Al0.20(PO4)5.19(CO3)0.81(OH)1.19 1.93

Fig. 8. EDS spectra (SEM images inserted) of the waste animal bones before (RBw, CBw, on the left side) and after being 
re-precipitated in Cd-loaded solutions (RBw-Cd, CBw-Cd, on the right side).
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The overall data collected in the frame of this work are 
highly meaningful, enabling to deduce that ~87% of the cat-
ionic sites in the re-precipitated Ca-Cd-phosphate apatites 
are occupied by Cd2+ ions. These results are in agreement 
with those of the liquid analysis. Furthermore, the trapped 
quantity of cadmium according to this method (xe  ≈  8.7) is 
significantly higher in comparison to the adsorbed amount 
of the metal ion onto the bone-derived apatite through 
the batch equilibrium process (xe ≈ 1.0) [43].

4. Conclusion

Waste animal bones were successfully exploited as 
sources of PO4

3– ions to precipitate aqueous cadmium from 
wastewaters. Based on FTIR, XRD, and EDS analyses, the 
novel cadmium neutralization approach leads to the for-
mation at pH 7 of Ca(10–x)-Cdx-phosphate apatites with a Cd 
atomic fraction, x = 0.87, therefore, about nine times higher 
than the cadmium removal contents usually trapped by the 
bone-derived apatite through the adsorption processes.

The equilibrium extraction was well-described by the 
pseudo-second-order kinetic model which is related to the 
chemical bonding reactions. Accordingly, the calculated xe 
values were in a good agreement with the experimental data. 
Furthermore, the efficiency of the precipitation process in 
neutralizing Cd2+ has been evinced for single and multi-com-
ponent systems, conferring to the proposed novel approach 
good prospects in terms of applicability for cleaning real 
wastewaters.

This low-cost remediation technique is a promising 
alternative to convert high levels of cadmium and other 
pollutants in wastewater into stable edifices of metal-
phosphate apatites. Moreover, considering that the required 
doses of phosphates are much lower, the expected volume 
of the resulting sludges can be significantly reduced in 
comparison to those generated by the traditional adsorp-
tion-based processes.
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