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Abstract

Hydroxyapatite is an effective adsorbent for mercury removal from aqueous solutions, although capture mechanisms are not
yet clearly understood. The purpose here is to investigate the type of interactions between mercury and the surface sites as
well as intraparticle diffusion mechanism in this sorbent, correlating with the mercury immobilization by hydroxyapatite.
Physicochemical properties of a synthetic nano-hydroxyapatite were determined by nitrogen adsorption isotherms at 77 K,
X-ray fluorescence, field emission gun scanning electron microscopy, and X-ray powder diffraction techniques. Both fresh
and spent sorbent samples were analyzed using X-ray powder diffraction to assess the structural changes on hydroxyapa-
tite crystalline lattice during the mercury sorption process. Rietveld refinement of powder X-ray diffraction data allowed
insights into the mechanisms of Hg** sorption on synthetic hydroxyapatite. Kinetics and Rietveld refinement results revealed
the immobilization of mercury in the spent sorbent, suggesting that this process takes place at two steps: (1) the mercury
complexation with surface phosphate sites of hydroxyapatite followed by (2) the slower mercury diffusion along with its
incorporation inside the hydroxyapatite crystalline lattice. Furthermore, the results on thermal stability confirmed the mer-
cury immobilization by hydroxyapatite, characterizing the spent sorbent as a non-hazardous material and minimizing the
environmental impacts of solid waste disposal.

Keywords Hydroxyapatite - Mercury immobilization - Non-hazardous spent sorbent - Removal mechanisms - Rietveld
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Introduction properties (Driscoll et al. 2013; Henriques et al. 2015; Obrist

et al. 2018). Indeed, mercury as a global pollutant has been

As one of the most toxic heavy metals in the environment,
mercury (Hg) has its adverse effects on the ecosystem
and human health aggravated due to its bioaccumulative
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widely discussed by the international government agencies
and the scientific community, demanding efforts to reduce
its emissions by the development of new emission control
technologies (UNEP 2013; Lin et al. 2017; Chen et al. 2018).

Conventional methods for removing inorganic mercury
from industrial wastewaters include sulfide precipitation
(Jeong et al. 2007), coagulation (Henneberry et al. 2011),
ion exchange (Asasian and Kaghazchi 2013), and adsorp-
tion (Zhang et al. 2014; Xu et al. 2016; Deliz Quifiones
et al. 2016; Naushad et al. 2016; Attari et al. 2017).
Hydroxyapatite (HAp) has been pointed out as a promising
material for heavy metal removal, especially mercury, from
wastewater (Oliva et al. 2011; Kim and Lee 2014). Hex-
agonal HAp—Ca,(PO,)s(OH),—is a crystalline structure
consisting of columns of calcium and oxygen parallel to the
hexagonal axis. HAp has two non-equivalent Ca sites: the
site I which contains Ca*" ions in a columnar arrangement,
coordinated to nine oxygen atoms of PO,*~ groups, and
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the site IT where Ca®* is hepta-coordinated to six oxygen
atoms of five PO,*>~ groups and one OH™ group (El Feki
et al. 1999). Different cations can substitute Ca>* ions in
the HAp lattice. Large divalent cations replace Ca** at Ca
II sites, whereas small divalent ones replace Ca’* at Ca
I sites (Guerra-Lopez et al. 2001). The charge compensa-
tion mechanism has a substantial influence on the apatite
structure; thereby, Rietveld refinement of X-ray powder dif-
fraction data has been used to investigate these substitution
mechanisms (Young 1993; El Feki et al. 1999; Wilson et al.
2003; Lala et al. 2016).

As aresult of its amphoteric character, the surface chemi-
cal properties of HAp (strength of the acid and base sites)
may be changed, depending on the pH value of the solu-
tion (Resende et al. 2006). Besides, the interactions between
mercury and HAp can occur at a bulk level with the mer-
cury incorporation into the HAp crystalline matrix. In short,
mechanisms of mercury removal by HAp include complexa-
tion (Kim and Lee 2014), dissolution of HAp and precipita-
tion of metal phosphates (Oliva et al. 2011), Hg(II) diffusion
into apatite structure (Jeanjean et al. 1996), ion exchange
with calcium ions (Corami et al. 2008), or a combination
of some of these (Ferri et al. 2019). However, there are still
significant uncertainties regarding the occurrence of such
mechanisms.

This paper presents the investigation on the sorption
mechanisms of mercury (Hg(II)) removal from aqueous
solution using a synthetic nano-HAp sorbent. This study is
a part of a long-term research project about mercury removal
from liquid and gaseous streams carried out during the last
decade at Hg-laboratory at Chemical Engineering Program
(PEQ-UFRJ). It is noteworthy that this project aims at
the global decontamination of mercury, developing high-
efficiency materials for the mercury capture as well as its
immobilization in a single process.

Kinetic studies were carried out in batch adsorption sys-
tems using synthesized HAp, which were characterized by
nitrogen adsorption isotherms at 77 K, X-ray fluorescence
(XRF), field emission gun scanning electron microscopy
(FEG-SEM), and X-ray diffraction (XRD) techniques. Riet-
veld refinement of XRD results allowed the evaluation of
structural modifications on HAp crystal lattice during the
mercury sorption process. In addition, the thermal stability
of mercury in the spent Hg-HAp sorbent was evaluated and
correlated with removal mechanisms.

Materials and methods
Sorbent synthesis

HAp was prepared by slowly adding a 0.3 M diammonium
hydrogen phosphate—(NH,),-HPO, (Merck)—aqueous
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solution to a 0.5 M calcium nitrate tetrahydrate—
Ca(NO;),-4H,0 (Merck)—aqueous solution at 353 K and
pH=10. Concentrated NH40H (Merck) was used to main-
tain the pH of the solution. The precipitate was washed and
filtrated several times with ultrapure water at 353 K until
the elimination of residual alkalis. The drying of the final
solid was at 353 K for 24 h. A more detailed description of
HAp preparation was given elsewhere (Resende et al. 2006;
Camargo et al. 2018).

Physicochemical characterization

The chemical composition of HAp was determined by XRF
spectrometer (RIX-3100, Rigaku) with rhodium tube as
X-ray source. Nitrogen physisorption isotherms obtained at
77 K on Micromeritics® ASAP 2000 instrument were used
to determine textural properties. Specific surface area (Sgpr)
and average pore diameter were calculated employing BET
(Brunauer, Emmett, and Teller) and BJH (Barrett, Joyner,
and Halenda) methods, respectively. The morphology of the
sorbent was examined by field emission gun scanning elec-
tron microscope (FEG-SEM Quanta 400, FEI Company).
XRD patterns were obtained on a Miniflex-Rigaku powder
diffractometer with Cu-Ka radiation (1= 1.5418 A) by scan-
ning from 10° to 100° (26).

Sorption tests

Batch sorption experiments were carried out in 100-mL
polycarbonate bottles containing 0.2 g of HAp. Each bottle
received a constant volume (50 mL) of HgCl, (Merck) solu-
tion with mercury concentrations of 100 and 200 mg L.
After closing, the systems were shaken at 200 rpm (Shaker
model G24, New Brunswick Scientific) at 298 K for the
specified time (from 2 to 360 h), with pH monitoring during
the first 4 h. Then, the suspensions were centrifuged at 1500
rpm for 15 min. Mercury concentrations in the supernatant
were determined by atomic absorption spectrophotometry
(AAS) using a PerkinElmer 1100 B spectrophotometer. Due
to the low detection limit of this technique, about 0.5 ppm
Hg(II) (Chilov 1975), a preconcentration step is not required
for mercury assay.

Crystal structure evaluation

The crystal structures of the fresh and spent HAp sorbent
(before and after adsorption, respectively) were refined by
Rietveld method (FULLPROF suite software) using the
HAp structure by Hughes et al. (1989) as a starting point.
The main refined parameters were the scale factor, unit
cell parameters, occupancy factors of calcium (Ca)-phos-
phorus (P), background polynomial coefficients, and peak
shapes. Modifications on the sorbent crystal structure during
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the adsorption process were evaluated by monitoring the
changes in the crystal lattice parameters.

Thermal stability tests

The mobile mercury species on the spent sorbent were
removed by heating the sample from 298 K up to 423 K for
1 h in a vacuum oven. The immobilized mercury amount
in the HAp sorbents was determined by comparing XRF
results, before and after the heat treatment.

Results and discussion
Physicochemical properties

Textural characterization results showed a mesoporous sorb-
ent with an average pore diameter of 146 A and a high BET
surface area of 49 m?g~!. The SEM micrograph of HAp is
given in Fig. 1, and it can be seen that HAp sorbent exhibits
rod-like nanocrystalline particles. The Ca/P molar ratio of
1.57 determined in XRF results characterized the sorbent
as calcium (Ca)-deficient HAp with the chemical formula
of Cagy 4,(HPO,); 55(PO4)5 4o,(OH), 4,. The protonation of the
nearest (PO,)>~ ion maintains the charge balance for each
Ca vacancy, with the formation of (HPO4)2_ and loss of
nearest (OH)™ (Wilson et al. 2003). XRD pattern of HAp is
shown in “Rietveld refinement results” section along with
the analogous results for the spent sorbent.

Sorption kinetic results

The kinetic results for Hg(II) initial concentrations of
100 mg L~! (Fig. 2a) point out the fast mercury uptake dur-
ing the first 30 min, in the pH range from 3.5 to 5. In this
range, = POH groups dominate over other surface groups;
likewise, Hg(II) prevails over hydrolyzed mercury species

Fig. 1 SEM image of the synthetic HAp at a magnification of 100 kx
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Fig.2 Kinetics of Hg(Il) sorption on the HAp sorbent. Systems with
Hg(IT) initial concentration of: a 100 mg L™! (with pH monitoring)
and b 200 mg L™!

(Powell et al. 2005). After the first 30 min, pH increased up
to 6.5—the point of zero charge (PZC) of HAp and mercury
concentration reached a constant value. At pH near PZC the
dominant groups are =PO~ and =CaOH,* (Wu et al. 1991;
Corami et al. 2008). The significant reduction in mercury
uptake rate at pH around PZC indicated that =POH group
was responsible for the fast mercury uptake surface compl-
exation at the beginning of the sorption process. Although
mercury complexation on the HAp surface has partially
displaced H* ions, it was the large HAp buffering capacity
(Smiciklas et al. 2000) that explained the increase in the pH
value shown in Fig. 2a.

A second sorption test was performed for 400 h (Fig. 2b)
to verify if the sorption equilibrium was reached even for
long contact time using a Hg(II) initial concentration of
200 mg L™". At the beginning of the sorption process, a fast
uptake of Hg(II) was observed, as well as in the previous
case (Hg(II) initial concentration of 100 mg L. However,
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the negative slope on mercury concentration vs time graph,
even after 50 h of contact time, indicates the occurrence of
another phenomenon in addition to the fast Hg(II) surface
complexation.

The literature suggests many possible heavy metal
removal mechanisms by HAp such as surface adsorption
(Kim and Lee 2014), dissolution/precipitation of phosphate
metal (Oliva et al. 2011), metal diffusion into apatite struc-
ture (Jeanjean et al. 1996), ion exchange, and ion metal occu-
pancy of Ca vacancies (Corami et al. 2008), or a combina-
tion of these mechanisms. Here, Rietveld refinement was
applied as a helpful tool to provide some insights into these
mechanisms.

Rietveld refinement results
The XRD patterns (Fig. 3), collected at different contact

times to evaluate the structural modifications of the HAp
during Hg(II) sorption tests, were refined according to the
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Fig.3 Experimental XRD results for the fresh sorbent (a) and the
spent sorbent (b). Vertical lines mark the positions of the Bragg
peaks for the HAp. The red circles are the calculated intensities by
Rietveld refinement, and the blue lines are differences between exper-
imental and calculated intensities

Rietveld method. XRD results revealed characteristic peaks
of pure crystalline and hexagonal HAp for both fresh and
spent sorbent samples. No additional peaks in the spent sorb-
ent XRD pattern indicate any additional crystalline phases
produced during sorption tests. However, the Rietveld
refinement results (Table 1), for both fresh and spent sorb-
ents, reveal that Hg(I) sorption causes significant changes in
unit cell parameters of the crystalline structure, mainly in the
a parameter (reduction of 0.0015 A, 6=0.0002). Crystallite
size remains nearly constant throughout the sorption test.

Table 1 also presents refined occupancy factors. Vacan-
cies on Ca II sites revealed a non-stoichiometric HAp struc-
ture at the beginning of the test (contact time of zero hours).
The rise in the calcium occupancy during the sorption test,
especially on Ca II sites, indicates the mercury incorpo-
ration on these vacancies. These results are in agreement
with the findings from other studies: Small divalent cati-
ons replace Ca>* at Ca I sites, whereas large divalent ones
as Hg(II) replace Ca?* at Ca II sites (Guerra-Lopez et al.
2001). Besides, the reduction in refined unit cell parameters
endorses the mercury incorporation on Ca II sites, once
Hg(II) has a slightly smaller ionic radius than Ca®* ions. An
increase in the OH-occupancy, which is required to main-
tain the electroneutrality of the system after the mercury
entrance, also confirmed this mechanism. Thus, the Rietveld
refinement results confirmed a slow mechanism of mercury
incorporation into the crystalline matrix of HAp in addition
to the rapid surface complexation phenomenon at the begin-
ning of the process (Fig. 4a). As illustrated in Fig. 4b, the
Hg(1) ion occupied the vacant Ca(Il) site inside the HAp
crystal lattice. Once the Hg(II) ions become part of the HAp
crystal lattice, the slow mechanism of mercury incorporation
is responsible for the high performance for the increased
mercury capacity as well as the mercury immobilization in
HAp sorbents.

Thermal stability results
Finally, thermal stability results (Fig. 5) confirm that a por-

tion of captured Hg(Il) was released during the heating,
while another part remained fixed on the spent sorbent. The

Table 1 Rietveld refinement

for £ Contact  Unit cell Crystal Occupancy factors
results for fresh sorbent and time (h)  parameters A) size (A)
used sorbent (after 48, 72, and (6=0.0002)
150 h of contact time during :
Hg(II) sorption tests) a c hkO 001 Cal(6=0.04) Call(6=0.05) P(c=0.05) OH (6=0.01)
0 9.4367 6.8774 216 513 4.00 5.66 5.84 1.57
48 9.4351 6.8766 215 548 4.11 6.07 5.99 2.10
72 9.4349 6.8772 214 568 4.06 6.98 5.96 1.95
150 9.4352 6.8767 215 548 3.99 5.92 5.89 1.92

*o standard deviation
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increase in the amount of fixed mercury as a function of
the contact time indicates some transfer mass limitation of
Hg(I) diffusion process into the solid matrix and the occu-
pation of Ca vacancies.

These results corroborated the proposed removal mecha-
nisms: Released mercury at low temperature is supposed
to be related to the Hg(II) captured by surface complexa-
tion mechanism (weak interaction with phosphate sites:
Hg «=POH), whereas immobilized mercury is related to
stronger interaction forces of the mercury incorporation
into the HAp crystal lattice. Therefore, besides the high

mercury removal capacity, the second mechanism endorses
that synthetic hydroxyapatite-based sorbents are able to also
immobilize mercury in its structure.

The uptake of other metal ions by HAp was also observed
to be similar. For instance, intracrystalline diffusion with
the incorporation of cadmium into HAp structure enables
in situ immobilization of cadmium followed by its storage
in a single process (Marchat et al. 2007). While traditional
adsorbents typically require additional treatments before
final disposal (Piao and Bishop 2006; Zhang et al. 2009;
Fu and Wang 2011; Carolin et al. 2017), hydroxyapatite

* @ Springer
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Fig. 5 Effect of contact time on mercury immobilization by the HAp
sorbent

promotes both mercury decontamination and storage in the
same material, avoiding the need for further purification pro-
cedure steps such as the stabilization process of the spent
sorbent.

Conclusion

The non-stoichiometric nano-HAp synthesized with
49 m? g~! was proved to be an efficient sorbent for mercury
removal and immobilization. Kinetic results of Hg(II) sorp-
tion indicated that mercury interacts with the HAp sorbent
in two different ways. The proposed mechanism includes
a surface complexation through weak interactions between
Hg(II) and POH sites (Hg «=POH) and slower diffusion of
Hg(I) ions into HAp solid matrix with the occupation of
calcium vacancies.

Rietveld refinement method was a useful and reliable tool
to elucidate the removal mechanisms through the assessment
of sorbent crystallographic parameters during the sorption
tests. Results of (a) reduction in unit cell parameters and (b)
increase in both calcium and (OH™) occupancy endorsed
the mercury immobilization mechanism on HAp lattice by
the occupation of vacancies or replacement of Ca’>" ions.
Finally, thermal stability results revealed that the mercury
fixation increased with the contact time, corroborating the
mercury migration mechanism into the HAp crystalline
lattice.

Based on these results, hydroxyapatite was proved to
be a promising sorbent for Hg(II) removal once the mer-
cury incorporation inside the crystalline matrix promotes
its immobilization. Hence, the spent Hg-HAp sorbent

w @ Springer

could be considered as a non-hazardous material for dis-
posal purposes reducing the risks associated with the solid
waste disposal. Future works include the investigation of
other possible mechanisms, aiming at the development of
an adsorbent with performance adjusted for the global mer-
cury decontamination.
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