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Abstract: In the present work, beta-calcium pyrophosphate (3-CayP,Oy) was investigated as a poten-
tial adsorbent for the removal of heavy metal ions from water. Single-phase 3-CayP,O; powders were
synthesized by a simple, scalable and cost-effective wet precipitation method followed by annealing
at 800 °C, which was employed for the conversion of as-precipitated brushite (CaHPO,4-2H,0) to
[3-CapP,O7. Physicochemical properties of the sorbent were characterized by means of X-ray diffrac-
tion (XRD) analysis, Fourier transform infrared spectroscopy (FTIR), thermal analysis (TGA /DSC),
scanning electron microscopy (SEM) and low temperature adsorption—desorption of nitrogen (BET
method). The synthesized powders consisted of porous plate-like particles with micrometer di-
mensions. Specific surface area calculated by the BET method was found to be 7 m? g~1. For the
estimation of sorption properties, the aqueous model solutions containing different metal ions (AI**,
Cd?*, Co%*, Cu?*, Fe**, Mn%*, Ni?*, Pb%*, Sn2*, Sr** and Zn?*) were used. The adsorption test
revealed that 3-CapP,O; demonstrates the highest adsorption capacity for Pb2* and Sn2* ions, while
the lowest capacity was observed towards Sr?*, Ni?* and Co?* ions. The optimal pH value for the
removal of Pb2* ions was determined to be 2, which is also related to the low solubility of 3-CayP,0Oy
at this pH. The adsorption capacity towards Pb** ions was calculated as high as 120 mg g~ 1.
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1. Introduction

Nowadays, water purification is of essential importance due to the increased contam-
ination, which brings a serious risk to public health and other forms of life on the earth.
In order to reduce the contamination, a number of methods and techniques have been
employed, including ion exchange, membrane separation, electrolysis, chemical precip-
itation and adsorption [1,2]. Among these methods, adsorption can be characterized as
simple, efficient and low-cost approach. A great variety of sorbents can be employed for
water purification, including organic, inorganic and hybrid materials [3]. The successful
removal of heavy metals was performed by oxide materials [4], carbon-based materials
such as graphene [5] or graphene oxide [6], materials of biological origin [7,8], various
composites [9,10], hybrid organic-inorganic materials [11], etc. Nevertheless, the search
for and development of new materials for the fast and efficient removal of pollutants from
water remains the task of the highest priority.

Calcium phosphates (CPs) are the class of materials that have a huge potential in
environmental applications such as water treatment. These materials can be used for
the removal of both organic pollutants such as dyes and antibiotics and heavy metal
ions [12-15]. The most frequently utilized CP for the application of the removal of heavy
metals from water is calcium hydroxyapatite (HAp) [16]. This compound is known very
well for its ability to incorporate easily different isovalent and aliovalent ions [17-20]. Its
application for the removal of contaminants including heavy metals from different types
of waters was demonstrated in numerous works [21-26]. Moreover, sorption capacity
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depends on a number of factors, including morphology, degree of crystallinity and surface
area. For instance, Goto and Sasaki developed a synthesis method for the preparation
of morphologically controlled HAp and investigated Sr?* sorption capacity of needle-
and sponge-shaped HAp powders [27]. It was demonstrated that the morphology and
composition of HAp influence a sorption mechanism. In [28], the adsorption performance
of HAp with different crystalline and porous structures in multicomponent solutions
was investigated.

Moreover, ion-specific sorption is often demonstrated by tested materials [29]. In some
particular cases such as technogenic disasters, when a great amount of one type of ion is
released into the environment, the adsorbents with ion-specific sorption properties are very
important. For example, it is also known that CPs are able to adopt Sr** ions, which is a
very important property taking into account the radioisotope *°Sr?*. This is one of the ions
that was released into the environment after the accident at the Fukushima Daiichi nuclear
power plant in 2011 [30,31].

Despite the fact that HAp and its sorption properties were extensively studied during
the recent decade, the adsorption properties of nonapatitic CPs have not been deeply
investigated so far. To the best of our knowledge, there are no reports on the adsorption
properties of calcium polyphosphates, namely calcium pyrophosphate (Ca;P,O7). The
aim of this work is to develop a synthesis method for the preparation of 3-Ca;P,O7 and
to estimate its adsorption properties towards different metal ions (AI3*, Cd?*, Co?*, Cu?t,
Fe?*, Mn?*, Ni2*, Pb%*, Sn?*, Sr?* and Zn?").

2. Materials and Methods
2.1. Synthesis

[3-CapP,O7 powders were synthesized by a simple and cost-effective wet precipitation
method using calcium nitrate tetrahydrate (Ca(NO3);-4H,0, Carl Roth, Karlsruhe, Ger-
many, >99%) and diammonium hydrogen phosphate ((NH4),HPOy,, Carl Roth, >98%) as
starting materials. For the synthesis, the appropriate amounts of precursors were dissolved
in separate beakers in deionized water to obtain 0.80 M solutions. Next, the solution
containing phosphate ions was rapidly added to the calcium-containing solution under
constant mixing on a magnetic stirrer. Instant formation of white precipitates was observed.
The obtained precipitates were aged for 5 min while stirring at 10,000 rpm. Afterward,
the precipitates were vacuum filtered, washed with 200 mL deionized water and dried in
the oven at 50 °C overnight. The pH value of the solutions was not monitored or addi-
tionally adjusted. Dried powders were further annealed in the muffle furnace at different
temperatures for 5 h with a heating rate of 5 °C/min.

2.2. Characterization of Synthesis Products

Thermal decomposition of the as-prepared precipitates was analyzed by thermogravi-
metric and differential scanning calorimetric (TG-DSC) analysis using Perkin Elmer STA
6000 Simultaneous Thermal Analyzer (Perkin Elmer, Waltham, MA, USA). Dried samples
of about 10 mg were heated from 25 to 900 °C with a heating rate of 10 °C/min in dry
flowing air (20 mL/min). Powder X-ray diffraction (XRD) analysis was performed using
Ni-filtered Cu K« radiation on a Rigaku MiniFlex II diffractometer working in Bragg-
Brentano (0/260) geometry. The data were collected within 20 range from 10 to 600° at a
step width of 0.02° and scanning rate of 5°/min. Fourier transform infrared (FTIR) spectra
were taken in the range of 4000-400 cm ! with a Bruker ALPHA ATR spectrometer with
4 cm~! resolution. Morphology of the synthesized products was studied with a Hitachi
SU-70 field-emission scanning electron microscope (FE-SEM). Quantitative determination
of metals was performed using Perkin Elmer Optima 7000DV inductively coupled plasma
optical emission spectrometer (ICP-OES). The N, adsorption and desorption isotherms
of samples were obtained at —196 °C by using Brunauer-Emmett-Teller (BET) analyzer
TriStar II 3020, Micromeritics. Prior to the gas sorption measurements, all the samples were
outgassed in N, atmosphere at 100 °C for 2 h.
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2.3. Adsorption Studies

Pb(NO3)2'3H20 (Carl Roth, >990/0), Cu(NO3)2'3H20 (Carl Roth, >98°/o), Ni(N03)2'6H20
(Carl Roth, >99%), Cd(NOs3),-4H,O (Sigma-Aldrich, Saint Louis, MO, USA, >98%),
Zn(NO3),-6H,0 (Carl Roth, >99%), Mn(NO3),-4H,0 (Carl Roth, >98%), Co(NO3),-6H,O
(Carl Roth, >98%), AI(NO3)3-9H,0O (Carl Roth, >98%), Sr(NOj3), (Carl Roth, >99%),
Ca(NO3),-4H,0 (Carl Roth, >99%), FeSO,4-7H,0 (Carl Roth, >99%) and SnCl,-2H,O (Carl
Roth, >98%) were used for the preparation of artificial solutions. Laboratory glassware was
washed with strong HNOj. For all experiments, Milli-Q water (resistance 18.2 M() cm™1)
was used. Concentration of metal ions in model solutions was 100 mg L~ for all metals.
For the adsorption experiment, 100 mg of the sorbent were added to 10 mL of model
solution and stirred with a PTFE-coated magnetic bar on a magnetic stirrer in a closed
plastic vessel. After that, the sorbent was filtered using a 0.45 um polypropylene syringe
filter, and the concentration of metals in treated solutions was measured by ICP-OES. Based
on the initial and final (after adsorption experiment) concentrations of metal ions, the
removal efficiency was calculated.

3. Results and Discussion

The phase crystallinity and purity of as-synthesized powders were characterized by
means of XRD analysis. The XRD pattern of as-prepared precipitates is shown in Figure 1a.
Evidently, the synthesized powders can be identified as brushite (CaHPO,4-2H,0). The
positions of the obtained diffraction peaks match very well the standard XRD data of
CaHPO,-2H,0 (ICDD #00-009-0077) with monoclinic crystal structure and Cc space group
(#9). No reflections corresponding to side phases were obtained. On the other hand, the
intensity of the experimental diffraction peaks differs from those in the standard XRD
pattern. The reflections raised from 020 crystal planes exhibit higher intensity compared to
other reflections, for which the intensity in the experimental pattern is suppressed when
compared to the standard XRD data. The observed preferred orientation allows suggesting
an anisotropic growth of the crystals, which resulted in the formation of oriented particles.
The FTIR spectrum of as-prepared precipitates (Figure 1b) confirms the results obtained by
XRD. The obtained absorption bands correspond to brushite, and the shape of the spectrum
is in good agreement with that reported in the literature [32,33].
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Figure 1. XRD pattern (a) and FTIR spectrum (b) of as-synthesized precipitates.

Thermal decomposition behavior of as-prepared brushite powders was investigated by
simultaneous TG/DTG/DSC (thermogravimetry/ differential thermogravimetry/differential
scanning calorimetry) measurements in order to determine minimal annealing temperature
required for the formation of 3-CayP>,O7. TG/DTG/DSC curves of the as-prepared precipi-
tates are presented in Figure 2. It is evident that thermal decomposition of the obtained
specimen occurs in four main steps, which are clearly seen from both TG and DTG curves.
The first two mass losses peak at around 140 and 190 °C; both these losses are accompanied
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by endothermic peaks in the DSC curve. The sum weight loss observed for both degrada-
tion stages was calculated to be around 20%. These decomposition steps are attributed
to the degradation of brushite structure and the release of crystalline water, leading to
the formation of monetite (CaHPO;,) [34]. Theoretically, such transformation should be
reflected by 20.9% mass loss, which is in good agreement with our experimental data. The
third and fourth weight losses are observed in the temperature range of 200-460 °C and
centered at ca. 420 °C. This stage is attributed to the degradation of monetite and the
formation of Ca,P>O7 [34,35]. Moreover, the residual mass was determined to be constant
at temperatures above 460 °C. Based on the results of thermal analysis, it was concluded
that a minimal annealing temperature of 500 °C is required for the preparation of Ca;P,Oy.
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Figure 2. TG/DTG/DSC curves of as-synthesized precipitates.

The XRD patterns of brushite powders annealed at different temperatures are given in
Figure 3a. It is clearly seen that after annealing at 500 °C, the compound having y-CayP,Oy
crystal structure was formed. Raising the annealing temperature up to 700 °C did not
result in any phase transformation; however, after the thermal treatment at 800 °C, the
-CapP» Oy polymorph was obtained. All diffraction peaks correspond to Cap;P,O7 with
tetragonal crystal structure and P4, space group (#76). It is also seen that the intensity of
the diffraction peak corresponding to the 008 plane is significantly higher compared to
that of standard XRD data (COD #99-100-1557), which suggests that the particles remain
oriented after the thermal treatment. FTIR spectra of brushite powders annealed at different
temperatures (see Figure 3b) are in good agreement with the results of XRD analysis data.
The FTIR spectra of powders annealed in the temperature range from 500 to 700 °C are
identical; however, the shape of the spectrum differs markedly for the sample annealed
at 800 °C. The positions of the absorption bands match very well those indicated in the
literature [36].
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Figure 3. XRD patterns (a) and FTIR spectra (b) of precipitates annealed at different temperatures.
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The morphology of as-prepared and annealed powders was examined using scanning
electron microscopy (SEM). The SEM micrographs of as-precipitated and annealed powders
are demonstrated in Figure 4. It is seen that as-prepared brushite powders (Figure 4a)
consist of plate-like particles, which are stacked on each other. This observation is in
agreement with the results of the XRD analysis, which revealed a preferred orientation of
the sample (Figure 1a). The obtained particles possess micrometer dimensions by length
with a thickness in the sub-micrometer scale. SEM images of powders annealed at 800 °C
taken at different magnifications are shown in Figure 4b—d. Obviously, a thermally induced
phase transition from brushite to 3-CayP>O7 took place without the destruction of the
plate-like morphology of the powders, which is also seen in the annealed sample. On the
other hand, the annealing procedure resulted in the formation of porosity, which could be
a beneficial feature in terms of surface area and adsorption of foreign ions [37].

Figure 4. SEM images of as-synthesized precipitates (a) and precipitates annealed at 800 °C (b-d).

The N; adsorption—-desorption isotherm for the 3-Ca,;P,Oy annealed at 800 °C was
measured in order to estimate the surface area and porosity of the material. The results
of the textural analysis are presented in Figure 5 showing the N, adsorption-desorption
isotherm and the corresponding pore size distribution curve. According to the IUPAC
classification, the N adsorption—-desorption isotherm of the sample was type IV with a
hysteresis loop type H3 [38]. Type IV adsorption—-desorption isotherm suggests the presence
of mesopores, while type H3 hysteresis loop is related with aggregates of plate-like particles
with slit-shaped pores. These results are in good agreement with surface morphological
observations seen in SEM micrographs (Figure 4). The pore size distribution curve (inset
of Figure 5) shows that powders are characterized by a monomodal mesoporosity with
well-developed mesopores centered at approximately 50 nm. The powders have a relatively
wide distribution of pores ranging from 6.5 to 120 nm. The external surface area, which
is corresponding to the mesopore surface area, was determined to be 4 m? g~!, and the
specific surface area calculated by the BET method was found to be 7 m? g~ 1.

The initial assessment of the sorption properties of 3-CayP,O; powders was per-
formed with single-element model solutions. The removal efficiency calculated for different
ions is demonstrated in Figure 6. The highest efficiencies were achieved for Pb?* and Sn?*
ions and reached 99.9 and 66.1%, respectively. On the other hand, the lowest values were
observed for Sr?*, Ni%*, Mn?* and Co?*, which were determined to be below 10%. From
the first look, such a selective absorption of Pb?* and Sn?* could be ascribed to the size
effect, since these ions are relatively large; however, such explanation is unsuitable for Sr?*,
which is also large. Other calcium phosphates such as HAp are known very well for the
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Sr2* adsorption capacity [28]; nevertheless, 3-Ca;P>,Oy did not demonstrate an efficient
removal of Sr?* ions. Taking into account the results presented in Figure 6, it was decided
to perform further experiments with Pb2* ions.
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Figure 5. N adsorption—desorption isotherm of 3-CayP,O7 annealed at 800 °C. In the insert is
presented the pore size distribution curve.
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Figure 6. Removal efficiency for different metal ions. Contact time—?5 h, dose of sorbent—10 g L™,

In the next step, the influence of medium pH on the efficiency of removal of Pb?* ions
was investigated. Taking into account the chemical properties of 3-CapP,0O7, namely its
solubility at low pH values, it was decided additionally to monitor the concentration of P
ions in investigated solutions. The dependence of removal efficiency and concentration of
dissolved P amount, recalculated to the dissolved part of 3-CayP,0O7, on medium pH in
the range from 1 to 6 are demonstrated in Figure 7a. The highest removal efficiency (97.7%)
was achieved at pH 2; at the same time, the solubility of 3-Ca,P,O7 at this pH value is
insignificant. At lower pH, the removal efficiency is rather comparable; however, a drastic
increase in the solubility of the sorbent was observed. In the pH range from 3 to 6, the
removal efficiency varies in the range from 32 to 22%. The concentration of P determined in
the aqueous medium was negligible, indicating the low solubility of 3-Ca;P>O7 in this pH
range. These results allow suggesting that the adsorption mechanism is at least partially
related to the dissolution-precipitation process. The dependence of Pb>* removal efficiency
on contact time is depicted in Figure 7b. It is seen that removal efficiency increases nearly
linearly in the range from 0 to 60 min when the equilibrium is achieved.
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Based on the obtained results, the adsorption capacitance towards Pb?* ions was calcu-
lated as high as 120 mg g~!. This value is comparable with those of some sorbents studied
for Pb2* ion removal. For instance, acidified multiwalled carbon nanotubes demonstrated
the adsorption capacity of 91 mg g~!, whereas nonacidified multiwalled carbon nanotubes
only demonstrated the adsorption capacity of 7.2 mg g~ [39]. Pinecone activated carbon
showed the capacity of only 27.5 mg g~ ! [40]. Natural phosphate was characterized by an
adsorption capacity of 115 mg g~ ! [41]. On the other hand, our obtained capacity value for
-CayP, 0y is significantly lower than that demonstrated by nanohydroxyapatite, which
was reported to have an adsorption capacity of 1000 mg g~! [42]. Nevertheless, it was
demonstrated that 3-CayP,0Oy7 is potentially suitable for the removal of some heavy metals
from water. Further steps towards increasing removal efficiency could be directed towards
the increase in surface area and porosity and the reduction in particle size to the nanoscale.

4. Conclusions

In the present work, single-phase 3-CayP,O7 was synthesized by a wet precipitation
process followed by thermal treatment at 800 °C. The obtained material consisted of
porous plate-like particles with micrometer dimensions. The external surface area, which
corresponds to the mesoporous surface area, was determined to be 4 m? g1, and the
specific surface area calculated by the BET method was determined to be 7 m? g~!. The
sorption properties of the obtained material were studied for different metal ions in model
aqueous solutions. It was determined that 3-CayP,O; demonstrates the highest adsorption
capacity for Pb2?* and Sn?* ions, while the lowest capacities were observed towards Sr2+,
Ni?* and Co?* ions. The optimal pH value for the removal of Pb>* ions was determined to
be 2, which is related to the low solubility of 3-Ca;P>O7 at this pH. The adsorption capacity
towards Pb?* ions was calculated as high as 120 mg g~ 1.
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