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Abstract Global challenges in removing heavy metal
ions from aquatic reservoirs require novel solutions,
especially the application of environmentally friendly
materials. This paper presented the efficient removal of
Fe** and Pb** ions from wastewater by apatite ore-based
nanostructures. The synthesized material exhibited a
nanostructure with high thermal stability, high porosity,
and negative surface potential, suitable for heavy metal
removal in wastewater. The adsorption measurements
performed in varying conditions (pH, mass of the
adsorbent, and contact time onto the adsorbent) proved
that even a few milligrams of the synthesized material
could effectively absorb the lead and iron ions from
the solution, reaching an effectiveness of about 90%.
The maximum adsorption capacity was about 342.2

Highlights

o Hydroxyapatite exhibited a nanostructure with high
thermal stability, high porosity, and negative surface
potential.

o Maximum adsorption capacity is estimated at 342.2
mg-g~! for Pb** and 1089.59 mg-g~! for Fe**

o Efficient removal of heavy metal ions with industrial and
craft-village wastewaters.
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mg-g~! for Pb’>* and 1089.59 mg-g~! for Fe**, while
the adsorption isotherm determined with non-linear
models undergoes the pseudo-first-order kinetics and
Redlich-Peterson adsorption model. In addition, the
thermodynamic parameters reveal the spontaneous
process. Experiments conducted with industrial and
craft-village wastewaters confirmed the high potential
of the nanostructural hydroxyapatite as an efficient and
affordable material for the removal of various pollutants
from aqueous solutions in practical conditions.
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1 Introduction

Due to growing industrialization, water reservoirs are
increasingly and widely polluted. Besides chemical
compounds, the most problematic hazards to remove
are heavy metal ions. Their appearance in the envi-
ronment is mainly caused by anthropogenic activities,
such as the disposal of batteries or electronic devices
(Zhou et al., 2020). This issue is becoming more
severe with the use of portable electronics. Heavy
metals can be found even in tap water, leading to
adverse health effects, including endocrine disruption
and cancer (Andrade et al., 2020; Husband & Box-
all, 2011). Among heavy metals, Pb>" and Fe** are
the two most common contaminants found in waste-
water in Vietnam (Ibrahim & Abdel-Hameed, 2022;
Huong et al., 2010). While lead is often present in
wastewater of heavy industries, e.g., plating, tanning,
and recycling industry, iron can be found in most old
water pipes, including domestic water. Removal of
these contaminants from aquatic reservoirs requires
immediate and novel solutions.

Besides many methods, nanotechnology and nano-
materials seem to be low-cost, high-efficient, and
scalable approaches (Duyen et al., 2018; Phuong
et al.,, 2020; Tahoon et al., 2020). In recent years,
heavy metal ions removal from wastewater has been
achieved using different types of nanomaterials such
as graphene flakes (Kong et al., 2021), activated car-
bon (Nga et al., 2021), carbon nanotubes (Vesali-
Naseh et al., 2021), clays (Huang et al., 2020; Yadav
et al., 2019), zeolites (Joseph et al., 2020), bio-adsor-
bents (Chen et al., 2021), silica (Li et al., 2021),
hydroxyapatite (HAp), and apatites (Duyen et al.,
2018; Nam et al., 2021; Phuong et al., 2020), where
the apatite-based nanostructures are non-toxic and
environmentally friendly sorbents. This material is
well known for the water remediation from pollutants,
including pharmaceutical-based compounds (Cleib-
son et al., 2021; Harja & Ciobanu, 2018), organic
aromatic pollutants (Bouiahya et al., 2019; Li et al.,
2021), and heavy metal ions (Duyen et al., 2018;
Nam et al., 2021; Phuong et al., 2020). Moreover,
this material exhibits very high stability in extreme
thermal conditions and therefore can be applied in
various industrial fields (Ramachandra et al., 1997).
Hydroxyapatites can be synthesized chemically
(Fahami et al., 2017), or from natural sources like
animal bones (Bambaeero & Bazargan — Lari, 2021;
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Vahdat et al., 2019), or apatite ores (Phuong et al.,
2020), where the synthesis from mineral ores is the
most cost-effective technique. Using ores can signifi-
cantly reduce production costs, bringing a promising
solution for producing HAp at industrial scales. Up to
the present, this approach is still relatively new with
only a few studies found previously (Abdallah et al.,
2021).

Given this, our study focuses on the preparation
and application of nanostructural hydroxyapatite, one
of the most effective materials that can be used for
wastewater treatment using cost-effective and widely
abundant apatite ores as a natural source of calcium
and phosphates ions. The proposed material has a
high removal capacity for Pb>* and Fe** heavy metal
ions, making it suitable to form less soluble mineral
phases that are more stable in the environment than
the Pb** and Fe" ions. Prior to the treatment of real
wastewater, the adsorption studies were performed
in the function of contact time, initial Pb>" and Fe3*
concentration, pH, adsorbent mass, and temperature,
as well as the kinetics and adsorption mechanism was
studied.

2 Experimental
2.1 Nanostructural Hydroxyapatite Preparation

The apatite ore was collected from Lao Cai prov-
ince, Vietnam. The nitric acid HNO; 63%, aqueous
ammonia solution NHj ¢, 25%, and iron (III) chloride
hexahydrate FeCl;-6H,0 99% having analytical grade
were purchased from Xilong Scientific Co, China.
The Pb(NO;), 99.5% with the analytical grade was
supplied from Merck, Germany.

The raw apatite ore was initially milled into the
powder and dried at 105°C in an oven. Then, the dry
mass of about 1 g of apatite ore was treated with 20
mL of 1 M HNOj; solution and stirred within the mag-
netic stirring bar at 400 rpm for 30 min at room tem-
perature. Then, the precipitate was separated by filtra-
tion, and the obtained solution was used as a source
of Ca* and PO43_ ions to prepare hydroxyapatite
(HAp) with the use of the precipitating agent. The
ammonia NHj,,, solution was added dropwise until
pH 10, maintaining the hydroxyapatite formation
instead of the calcium phosphate compounds. Then,
the white precipitate was filtered and washed with
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distilled water until neutral pH. Next, the powder was
dried at 105 °C overnight and had a phase structure of
the hydroxyapatite (HAp) with a pH,,. of about 7.49
(Phuong et al., 2020).

2.2 Lead (Pb**) and Iron (III) (Fe**) Tons Adsorption
Experiments

The adsorption experiments were performed using solu-
tions containing Pb** and Fe** ions as follows: 50 mL
of Pb(NOs), or FeCl; solutions at concentrations rang-
ing from 5 to 400 mg-L~! was prepared. The adsorp-
tion studies were performed using different adsorbent
amounts, from 0.001 to 0.17 g (dry basis). Experiments
were also conducted in the function of pH ranging from
pH 1 to pH 6 adjusted with HCI and NaOH and in the
function of time (5 min, 10 min, 20 min, 30 min, 40
min, 60 min, 80 min, 100 min, and 120 min). Pb**
and Fe** adsorption efficiency H (%) and capacity (Q
(mg-g_l)) were determined based on Egs. (1) and (2):

100

H= (CO—CE).F (1)
Q: (Co_ce)'% (2)

where C, (mg-L™') is the initial concentration of
Pb>* and Fe** ions in the solution, C, (mg-L™!) is the
heavy metal ions concentration at equilibrium, V (L)
is the solution volume (V = 50 mL), and m (g) is the
amount of nanostructural hydroxyapatite.

2.3 Structural and Adsorption Analysis

The TGA-DTG analysis from room temperature to
800 °C at 5°C-min~! in the air was performed on a
Macro-thermogravimetric system (CIRAD — France)
to determine the thermal behaviors of HAp.

The surface morphology was studied using scan-
ning electron microscopy (SEM), JSM-6510LV,
JEOL Ltd. (Japan), and transmission electron micros-
copy (TEM) JEM-2100 JEOL Ltd. (Japan).

Before and after adsorption, the element composi-
tion of the material was determined by EDX analysis
with X-Act (Oxford).

The surface functional groups were detected using
an FTIR spectrometer (Nicolet iS10, Thermo Scien-
tific) in a range of 400-4000 cm™".

The porous structures of hydroxyapatite were
investigated using a Micromeritics 3Flex Adsorp-
tion Analyzer. The Brunauer—-Emmett-Teller
(BET) method was applied to estimate the total
surface area and total pore volume of the material,
while the micropore’s and mesopore’s surface
area and volume were identified via the t-plot and
BJH method, respectively. The surface potential
onto HAp was determined using the dynamic light
scattering method (DLS, SZ-100V2, Nanoparticle
analyzer, Nanopartica, Horiba Scientific (Japan)
in the charge range of about —200 to 200 mV at
25 °C).

The Pb**, Fe3*, and Ca?' concentrations were
determined by the Atomic Absorption Spectrom-
etry (AAS) method at a wavelength of 4 = 217 nm,
A =248.3 nm, and 4 = 422.7 nm, respectively, on the
AAS iCE 3500 Thermo Scientific (Germany).

The crystallinity of the hydroxyapatite before
and after the adsorption was characterized by the
phase component by X-ray diffraction (XRD), D8
ADVANCE-Bruker, CuK, radiation (4 = 1.54056
z&) with a step angle of 0.03°, the scanning rate of
0.04285° per second, and 20 degree was measured in
the range of 10-70°).

3 Results and Discussion
3.1 Characterization of Hydroxyapatite

3.1.1 Morphology, Element Composition,
and Surface Potential of Hydroxyapatite

The morphology of HAp was determined using
scanning electron microscopy (SEM, Fig. 1) and
transmission electron microscopy (TEM, Fig. 2).
Figure 1 shows nanostructured grains distributed
uniformly within the whole volume. The mapping
image of different elements on the surface of the
hydroxyapatite is measured by the EDX technique.
It can be seen that the main surface elements, which
are Ca, P, and O, are uniformly distributed on the
whole surface of the sample.

Based on the TEM analysis (Fig. 2), it can be
observed that HAp grains have a size of about 20
nm. The overlapping of the particles is caused by
the drying of the sample from the aqueous solution
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Fig.1 SEM-EDX image of HAp

Fig. 2 TEM image of the hydroxyapatite. The scale bar in the
TEM image is about 50 nm

pushing particles to move close to each other. Despite
the aggregation, each individual particle possesses a
nanostructural structure.

The surface charge of the nanostructural
hydroxyapatite was determined by the zeta poten-
tial measurements (Fig. 3). The obtained value
of the surface potential is about —34.4 mV for the
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Fig. 3 Zeta potential of the hydroxyapatite

presence of the hydroxyl groups. A negative value
of the surface potential suggests a strong interaction
of the material with the heavy metals cations, hence
improving the effectiveness in the removal of these
ions from aquatic systems (Ragab et al., 2019).

3.1.2 N, Adsorption-Desorption Isotherms

The porosity of the hydroxyapatite was analyzed from
the N, adsorption-desorption isotherms (Fig. 4). The
material exhibited type IV(a) isotherms in the ITUPAC
classification with a large-range hysteresis loop.
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pressure p < p.. This result suggests that mesopores
greater than ~4 nm are dominant in the material.
Moreover, the hysteresis loop can be classified as
Type H3, where complex pore structures exist and
networking effects are important. The presence of
ink-bottle pores may exist, suggesting a good captur-
ing potential of pollutants for this material when used
as an adsorbent. The total surface area (Sy.,) esti-
mated by the BET method as well as the total pore
volume (V.. the micropore volume (Vi) and
mesopore volume (V) estimated by the t-plot and
BJH methods are presented in Table 1.

The Sty and Vi, of the hydroxyapatite are com-
parable to that of other highly porous HAp (Cedric
et al., 2007), opening a great potential for the use of
this material as a commercial product. The pore size
distribution confirmed that the material was mostly
composed of mesopores with pore widths in the range
of 2.5 to 20 nm (Fig. 4b).

3.1.3 Thermal Behavior of Hydroxyapatite

The TGA-DTG curves of HAp from room tempera-

ture to 800 °C in air, at a heating rate of 5 °C min~!,

are presented in Fig. 5. It can be seen in Fig. 5 that

Temperature (°C)

Fig.5 TGA-DTG curves of HAp

the total weight loss of HAp is about only 0.05%,
which is insignificant compared to some other HAp
synthesized in previous studies (Marjan et al., 2020;
Pramod et al., 2016; Slavica et al., 2001). The first
peak at around 100 °C in the DTG corresponded to
the remaining moisture released from the material.
The main weight loss occurred between 100 and 550
°C with a very small rate of around 0.0001%-°C~!.
This result indicates that HAp is very stable and can
maintain its chemical integrity, even under severe
thermal conditions.

3.2 Effect of Adsorbent Mass and Contact Time

The effect of the adsorbent mass on the removal of
Pb** and Fe’* from aqueous solutions was inves-
tigated in this study. Therefore, 1-170 mg of adsor-
bent was added into different beakers for 60 min with
the pH of Pb** solution of 4 and 2.65 in the case of
Fe**. As shown in Fig. 6a, the adsorption efficiency

@ Springer



550 Page 6 of 18

Water Air Soil Pollut (2023) 234:550

increases rapidly from 39 to 100%, corresponding to
an increase in adsorbent mass (m) from 3 to 10 mg
for C, = 50 mg-L™" and contact time ¢ = 60 min.
Meanwhile, Fe** ion removal efficiency increased
dramatically from 35 to 93%, respectively (Fig. 6b).
The results also showed that the adsorption capacity
of Fe’* ions by HAp is higher than that of Pb>* when
the adsorbent mass increases. However, the amount
of adsorbent continued to increase by more than 10
mg, and the ion removal efficiency increased insig-
nificantly (in the case of Fe*") or slightly decreased
(Pb** case). It is concluded that the optimal amount
of the nanostructural HAp is clearly shown to be
around 10 mg, demonstrating its excellent efficacy
in ion removal even with only a tiny amount of the
adsorbent. It can be seen that the heavy metal ion
(HMI) absorption was enhanced due to an increase in
the adsorbent dosage and surface area available. After
full adsorption of HMI in solution, the amount of
HMI adsorbed per unit mass of HAp decreased due to
excess accessible sorption sites. The splitting effect of
the concentration gradient may possibly be contribut-
ing to the decline.

The effect of different contact times ¢, from 5 to
120 min, on the heavy metal ions’ adsorption was
presented in Fig. 7. It can be seen that the adsorption
trend is quite similar for both ions. For an increase
of  from 5 to 40 min, the Pb** adsorption efficiency
rises from 27 to 97%, and the capacity rises from
71.87 to 269.52 mg-g~'. However, after 40 min,
these parameters remain stable and an adsorption
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equilibrium is reached. For the removal of Fe** using
hydroxyapatite, 80 min was selected as the optimal
time, with an adsorption efficiency and capacity of
93% and 201.82 mg-g~!, respectively. The fast first-
stage adsorption may be due to the presence of a large
number of vacant adsorption sites. When heavy metal
ions are adsorbed on HAp materials’ adsorption sites,
the number of these sites diminishes and the slope
becomes flat as the adsorption rate lowers (Sugashini
& Begum, 2013).

3.3 Effect of pH

The adsorption efficiency was also measured in the
function of pH, ranging from 2.5 to 6 for Pb>* and
1 to 4 for Fe’*, assuming the pH point zero charge
(Pszc) of 7.49 (Phuong et al., 2020). The surface
charge was modified depending on the pH, with
PHgotion < PHp,e» the surface of the adsorbent hav-
ing a positive charge, and vice versa. The adsorption
efficacy as a function of pH may be described using
the pH,,, value.

In the case of the Pb** solution, precipitation was
seen at pH values greater than 6, but for Fe*, the
critical pH value for precipitation was greater than
4, similar to the effect demonstrated by Mavropou-
los et al. (2002) and Hashimoto et al. (2009). The
surface of HAp has a positive charge when the pH is
lower than pH,.; hence, electrostatic force occurs.
As a result, these measurements were carried out in
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Fig. 6 Effect of sorbent dose on adsorption efficiency and capacity for (a) Pb?* and (b) Fe** (Cy=50 mg~L", t = 60 min)
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Fig. 7 Effect of contact time on adsorption efficiency and capacity for (a) Pb>* and (b) Fe* (Cy=50 mg:L™!, pHy, m = 10 mg)

relation to pH, with m = 10 mg and C, = 50 mg.L ™",
t = 80 min.

The rivalry between H' ions and heavy metal ions
causes less efficient adsorption, as seen in Fig. 8. All
the data reveal that the optimum adsorption efficiency
and capacity at the initial pH for Pb** is 4 and the ini-
tial pH for Fe>* is 2.65.

3.4 Effect of Initial Pb** and Fe>* Concentration

To determine the influence of the initial concentra-
tion on the adsorption efficiency and capacity of the
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hydroxyapatite, the concentration C of Pb>* solution
was varied from 20 to 150 mg‘L_l, and for the Fe3*
solution, the concentration was changed from 5 to
400 mg-L~" at # = 80 min. Figure 9 reveals a decrease
in the efficiency and an increase of the capacity with
the rise of the initial ions concentration, indicating
that for particular values, adsorption reaches satura-
tion. There is a specified number of adsorption pores
for a given amount of hydroxyapatite. In the case of
all the adsorption pores being filled by Pb** and Fe**
ions, the adsorption capacity has nearly no change
when the concentration of heavy metals increases.
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Fig. 8 Effect of pH on adsorption efficiency and capacity for (a) Pb>* and (b) Fe**
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Fig. 9 Effect of Pb** (a) and Fe** (b) initial concentration on adsorption efficiency and capacity (m = 10 mg, pH,)

3.5 Adsorption Kinetics

A comprehensive study of adsorption processes will
be incomplete if the structure and dynamics of its
many aspects, as well as how they interact, are not
effectively represented. As a result, considerable
research into adsorption thermodynamics in combi-
nation with adsorption kinetics is required.

The adsorption mechanism was determined
based on the experimental results. To investigate the
kinetics of that process, Lagergren’s pseudo-first-
order law and McKay-Ho’s pseudo-second-order
law models were used, where both equations of the
two models are given in Eqs. (3) and (4), respec-
tively (Tran et al., 2017):

0,=0,(1-eh") 3)

where Q, (mg-g~") is the adsorption capacity at time 7,
0, (mg-g~") is the adsorption capacity at equilibrium,
and k; (min~') is the pseudo-first-order adsorption
rate constant.

0. kyt
0, = 2

T Qkyt+ 1 @

where k, (g'min~!-mg~') is the pseudo-second-order
rate constant for adsorption.

Non-linear models were used to determine the
amount adsorbed in the equilibrium, rate constant,
and correlation coefficient. Figure 10 shows both non-
linear models for Pb>* and Fe** ions. Based on the

@ Springer

higher values of R? in the adsorption of metal ions,
the pseudo-first-order of kinetics was proposed. The
parameters estimated based on that model are pre-
sented in Table 2. The value Q, between from experi-
mental and calculation is not remote. The non-linear
form of kinetic models retains the distribution of the
error and kinetic factor unchanged in both axes (Gan-
guli et al., 2020).

3.6 Adsorption Analysis

The equilibrium isotherm is described by the sur-
face characteristics and affinity of the sorbent that
is expressed in the values of the sorption isotherm’s
constants. The equilibrium is reached when the
adsorbate concentration in the bulk solution equals
the sorbent interface concentration. As follows,
equilibrium data from the sorption process may be
modeled using different commonly used equilib-
rium equations, so in our experiments, the Pb%* and
Fe’* adsorption process on HAp was described by
using the Langmuir, Freundlich, and Redlich-Peter-
son models. Tests on adsorption were carried out
by mixing 10 mg of the hydroxyapatite with 50 mL
of Pb?* or Fe** having different concentrations in a
100-mL Duran flask and then stirring at 400 rpm for
80 min. The adsorption isotherms for Pb** and Fe**
are presented in Fig. 11, where the simulations of the
Langmuir, Freundlich, and Redlich-Peterson models
were made based on Egs. (5)-(7) as follows (Lima
et al., 2015; Tran et al., 2017; Tran et al., 2021):
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Fig. 10 Adsorption data modeled using Lagergren’s pseudo-first-order law and McKay and Ho’s pseudo-second-order kinetic mod-
els for (a) Pb>* and (b) Fe3*

Table 2 Parameters of Pb?* and Fe** removal process calculated using Lagergren’s pseudo-first-order non-linear models

Qe.exp (mg-g’l) Qe.cal (mg~g’1) k, (g~mg’1-rnin’l) R?
Pb%+ 276.870 281.238 0.07013 0.9955
Fe* 242.476 268.795 0.03225 0.9780
a) b)
400 1200
1000 4
800 -
> 600
E
" 400
m  Pb% experimental data m  Fe’* experimental data
Redlich-Peterson 200 - Redlich-Peterson
Freundlich Freundlich
-Langmuir 0- -Langmuir
0 25 50 75 100 125 150 0 100 200 300 400
C./mgL"

C./mgL"
Fig. 11 Non-linear adsorption isotherms for (a) Pb>* and (b) Fe** onto hydroxyapatite
where Q, stands for the amount of adsorbent in

’ o) equilibrium (mg-g™'), Q.. is the maximal amount
adsorbed (mg-g™'), K, stands for the Langmuir

Qmax X KL X Ce

Langmuir : Q, = |+ K xC
L e
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equilibrium constant (L-g~"), and C, stands for con-
centration of ions (mg-L‘l).

Freundlich : Q, = K, x C,'/", (6)

where K is the Freundlich constant with mul-
tilayer adsorption relating to the bond strength
(mg-g”'(L-g™")") and n is the dimensionless param-
eter defining adsorption.

KRP Ce

Redlich — Peterson : Q, = ———,
l+agpxC2

(N
where Kgp is the Redlich-Peterson constant (L-g™h),
agp stands for the Redlich-Peterson equilibrium con-
stant (mg-L™1)"¢, and g is a constant dimensionless
parameter.

According to the Langmuir equation, a mon-
olayer of adsorbate on the absorber’s surface is
required for maximal adsorption. For Freundlich’s
model, a broad variety of concentrations may be
taken into account by taking into consideration sur-
face heterogeneity, as well as the exponential distri-
bution of active sites and their related energies. Fol-
lowing, the Redlich-Peterson model considers the
limitations of the Langmuir and Freundlich models.
It can be used to demonstrate adsorption equilib-
rium over a wide range of concentrations of adsorb-
ate (Tran et al., 2017; Lima et al., 2021).

Figure 11 shows the graphical representation of
these models, where the values of the correlation
coefficient R? obtained from particular models were
used to determine the best fitting. In the case of the
Pb** adsorption, see Fig. 11a, it can be seen that the
R? for Redlich-Peterson isotherm is higher (0.9996)
than for Langmuir isotherm (0.9459) and Freundlich
(0.7523) isotherm. Similar to these results, for the
Fe3*, the value of the correlation coefficient was also
higher for the Redlich-Peterson isotherm (0.9964)
than for the Langmuir isotherm (0.9691) and Fre-
undlich (0.9325) isotherm. Therefore, it can be seen
that the adsorption undergoes the Redlich-Peterson
model, which assumes that adsorbate is applicable
either in the homogeneous or heterogeneous system.
The parameters characteristic to all these models are
presented in Table 3, showing that the Q,,,, deter-
mined from the Langmuir isotherm is about 392.36
mg-g~! for Pb’>* and 1781.68 mg-g~! for Fe’*.

According to the Pb%* removal, the literature
shows that an increase in metal ion concentration

@ Springer

leads to an increase in the number of metal ions pre-
sent at the adsorbent surface, which in turn leads to
an increase in the likelihood of adsorption (Sridevi
et al., 2015). This outcome is compatible with S.T.
Ramesh’s research (Ramesh et al., 2013). They dem-
onstrated that the maximal adsorption capacity of
synthetic HAp is 357.14 mg Pb(Il)-L~" with 0.12 g
HAp-L™! optimum dosage and that the Pb** adsorp-
tion kinetics match the pseudo-second-order reac-
tion and the Langmuir adsorption isotherm model.
In the case of composites, Zhang et al. proposed the
Langmuir model for Pb** removal of hydroxyapa-
tite/calcium silicate hydrate (HAp/C-H-S), where the
adsorption capacity reaches 946.7 mg-g~! for highly
developed surface (Zhang et al., 2018). Comparing
the results with the literature, it is seen that the effec-
tiveness of heavy metal ions removal with bare HAp
can differ for different ions. For example, Lusvardi
et al. studied the Cd** and Pb>* removal by synthetic
HAp, also indicating a different behavior of Pb**
removal with respect to Cd** (Lusvardi et al., 2002).
Iconaru et al. showed an adsorption capacity of about
99.3 mg-g~! with the nanostructural hydroxyapatite
using the Langmuir model (Iconaru et al., 2018).
Baileliez et al. referred to the adsorption capacity of
about 320 mg-g~! with the HAp particles sized ~16
pm, where the adsorption undergoes the Langmuir-
Freundlich model (Bailliez et al., 2004). Minh et al.

Table 3 The parameters of the selected adsorption isotherm
models obtained from Fig. 11 with the plot of Q, (mg-g™!) vs.
C(' (mgL_l)

Pb2+ FBH
Oax-exp (Mg 342.20 1089.59
Langmuir model
o, (mg-g™" 392.36 1781.68
K; (L-mg™") 0.0402 0.0047
Adj R? 0.9459 0.9691
Freundlich model
Ky (mg-g™h 64.3120 38.9583
np 0.3445 0.5748
Adj R? 0.7523 0.9325
Randles-Peterson
Kipp (Lg™h 4.8714 5.34261
agp (L-mg~")® 3.0417e-7 4.56672e-8
g 3.0406 2.8211
Adj R? 0.9996 0.9964
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showed that the effectiveness of HAp over the Pb>*
removal depends on experimental conditions and can
vary from 84 to even 620 mg-g~! (Minh et al., 2013).
Another study presented by Meski et al. shows the
results for carbonized HAp prepared from the domes-
tic hen waste egg shells, where the Pb** undergoes an
adsorption Langmuir mechanism with a maximum
adsorption capacity of 500 mg-g~! at 25 °C and 35 °C
(Meski et al., 2010).

Furthermore, the Fe’* adsorption capacity meas-
ured in this study (1089.59 mg-g~!) was significantly
higher than the maximum iron adsorption capac-
ity in prior investigations (55.25 mg.g™!), where the
adsorption follows pseudo-second-order kinetics
(Brundavanam et al., 2015). Some works refer to the
formation of many defects in the HAp structure that
influence the effectiveness in the removal of particu-
lar compounds (Avakyan et al., 2021; Jiang et al.,
2002). However, as mentioned above, the effective-
ness of water purification with HAp depends on the
experimental conditions. In work presented by Billah
et al., the adsorption capacity with the fluorapatite is
about 19.88 mg-g~!, where the adsorption mechanism
fits the Langmuir model and the kinetics follows the
pseudo-second-order (Billah et al., 2021). Another
work shows the 2.54 mg-g~! adsorption capacity with
cow bone-derived HAp (Olabiyi & Adekola, 2018).
The kinetic and the isotherm models are proposed
to be pseudo-second-order and Langmuir models,
respectively.

The adsorption capacity for the Pb>" removal is
similar to the data presented in the literature, while
the values for Fe** removal are much lower than
the experimental data obtained in this work. The
kinetic models differ from the literature in what can
be caused by the application of linear models. This

shows that cost-effective and widely available materi-
als like apatite ore in Vietnam may be employed to
manufacture extremely effective adsorbents.

3.7 Temperature Effect

The experiments were also performed in function of
temperature, indicating that along with an increase
in temperature, the adsorption efficiency and capac-
ity also rise (Table 4). Then, the standard Gibbs free
energy change (AG°), the enthalpy change (AH®), and
the entropy change (AS°) of the adsorption of Pb**
and Fe’™ onto the hydroxyapatite were estimated
within Egs. (8) and (9):

AG® = —RTInK (8)
0 0 0 0

nk, = _AH0 1 A AR 1 ASY
R T R R T R

where R 1is the universal gas constant (8.314
Jmol_lK_l), T is the temperature (K), and K is the
equilibrium constant.

The intercept and slope of the plot of In(K,) ver-
sus (1/7) (Fig. 12) give the values of AG°, AH®, and
AS°, which are summarized in Table 5. The positive
values of AH®° and the negative values of AG° con-
firm the spontaneous and endothermic character of
the ions’ adsorption. The values of AG®° are smaller
than the value of physical adsorption (=20 to O
kJ-mol~!) and chemisorption range (—80 to —400
kJ-mol~"), suggesting that the adsorption of Pb**
and Fe’* onto that HAp has a physisorption char-
acter. The randomness at the adsorbate-adsorbant
interface is confirmed with positive values of AS°
(Thuy et al., 2021).

Table 4 H (%), Q,

A Tempera- C,(mgL™) C,(mgLl™ H%) Q,(mgegh K,=QJ/C., WK, UT

(mg-g™),and K, as a ture (K)

function of temperature in

Pb** and Fe** adsorption Pb2+

gr(‘)’ggs; (I’) ; ;30 o, = 298 42.47 22.54 47 199.28 8.84 218 0.0034

’ e 338 13.59 68 288.79 21.25 3.06  0.0030

348 11.37 73 311.01 27.36 331 0.0029
Fe3+
298 50.92 33.18 3483  177.33 534 1.68  0.0034
328 31.05 39.02  198.69 6.40 1.86  0.0030
348 28.49 44.06  224.33 7.88 206 0.0029
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Fig. 12 The relationship of LnK, and 1/T in the case of Pb>* (a) and Fe** (b)

Table 5 The thermodynamic parameters AH®, AS°, and AG®
in the case of Pb?" and Fe**

Tempera- AH° (kJ-mol™))  AS° AG° = AH®

ture (K) (kJ-mol™' K™Yy —TAS°
(kJ-mol™)

Pb2+

298 19.13 0.082 -5.39

338 —8.68

348 -9.50

Fe3+

298 6.48 0.036 —4.11

328 —5.18

348 -5.89

3.8 Wastewater Treatment

In complement to our detailed investigations of the
heavy metal ions removal in the laboratory, real
wastewater was tested to confirm the effectiveness of
our proposed adsorbent in practical conditions. The
wastewater was collected at a plating company in
Noi Bai Industrial Zone and Trieu Khuc craft village,
Hanoi, Vietnam. The sample had white-bluish color
and a metallic odor. Analysis results (Table 6) show

that the Fe* concentration in the water supplied by
the plating company is about 1.21 mg-L~!, which is
double that in the craft village, where the iron (III)
ion concentration is about 0.06 mg-L~'. These val-
ues exceed the maximum permitted limit concentra-
tion of domestic water following the QCVN 02:2009/
BYT norm (0.5 mg-L™"). The lead (II) ions were not
detected in the plating wastewater.

Experiments were performed in the following con-
ditions: 0.03 g of hydroxyapatite was placed in 50
mL of wastewater primarily filtered to remove solid
impurities suspended in the solution. After the filtra-
tion, the adsorbent was stirred for 45 min, likewise,
the experiments described above. Then, the sam-
ple was centrifuged to separate the adsorbent from
the suspension, and the solution was tested with the
application of the AAS technique. Besides, the pH of
the plating wastewater is very low, out of the range
for domestic water (pH 6.0-8.5). After treatment, the
pH of the solution increases, and the concentration
of Fe3* is 0.38 mg-L_l, smaller than 0.5 mg-L_l; the
adsorption efficiency is 68.24% in the case of plating
wastewater. The Fe*™ concentration in craft-village
wastewater after adsorption is below the detection
limit, indicating an efficiency close to 100%. It can

Table 6 The values of

concentration, pH, H, and Q Wastewater ~ C,Pb™*  C,Fe’™*  pHyge C.Fe™  pHy  Hpe (%) Qpe (mgg™)
of tlhe adsorption process in Plating - 1.21 2.70 0.38 3.74 68.24 1.37
real wastewater Craft village - 0.06 7.54 0 7.90 100 0.09
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be concluded that hydroxyapatite can be used as an
effective absorbent for heavy metals removal from
wastewater. Its application also can be used on a
larger, industrial scale.

3.9 Crystallinity, FTIR, and EDX analysis

Remember that the removal of metal ions by HAp
adsorbent follows second-order kinetics and the
Langmuir adsorption isotherm model. This allows
us to predict that metal ion adsorption will occur
mostly on the surface and form chemical linkages.
For a better understanding, the adsorbent has been
analyzed both before and after the adsorption process.
Figure 13 shows the XRD patterns and FTIR spec-
tra of the HAp before and after the heavy metal ions
removal.

Characteristic peaks of hydroxyapatite were
detected, with the highest intensity peak at around
32.5° and another peak at about 26.2° that corre-
sponds to the (211) and (002) planes, respectively,
while the other peaks are also in good agreement with
the hydroxyapatite structure (Phuong et al., 2020).
After Pb ion adsorption, the XRD pattern of the mate-
rial has changed remarkably. The appearance of the
maximum peak at 30.7°, which is indicative of lead
hydroxypyromorphite — Pb;,(PO,)s(OH), and vari-
ous peaks were recorded (Ellis et al., 2006; Hopwood

% Cay(PO,)(OH),
= Pb(PO,)3(OH)
# FeO(OH)

Hydroxyapatite

Intensity /a.u

30

40
2 0 /degree
a

70

et al., 2016; Zhu et al., 2015), whereas the maximum
peak of HAp was found a considerable decrease. This
demonstrates that the exchange of ions in aqueous
solution between Ca,4(PO,)s(OH), and Pb>* results
in a Ca’* substitution in the structure and the forma-
tion of Pb,,(PO,)s(OH), (Wang et al., 2019).

Similar to lead ions, Fe3* adsorption also
changes the structure of HAp, leading to the forma-
tion of the new phase — goethite — FeO(OH), where
the peaks at about 12.1°, 17.1°, 27.1°, 35.4°, 39.5°,
52.4°, 56.3°, and 68.2° confirm the goethite pres-
ence in the sample (Ghosh et al., 2012; Jiang et al.,
2002; Kato et al., 2018; Zilm et al., 2016). How-
ever, not all calcium ions are substituted with iron
ions. It is worth mentioning that post-treated HAp
changes its color, proving effective in ion capturing
(Qian et al., 2014). XRD results confirm the effec-
tiveness of the HAp for the removal of heavy ions
is due to an ion-exchange mechanism (metal ion =>
Ca*) that is a main participant in the adsorption
process. This result was confirmed by the desorp-
tion of Ca’" exchange cation in the solution after
adsorption against the amount of Pb>" and Fe>* that
were adsorbed (Table 7).

The FTIR spectra of hydroxyapatite before and
after Pb** and Fe** adsorption are shown in Fig. 13b.
We can observe the characteristic peaks of PO,*~ at
1040 cm™!, 607 cm™!, and 567 cm™' corresponding
to the asymmetric stretching vibration of P-O bond

—— Hydroxyapatite

—— Hydroxyapatite-Pb g
o o
8 -
=
s
€
2]
C
o
'_ .
2 |— Hydroxyapatite-Fe
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm ")
b

Fig. 13 XRD patterns (a) and IR spectra (b) of HAp before and after the adsorption of Pb** and Fe**
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and the asymmetric bending vibration of O-P-O. The
bending variation of the OH™ group is characterized
by a peak at 1617 cm™!. The peak at 1389 cm™! is
attributed to NO;™ group in the modification process
(Phuong et al., 2020). After Pb*" and Fe** adsorp-
tion, the spectrum of material still does not change
much because of the functional group of PO,*~ and
OH™ in Pbs(PO,);(OH) and HAp.

The change in the distribution and content of Ca,
Fe, and Pb present in HAp materials will be con-
firmed by SEM-EDX analysis results.

Furthermore, the Pb and Fe composition on the
surface of the sorbents was also determined by
energy-dispersive X-ray spectroscopy (EDX). The
elemental composition of the HAp before and after
the adsorption was examined at different points on
the SEM images (described in Fig. 14). The average
atomic and mass compositions are shown in Table 8.

The elemental mapping and spectra for Pb- and Fe-
treated samples have been recorded and reveal the uni-
form distribution of the elements on the material’s sur-
face after the removal of metal ions from water. It denotes
the existence of metal ions such as Pb*" and Fe** in the

adsorbent after the adsorption. In addition, EDX analyses
confirm the dosage of separated atomic and mass com-
position in the material. The amount of Ca decreases, and
the amount of Pb and Fe increases after adsorption. The
Ca/P ratio of hydroxyapatite is 1.60, approximately 1.67
of stoichiometry HAp, but after Pb and Fe adsorption,
the Ca/P ratio is only 1.40 and 1.22, correspondingly.

4 Conclusions

In this work, HAp was successfully synthesized from
apatite ore by chemical modification toward efficient
and economical water purification. The obtained
material exhibited nanostructures with high thermal
stability and high porosity. Moreover, the presence
of ink-bottle-shaped mesopores and negative sur-
face potential encouraged the use of this material as
an adsorbent for heavy metal removal in wastewater.
The adsorption results showed that a small amount
(around 10 mg) of hydroxyapatite could effectively
remove Pb?* from the solution of 50 mg-L~! ions
concentration having 50 mL in volume at pH,, after

OT?;’:;Z’ Fzgf,cailrggj;;fiign Ton Sample C Pb* (mgL™") H Pb™* (%) C Ca®* (mgL™)
the solution before and after Pb>* Before adsorption 82.98 97.87
the adsorption After adsorption 1.76 4.55
Ion Sample CFe** (mgL™h H Fe’ (%) C Ca® (mgL™h
Fe’* Before adsorption 24.85 91.35
After adsorption 2.15 17.84

Fe L series

Ca K series

Ca

Fig. 14 SEM-EDX results (particular elements distribution, SEM, and spectrum) obtained for the HAp after the treatment for Pb>*

(a) and Fe** (b)
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Table 8_ Element . Element Adsorbent before and after the metal ion adsorption

composition (atomic and

mass) of HAp materials HAp HAp-Fe HAp-Pb

before and after the

adsorption % a % m % a % m % a % m
(0] 54.6 37.7 52.6 34.5 53.6 27.7
P 13.3 17.8 6.2 7.9 9.7 9.9
Ca 21.3 36.7 8.7 14.4 11.8 15.2
Fe 13.9 32.0 0 0.0
Pb 0 0.0 5.8 38.4
C 6.5 3.6 13.5 6.1 12.8 4.9
Others 4.3 4.2 5.1 5.1 6.3 39
Total 100.0 100.0 100.0 100.0 100.0 100.0
Ca/P 1.60 1.40 1.22

40 min. Under the same conditions, the Fe>* ions
were also removed effectively but after a much longer
contact time of 80 min. The kinetics of Pb®* and Fe**
adsorption followed the pseudo-first-order model,
where the non-linear equations were used. Based on
the obtained results, it can be assumed that the occu-
pation of the adsorption sites is proportional to the
number of unoccupied sites on the adsorbent. In order
to predict the best isotherm equation that describes
the adsorption, non-linear Langmuir, Freundlich,
and Redlich-Peterson models were used. The high-
est values of the correlation coefficient for adsorption
of both Pb’* and Fe** were for a Redlich-Peterson
isotherm, assuming the mix of Langmuir and Freun-
dlich models. Interestingly, the literature mainly pro-
poses the Langmuir model, while in some works, the
Redlich-Peterson isotherm fitting is not presented in
the case of the Fe’™ removal with HAp. The maxi-
mum adsorption capacity of 342.2 mg-g~! for Pb>*
is in good agreement with the literature. Interest-
ingly, the adsorption capacity for Fe** obtained by
HAp proposed here is about 1089.59 mg-g~' which
is much higher than described elsewhere for the HAp
made from different sources, e.g., bone-derived HAp.
Thermodynamic parameters confirm that the adsorp-
tion process is spontaneous and feasible. Based on
the optimization studies for the model pollutants, the
studies were also performed for real wastewater. It is
seen that the nanostructural HAp works effectively
in water purification. It makes the HAp synthesized
from natural apatite ore a cost-effective, affordable,
and efficient solution for the removal of these contam-
inants from aqueous solutions in practical conditions.
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Appendix
Calibration curve

To estimate the effectiveness of the nanostructural
hydroxyapatite in removing heavy metal ions, the
calibration curve was initially measured using 0.1-10
mg-L™! of Pb** and Ca** and 0.2-6 mg-L™! of Fe’*
solutions with the atomic absorption spectrometry
(AAS). Figure 15 shows the calibration curves for Pb**,
Fe**, and Ca®* ions used to determine the concentra-
tion, adsorption efficiency, and capacity of this study.

Fe®*
0.4 1 y =0.07021 x
R? = 0.9993
0.3 1
3 .
< 02. Pb
. y =0.03061 x
R? = 0.99989
0.1
Ca2+
y =0.01076 x
R? = 0.99477
0-0 T T L) L)
0 2 4 6 8 10

Concentration /mg'L"’

Fig. 15 The calibration curves for Pb>*, Fe**, and Ca’*
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