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Abstract: Hydroxyapatite (HAP) coupled with its two modifications HAP P123 and HAP F127 were
applied for indium removal from aqueous solutions. Adsorbents’ abilities to remove indium ions
were assessed in relation to pH, time of contact, indium concentration, temperature, and presence of
co-existing ions. Adsorption was discovered to be pH-dependent for all sorbents, with maximum
indium ion removal at pH 4.0. Both the Langmuir and the Freundlich isotherm models were used
to explain the experimental results. For all adsorbents, the Freundlich isotherm provided a better
description of the equilibrium of the sorption. The sorption capacity computed from the Langmuir
model changed from 10,799 mg/g for HAP F127 to 11071 mg/g for HAP. A number of models were
used to describe the adsorption’s kinetics. The adsorption of indium on HAP was better described by
the pseudo-second-order model, on HAP P123 by the pseudo-first-order model, and on HAP F127
by the Elovich model. Thermodynamic parameters showed that indium ions’ adsorption onto HAP
adsorbents was a feasible, spontaneous, and exothermic process. The effectiveness of indium removal
by the examined adsorbents was unaffected by the presence of other metal ions in the solutions.
ORCA quantum chemistry software was used to theoretically examine the interactions between the
surfaces of adsorbents and the indium ions. High desorption efficiency showed that the applied
adsorbents can be used for manifold wastewater treatment.

Keywords: hydroxyapatite; indium removal; recovery; pollution; thermodynamic; adsorption;
kinetics; equilibrium

1. Introduction

Heavy metals are pollutants that are regularly discovered in industrial wastewater.
These pollutants are typically produced by a variety of industrial processes, including
the mining, electroplating, metal smelting, chemical, and paint industries. The presence
of heavy metals beyond acceptable limits can provoke serious health and environmental
damage [1–3].

Indium possesses distinct physical and chemical characteristics which determine its
wide application in the electronics industry (liquid crystal displays, semiconductor devices,
solar cells) [4], for the production of semiconductor devices and alloys, as well as in the
nuclear industry [5]. Despite being used extensively, indium is widely dispersed in nature
and is only frequently found in small amounts in some ores of zinc, copper, and lead
sulfide [5]. In recent years, indium consumption and price have increased rapidly, and
consequently, its recovery from wastewater and waste materials can realize its circular
exploitation and prevent release in natural water bodies. According to reports, indium’s
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cytotoxicity and protracted persistence in nature can cause serious harm to the heart, kidney,
and liver [3].

Numerous techniques, including ion exchange [5,6], liquid-liquid extraction [7], chem-
ical precipitation [8], electroanalytical methods [9], and adsorption [10,11], have been
applied for indium recovery.

Among the mentioned techniques, adsorption represents one of the most suitable
methods for indium removal due to its low cost, simplicity, efficiency, and low energy
consumption [12–15]. As adsorbents for indium recovery, the following materials were
applied: modified solvent-impregnated resins (MSIRs) [16], the ion-imprinted polymer [17],
phosphorylated sawdust bead [12], carbon nanotubes [18], chitosan-coated bentonite [13],
carboxymethyl chitosan/poly(acrylic acid) [19], layered silicates [20], modified chitin [21],
multifunctional alginate [22], and SiO2@GO-PO3H2 composite [23]. Despite the active ap-
plication of the adsorbents for indium recovery, for the main part of them, low values of the
adsorption capacity were achieved [12,13,17]. As a result, current research is concentrated
on developing new and effective adsorbents for indium removal from wastewater.

Hydroxyapatite (Ca10(PO4)6(OH)2, HAP) is an important adsorbent used for the
removal of hazardous pollutants (e.g., heavy metals, dyes) from wastewater [24,25]. This
material is easily synthesized on a large scale by using different methods in order to obtain
more effective HAP-based sorbents. The morphology and adsorption capacity of HAP
are influenced by the type of synthesis procedures. From an economic point of view,
hydroxyapatite and its derivatives have developed as appropriate alternative adsorbents
for the treatment of wastewater contaminated with heavy metals.

Over the past years, due to its strong adsorption affinity to diverse water pollutants,
low water solubility, thermal stability, and ionic exchange capacity, hydroxyapatite has
attracted enormous attention for its effectiveness in the removal of heavy metal ions [26,27].
HAP was actively used in several research studies for the removal of various pollutants.
The maximum adsorption capacities of HAP reported by Nu’nez et al. [28] for Pb(II), Cd(II),
and Cu(II) constituted 265, 64, and 55 mg/g, respectively.

Based on our previous works [29,30], the HAP and its derivative forms were chosen in
this study as adsorbents to investigate the recovery of indium (III) from batch solutions. The
effect of physico-chemical parameters, such as pH, time of contact, indium concentration,
temperature, and presence of co-existing ions on the HAP’s adsorption efficiency, were
investigated. To comprehend the mechanics of adsorption, different kinetic and equilibrium
models were used.

2. Materials and Methods
2.1. Chemicals

All chemicals used to synthesize the adsorbents and the In2(SO4)3 used to perform
sorption experiments were of analytical grade (Sigma-Aldrich, Darmstadt, Germany).

2.2. Sorbents’ Preparation

The procedure presented by Arsad et al. [31] was followed in order to produce hydrox-
yapatite (HAP). In the first stage, solution of calcium nitrate (0.5 M) was mixed with ethanol
(50 mL) and the pH of the mixture was raised to 10. In the second stage, the phosphoric
acid (0.3 M) was added to the mixture dropwise. The reaction started at 60 ◦C for 1 h,
and then it continued for the remaining 24 h at room temperature. After the reaction, the
suspension was centrifuged for 15 min at 4000 rpm to separate the precipitate, which was
then subjected to a 6 h calcination process at 550 ◦C. Except for the application of Pluronic
P123 and Pluronic F127, the sorbents HAP P123 and HAP F127 were prepared according
the same procedure.

2.3. Adsorption Experiments

The influence of pH, time of contact, indium concentration, temperature, and co-
existing ions on the adsorption capacity of HAP adsorbents was assessed. In all experiments,
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except equilibrium studies, the dosage of the sorbent and the volume of the experimental
solution were constant: 20 mg and 10 mL, respectively. The pH of the experimental
solutions ranged from 2.0 to 6.0 and was changed to the necessary values using 0.1 M
NaOH or HCl. The effect of the other parameters was studied at optimal pH values. In
the equilibrium studies, the following concentrations of indium were used: 10, 20, 30, 40,
50, 75, 100, 200, and 300 mg/L; pH (4.0), time (1 h), and temperature (22 ◦C) were kept
constant. In kinetic experiments, the parameter which varied was time, and samples were
withdrawn at 1, 3, 5, 7, 15, 30, 45, and 60 min. Thermodynamic studies were performed at
temperatures ranging 20–50 ◦C.

Indium in nature is mainly associated with cadmium, zinc, copper, and tin deposits [5,8].
Thus, the effect of copper, tin, cadmium, and zinc on the indium adsorption onto HAP
sorbents was studied. Experiments were performed at pH 4.0, temperature 22 ◦C, and time
of contact 60 min. The concentrations of all elements in the system were 10 mg/L.

Adsorption experiments (carried out in triplicate) were performed at constant stirring
on a rotary Unimax 1010 shaker (Heidolph, Schwabach, Germany).

Equations (1) and (2) were used to assess the HAP’s adsorption capacity and
removal efficiency:

q =
V(Ci − Cf)

m
(1)

R =
Ci − Cf

Ci
× 100 (2)

where q (adsorption capacity) = mg/g, V (solution volume) = L, Ci and Cf (indium initial
and final concentrations) = mg/L, and m (sorbent weight) = g.

2.4. Methods

An ICP-OES PlasmaQuant PQ 9000 Elite spectrometer (Analytik Jena, Jena, Germany)
was used to measure the indium concentrations in the initial solutions and following
the batch tests. Qualitative Phase Analysis was carried out on an EMPYREAN X-ray
diffractometer (PANalytical) using Bragg-Brentano focusing method. Bragg-Brentano
(CoKα radiation) was in the angular range 2θ = 20–80◦ with a step ∆θ = 0.026◦. The
analysis of the obtained data was carried out using the PDF-4 database. The infrared
spectra were recorded using a Bruker Alpha Platinum-ATR spectrometer (Bruker Optics,
Ettingen, Germany) in the range between 4000 and 400 cm−1.

2.5. Reusability of the Sorbents

Three adsorption/desorption cycles were used with the goal of demonstrating multi-
ple uses of HAP and its modifications. Firstly, adsorption of indium at optimal conditions
was carried out, then 0.01 M HCl was as eluted for element. At the end of the first sorp-
tion/desorption cycle, adsorbents were washed multiple times with distilled water and the
procedure was repeated for the next two cycles.

3. Results and Discussion

Detailed characterization of the applied sorbents using scanning electron microscopy,
Fourier-transform infrared spectroscopy, and nitrogen adsorption–desorption analysis
is presented in [29,30]. The Ca/P ratio in the HAP sorbent was 1.67. The highest spe-
cific surface area of 69.1 ± 0.1 m2/g was obtained for HAP P123, followed by HAP
(47.2 ± 0.1 m2/g) and HAP F127 (31.7 ± 0.1 m2/g). As can be seen, the addition of the sur-
factant F127 led to a decrease in the specific surface area, which is in agreement with [32].

X-ray diffraction analysis (Figure 1) showed that only hydroxyapatite was present in
the HAP P123 adsorbent (PDF No. 00-064-0738), while in HAP and HAP F127, β-Ca2P2O7
(PDF No. 00-020-0024) and brushite (PDF No. 98-010-9193) were also found.
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After indium adsorption, the phase composition of the adsorbents did not change. As
an example, the X-ray spectra of HAP P123 before and after indium adsorption is illustrated
in Figure 2.
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FTIR analysis was used to assess the involvement of the functional groups in indium
removal (Figure 3). The peaks at 1010 and 1015 cm−1 observed in the HAP, control,
and indium-loaded samples (Figure 3a) were due to the asymmetric stretching vibration
of the P–O bond of phosphate PO4

3− groups [33,34]. The bands detected at 600 and
605 cm−1 are attributed to the bending vibration of the O–P–O bond of phosphate PO4

3−

groups [33]. The weak band at 3300 cm−1 is assigned to the O–H stretching vibration of
surface P–OH groups [33]. In the FTIR spectrum of HAP loaded with indium, a decrease
in the intensity of deformation bands of PO4

3− ions was observed. In the case of HAP
P123 and its form loaded with indium (Figure 3b), the peaks at 1005 and 1010 cm−1

are also attributed to the asymmetric stretching vibration of the P–O bond of phosphate
PO4

3− groups [33,34]. The bands at 680 and 655 cm−1 reveal the bending vibration of
the O–P–O bond of the phosphate group [33], and the band at 3000 cm−1 is assigned
to the O–H stretching vibration [33]. In the FTIR spectrum of HAP P123-In, an increase
in the intensity of deformation bands of PO4

3− ions was seen. In the spectrum of HAP
F127, the same functional groups were observed (Figure 3c). The peaks at 1010 and
1012 cm−1 corresponded to the asymmetric stretching vibration of the P–O bond [33,34],
that at 690 cm−1 was due to the vibration of the O–P–O bond of phosphate groups, and
that at 2950 cm−1 was assigned to the O–H groups [33]. There, the spectrum of control
HAP F127 was very similar with the indium-loaded adsorbent.
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The change in intensity of PO4
3− bands can indicate indium ions’ interaction with

calcium ions and protons via ion-exchange or their coordination with PO4
3− groups [30].

3.1. Effect of pH on Indium Removal by HAP Adsorbents

One of the most crucial variables in the adsorption process is the pH of the solution.
In order to avoid indium ions’ precipitation, the process of sorption was investigated at
a pH below 6.0. As can be followed from Figure 4, at pH 2.0 the effectiveness of indium
removal by HAP adsorbents was between 25 and 36%. The low adsorption of indium ions
is explained by the presence of the high concentration of H+ ions and their competition
with the indium ions for binding sites [5,29,30]. Maximum adsorption of indium onto HAP
of 7.6 mg/g (98.7%)–7.7 mg/g (99.8%) was achieved at pH 3.0–4.0. The same pattern was
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obtained for modified adsorbents, with the removal efficiency constituting 99.8% for HAP
P123 and 96.7% for HAP F127.
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Indium mainly exists as In3+, In(OH)2+, and In(OH)2+ species at pH < 4.0, while
at higher pH values the formation of In(OH)3 begins [35]. Thus, a drastic decrease in
indium removal at a pH higher than 4.0 can be explained by In(OH)3 formation, since the
number of OH groups in the solution has increased as a result of using NaOH to adjust
the pH. According to Calagui et al. [13], adsorption and precipitation were responsible
for indium adsorption onto chitosan-coated bentonite at the pH range 4.0–6.0. In the
Chou [36] experiments, it was shown that at pH 5.0 and 6.0, 14–22% of indium ions were
removed due to interactions with sodium hydroxide and 50–65% were adsorbed onto spent
coffee grounds.

Maximum adsorption of indium ions by poly(vinylphosphonic acid-co-methacrylic
acid) microbeads was achieved at pH 6.0 [5], by carbon nanotubes at pH 10 [18], by brown
alga Ascophyllum nodosum at pH 3.0 [37], and by amino methylene phosphonic acid resin
at pH 3.6 [38]. To ensure high removal efficiency, further experiments were carried out
at pH 4.0.

3.2. Effect of Time on Indium Removal by HAP Adsorbents and Kinetics of Study

Assessment of the effect of contact time on the sorption efficiency could help re-
searchers to understand the possible mechanisms of the sorption reaction [39]. Figure 5
represents a plot of the indium ions’ removal efficiency versus contact time.
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Approximately 86% of the indium ions were removed from the solution during the
first minute of the interaction. A Maximum indium removal of 96% was achieved in 7 min
and then equilibrium was attained. Even in the first min of HAP P123 interaction with
indium, only 26% of ions were removed from the solution; in the next 3 min, the removal
increased up to 92% and in 30 min equilibrium was attained. In the case of HAP F127, it
took a longer time to achieve maximum indium ions’ removal; the removal efficiency of
the sorbent increased gradually and equilibrium was reached in 45 min.

The indium adsorption onto HAP and its modifications can be described as a
two-step process. The rapid adsorption of indium ions in the first minutes of interac-
tion is explained by the abundance of vacant binding sites on the external surface. The
decrease in the removal efficiency with the increase in the contact time is due to the satura-
tion of the external sites, which causes the diffusion of indium ions into the internal surface
of the adsorbent [40–42]. The surface modifications can be responsible for the variations in
equilibrium times between the adsorbents [41].

In order to gain more information about the mechanism of adsorption, the pseudo-
first-order, pseudo-second-order, and Elovich models were applied (Equations (3)–(6)).

The pseudo-first-order model:

qt = qe

(
1 − e−k1t

)
(3)

The pseudo-second-order model:

q =
q2

ek2t
1 + qek2t

(4)

The Elovich model:
qt =

1
β

ln(1 + αβt) (5)

where qt (indium amount adsorbed at instant t) = mg/g; k1 (the pseudo-first-order rate
constant) = 1/min; k2 (the second-order reaction rate constant) = g/mg·min; and α and β

(Elovich model constants) = g/mg·min and g/mg, respectively.
Figure 6 displays the results of the non-linear fitting of the experimental data, and

Table 1 lists the kinetic parameters and correlation coefficients.
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Table 1. Kinetic model parameters calculated for HAP and its two modifications.

Kinetics

Sorbent
Pseudo-First Order Pseudo-Second Order Elovich

qe k1 R2 qe k2 R2 α β R2

HAP 7.85 ± 0.07 2.24 ± 0.19 0.99 7.98 ± 0.03 0.88 ± 0.07 0.99 1.1E14 ± 6.4 4.67 ± 0.73 0.99
HAP P123 8.06 ± 0.28 0.52 ± 0.09 0.96 8.62 ± 0.54 0.09 ± 0.04 0.914 105.9 ± 24.3 0.98 ± 0.36 0.81
HAP F127 13.32 ± 4.40 0.01 ± 0.008 0.96 21.8 ± 8.7 4.8 ± 0.00 0.96 0.24 ± 0.05 0.11 ± −0.05 0.96

In the case of HAP sorbents, the coefficient of correlation values for all applied models
were 0.99. However, the Elovich model, due to the extremally high value of α, can be
considered appropriate for the description of experimental values. The adsorption of
indium ions on HAP, as determined using the Akaike information criterion (AIC) test,
followed a pseudo-second-order model. Moreover, qe values calculated from the pseudo-
second-order model were very close to the experimental values. The use of the pseudo-
second-order model led to the conclusion that chemisorption, which is based on the ionic
character of binding through the sharing or exchange of electrons between the adsorbent
and adsorbate [42], is the rate-limiting stage of indium adsorption [40]. Since indium is
present in solution in its cationic form, its adsorption may occur due to ion exchange with
calcium ions or surface complex formation with the phosphate groups on the adsorbent [43].

The low R2 values for the pseudo-first-order and Elovich models demonstrated that
the adsorption of indium onto HAP P123 could not be explained by these models. The
higher R2 value for the pseudo-first-order model showed that it was best fitted to the
experimental data. The results of the AIC test also confirmed this fact. In the case of HAP
F127, the R2 values for all models were 0.96. However, according to the AIC test, the Elovich
model was better suited to describe experimental data. The Elovich model is applicable to
explain the heterogeneous chemisorption process [42].

3.3. Effect of Indium Concentrations on Its Removal by HAP Adsorbents and Equilibrium of Study

Figure 7 shows the effect of various indium ion concentrations on HAP and its two
modification adsorption capacities.
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The increase in the adsorption capacity of the examined sorbents was linked to the rise
in indium content in the solution. For all adsorbents, the adsorption capacity rose from 8.6 to
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316 mg/g as the initial concentration increased from 10 to 300 mg/L. A higher driving force
in mass transfer operations between the aqueous and solid phases can be used to explain
the high adsorption capacity of the adsorbents at high indium concentrations [44,45].

Langmuir (6) and Freundlich (7) adsorption isotherms were applied to describe equi-
librium of the adsorption.

qm =
qm bCe

1 + bCe
(6)

qm = KFCe
1
n (7)

where Ce (indium concentration at equilibrium) = mg/L; qm (maximum amount of indium
adsorbed) = mg/g; b (Langmuir constant) = L/mg; and KF and n (Freundlich constants).

The separation factor RL was calculated using Equation (8).

RL =
1

1 + bCi
(8)

Adsorption is considered favorable when the RL value is less than one unit and
unfavorable when the RL value exceeds one unit.

Figure 6 displays the nonlinear fitting of the data, and Table 2 summarizes the R2 and
isotherm parameters.

Table 2. Isotherm model parameters cucullated for HAP and its two modifications.

Isotherms

Sorbent
Langmuir Freundlich

qm b R2 KF n R2

HAP 11,071 ± 1712 9.04 × 10−6 0.99 0.98 ± 0.011 0.99 ± 0.002 0.99
HAP P123 11,035 ± 907 9.07 × 10−6 0.99 0.99 ± 0.004 0.99 ± 6.9 × 10−4 1.0
HAP F127 10,799 ± 713 9.28× 10−6 1.00 0.99 ± 0.003 0.99 ± 5.4 × 10−4 1.0

The maximal adsorption capacities for HAP, HAP P123, and HAP F127 were 11,071,
11,035, and 10,799 mg/g, respectively. Both models showed high R2 values. However,
the AIC test indicated that the Freundlich model was more appropriate for describing
experimental data. According to the Langmuir model, the homogeneous reaction was
mainly responsible for indium ion adsorption [42]. The Freundlich model, on the other
hand, addresses equilibrium on a heterogeneous surface [6]. Thus, indium adsorption onto
HAP and its two modifications can be considered as a complex physico-chemical process
and homogeneous and heterogeneous levels that have played a role in sorption [41]. The
RL value for all adsorbents was lower than 1.0 (0.5–0.9), indicating favorable adsorption.

The literature’s values for other sorbents were compared with the adsorption capacities
of HAP and its two modifications (Table 3). As can be seen from the table, high sorption
capacities were reported for mesoporous silica [10], titanosilicate [10], and supercritical-
modified chitin [21], whereas low adsorption capacities were reported for phosphorylated
sawdust [12], solvent-impregnated resins [16], and poly(vinylphosphonic acid-co-acrylic
acid) nanobeads[6], respectively. For the studied sorbents, the adsorption capacity was the
highest among the reported data, showing that HAP had an extraordinary affinity toward
indium ions.

3.4. Effect of Temperature on Indium Removal by HAP Adsorbents and Thermodynamics of
the Study

Experiments were conducted at temperatures of 20, 30, 40, and 50 ◦C to evaluate
the impact of temperature on the adsorption capacity (Figure 8). Indium adsorption was
discovered to not be temperature-dependent. The removal efficiency of HAP and its
modifications was on the level of 96–99%.
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Table 3. The comparison of maximum adsorption capacity of indium ions onto different adsorbents.

Adsorbent Conditions/Kinetic q, mg/g References

HAP pH = 4, t = 22 ◦C/PSO 11,071 Present study

HAP P123 pH = 5, t = 22 ◦C/PSO 11,035 Present study

HAP F127 pH = 4, t = 22 ◦C/PSO 10,799 Present study

Poly(vinylphosphonic acid-co-acrylic acid) nanobeads pH = 8, t = 25 ◦C 59.71 [6]

Mesoporous silica SBA-15 pH = 6, t = 22 ◦C/PSO 2267 [10]

Titanosilicate ETS-10 pH = 3, t = 22 ◦C/PSO 367 [10]

Powdered phosphorylated sawdust pH = 3.5 1.121 [12]

Solvent-impregnated resins t = 25 ◦C/PSO 29.45 [16]

Ion Imprinted Polymer t = 25 ◦C/PSO 60.62 [17]

Supercritical modified chitin t = 25 ◦C/PSO 137.69 [21]

SiO2@GO-PO3H2 pH = 3, t = 25 ◦C/PSO 149.83 [23]

Poly (melamine-formic acid) network pH = 4, t = 30 ◦C/PSO 206.3 [46]

Mesoporous activated carbon pH = 3.5, t = 25 ◦C/PSO 9.81 [47]
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Figure 8. Effect of temperature on indium removal by HAP adsorbents.

By understanding the enthalpy and entropy of adsorption, which were discovered
from the slope and intercept of a plot of log (lnKd) vs. 1/T (Figure S1), the values of
Gibbs free energy were determined. Equations (9) and (10) were used to estimate the
thermodynamic parameters, including the standard free energy (∆G◦), enthalpy change
(∆H◦), and entropy change (∆S◦):

lnKd =
∆S0

R
− ∆H0

RT
(9)

∆G0 = ∆H0 − T∆S0 (10)

The distribution coefficient Kd was calculated using Equation (11):

Kd =
Ca

Ce
(11)
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where Ca is the concentration of indium(III) adsorbed, mg/L.
The thermodynamic parameters are listed in Table 4.

Table 4. Thermodynamic parameters for indium adsorption at different temperatures.

Sorbent Temperature, K ∆G◦, kJ/mol ∆H◦, kJ/mol ∆S◦, J/mol·K

HAP

293 −13.5

−19.0 −18.7
303 −13.3
313 −13.1
323 −12.9

HAP P123

293 −12.7

−46.1 −113.8
303 −11.6
313 −10.5
323 −9.3

HAP F127

293 −11.7

−24.1 −42.1
303 −11.3
313 −10.9
323 −10.4

The negative values of Gibbs free energy at the various temperatures show the sponta-
neous nature of the adsorption process. The negative enthalpy values confirm the exother-
mic character of the adsorption, while the negative value of entropy suggests decreased
randomness during adsorption [42]. The process of indium removal is physical, since ∆H◦

values were less than 40 KJ/mol [48].

3.5. Effect of Co-Existing Ions on Indium Removal by HAP Adsorbents

In the literature, the process of indium removal from single-metal solutions has mainly
been studied [4–6,11]. However, metal ions present in wastewater may compete with
indium ions during the adsorption process. Since indium in nature is mainly associated
with cadmium, zinc, copper, and tin deposits [5,8], the effect of these metal ions on the
efficiency of indium removal was assessed (Figure 9).
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In all analyzed systems, the removal of indium by HAP and its modifications was
on the level of 98–99%. Thus, cadmium, zinc, copper, and tin ions had no effect on
indium ion removal. The removal of copper was on the level of 96–97%, that of tin was
99%, that of cadmium was 95–96%, and that of zinc was 86–89%. Thus, HAP adsorbents
exhibited high adsorption capacities to various metal ions and can be applied for complex
wastewater treatment.

Magnesium and aluminum ions did not disturb the adsorption of indium onto UiO-
66 [35]. Indium adsorption was inhibited in the presence of iron in the solution [37].

3.6. Adsorbents’ Reusability

High stability and the possibility for multiple uses are crucial factors in the choosing
of sorbents for the removal of pollutants from wastewaters. It was established that using
0.01 M HCl as an eluent with a high efficiency of indium desorption for all adsorbents can
be attained (Figure 10). During three cycles, the desorption efficiency of HAP decreased
from 99.4 to 95.4%, that of HAP P123 from 99 to 95.8%, and that of HAP F127 from
99.5 to 96.1%.
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3.7. Theoretical Modeling

The interaction between the structure containing indium and the adsorbent layer
(HAP) was also investigated using theoretical chemistry methods. Thus, the density
functional theory, DFT [49], with the def2 double-zeta basis set and Becke three-parameter
exchange and Lee–Yang–Parr correlation (B3LYP) [50] from the ORCA quantum software
package [51] was used. A small fragment of hexagonally crystallized hydroxyapatite,
to represent the adsorbent layer, and a pentahydrate structure for the indium sulfate
were considered.

The spatial geometry of pentahydrated indium sulfate, considered to be obtained
from In2(SO4)3, was studied in the gaseous phase and in the aqueous phase. An ideal
octahedron configuration for the indium (III) atom in the gas phase with a distance of
3.14 Å between In and the S atom and 2.16 Å between the central atom and the water
molecules was considered (Figure 11a). We observed the existence of two hydrogen-bond-
type interactions between two water molecules in the equatorial plane of the configuration
with two oxygen atoms from the sulfate group. As a result of the optimization of the
molecular geometry (in the gaseous phase, but also in the aqueous phase), a proton of
a water molecule involved in hydrogen bond interactions was transferred to the sulfate
group, resulting in an In-OH covalent bond, approximately 2 Å (Figure 11b). This structure
was more stable by approximately 36.5 kcal/mol in the gaseous phase, respectively, and by
8.2 kcal/mol in the aqueous phase, compared with the initial structure, and was considered
in the study of adsorption on the macrostructure. The length of the distances between the
indium atom and the water molecules increased to 2.28 Å, 2.22 Å for the molecule involved
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in a hydrogen bond interaction with an oxygen atom of the sulfate group. The volume of
the indium structure was calculated to be 1442.88 Å3.
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The interaction of the hydrated indium sulfate molecule with hydroxyapatite took
place on the surface or inside the cavities of the macrostructure through the formation of
hydrogen bonds. The sulfate part of the molecule interacted through the hydroxyl group
with a similar function in hydroxyapatite, resulting in two hydrogen bonds and, thus,
fixing the group to a Ca atom in the substrate. The molecular part containing indium
interacted through the water molecules that surrounded it with the oxygen atoms from
the PO4 group in the HAP composition, resulting in hydrogen bonds that “anchor” the
configuration to it (Figure 12). Thus, the indium structure was retained, adsorbed on the
surface or in the cavities of the macrosubstrate. The desorption can be performed using an
acidic environment, which will cause the formation of hydrogen bonds competing with
those that fix the indium sulfate on the surface of the hydroxyapatite.
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4. Conclusions

The excellent adsorption capacity of hydroxyapatite and its two modifications, HAP
P123 and HAP F127, was attained. The adsorption’s optimum pH was found to be 4.0 for
all adsorbents and equilibrium was reached in 15 to 45 min. Equilibrium experimental
data were well-explained by the Freundlich model, while the maximum adsorption ca-
pacity estimated using the Langmuir model ranged from 10,799 mg/g for HAP F127 to
11,071 mg/g for HAP. The kinetics of the adsorption process followed the pseudo-second-
order model for HAP, the pseudo-first-order model for HAP P123, and the Elovich model
for HAP F127. The indium adsorption process was exothermic, irreversible, and spon-
taneous from a thermodynamic perspective. Copper, cadmium, tin, and zinc did not
interfere with the removal of indium. The studied adsorbents can be applied for multiple
wastewater treatments, demonstrating high adsorption and desorption capacity during
three cycles. FTIR analysis and theoretical calculations showed that the mechanism of
indium adsorption involves ion-exchange with calcium ions and metal ions binding to OH
and PO4

3− groups. Hydroxyapatite and its two modifications can be efficiently applied for
the treatment of real indium-containing effluents. Due to the high adsorption capacity of
HAP, in cases of indium-containing effluents its modification is not necessarily required.
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