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Abstract: Due to the limited supply of critical metals, their recovery from alternative sources has 
become a very important issue. In particular, end-of-life magnets contain significant amounts of 
neodymium (Nd) and dysprosium (Dy) ions and are considered secondary sources. The present study 
focused on the sorption and separation performance of titanium phosphate for Nd and Dy ions in an 
aqueous solution. In this regard, amorphous titanium phosphate (am‐TiP) was prepared via one‐step 

precipitation. XRD, SEM‐EDS, FTIR, and BET analysis were utilized to enlighten the morphological, 

structural, and surface properties of am‐TiP. The uptake of Nd3+ and Dy3+ ions was examined individually 

and in multiple element solutions depending on solution pH, contact time, metal concentration, and the 
presence of Co2+ ions. The maximum uptake capacity was 40.16 mg/g at pH 6 for Nd3+ and 26.95 mg/g 
at pH 4 for Dy3+. Am‐TiP has been observed to exhibit selectivity towards Nd3+ and Dy3+ ions in solutions 

containing Co2+ ions. The highest desorption yields obtained for Nd3+ and Dy3+ using 1.0 mol/L HCl were 
95.2% and 97.4%, respectively.  
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1. INTRODUCTION  

 
The group of metals known as Rare Earth (RE) 
metals, also called the rare-earth elements (REE), 
is composed of 15 elements that are located be-
tween lanthanum and lutetium on the periodic 
table. RE metals are used in hybrid vehicles, elec-

tric vehicles, wind turbines, solar panels, MR ma-

chines, and green energy technologies. Many high-
end products such as LCD-LED TVs, magnets, re-
chargeable batteries, digital cameras, and mobile 
phones include RE metals (1,2). 
 
Neodymium (Nd) has found various applications in 

different industries. It has been utilized as a color-
ing agent in glass production and as a component 
in laser crystals and welding goggles. However, its 
most widespread usage is in the production of 
permanent magnets, which are commonly used in 
wind turbines, electric motors, and computer hard 
drive spindles. Dysprosium (Dy), another critical 

rare-earth metal, is currently used for various ap-
plications. It is added to neodymium, iron, and 

boron (NdFeB) containing magnets as an additive 

to enhance their high-temperature performance 
and increase their intrinsic coercivity. Dy is a valu-
able material in the nuclear sector, where it is 
commonly used as a radiation shielding compo-
nent. Additionally, phosphors that contain Dy are 
employed as radiation detectors in the monitoring 

of ionizing radiation for clinical and environmental 

purposes (3). 
 
Nd is a crucial component in the production of ne-
odymium magnets, In addition to Nd and praseo-
dymium (Pr), terbium (Tb) and Dy are essential 
constituents of Nd magnets, as they enhance their 

intrinsic coercivity. Nd magnets can contain up to 
9% Dy by weight of the total magnet. Both the 
U.S. DOE and the European Commission have clas-
sified Dy and Nd as "critical materials" due to their 
crucial role in technology and the challenges in 
their supply (4). 
 

The demand for RE metals is growing with the 
development industry. In this context, in addition 

https://doi.org/10.18596/jotcsa.1337768
mailto:suleyman.inan@ege.edu.tr
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org/
https://orcid.org/0000-0003-4185-0979


 
 
İnan S. JOTCSA. 2024;11(1):113-124.                       RESEARCH ARTICLE 
 
 

114 
 

to primary sources, end-of-life magnets are con-
sidered as an alternative source for Nd and Dy 

supply. NdFeB magnets are a prominent type of 
magnet known for their high content of RE ele-

ments. These magnets typically contain around 31-
32% of RE elements, which includes 21-31% of Nd 
and Pr, as well as 0-10% of Dy, along with minor 
amounts of Tb and Gd. Additionally, they can also 
contain up to 5% of cobalt (Co). After their service 
life has ended, these magnets can be a valuable 
source of RE elements (5,6). Recycling RE ele-

ments can offer a promising and efficient approach 
to solving the supply problem and environmental 
concerns related to primary resources such as 
mining. 
 
Due to its simplicity and effectiveness, sorption is 

widely utilized for metal recovery and separation. 

Various materials have been tested for the sorption 
of Nd3+ and Dy3+ such as magnetic iron oxide (7), 
chitosan-manganese-ferrite beads (8), magnetic 
nano-hydroxyapatite (9), phosphorous functional-
ized nanoporous carbon (10), biochar (11), NaOH 
treated bark powder (12), and functionalized mes-

oporous silica (13). 
 

The separation and recovery of RE metals have 
recently attracted attention with the use of tetra-

valent metal phosphate compounds. Avdibegovic 
et al. reported the ability of crystalline α-zirconium 

phosphate to effectively separate scandium (Sc) 
ions from acidic solutions containing iron (Fe) ions. 
They were successful in achieving high separation 
factors for Sc(III) over Fe(III) in hydrochloric acid 
solutions. This finding highlighted the potential of 
the material for Sc(III) separation (14). Promising 
results were obtained by Xu et al. for the recovery 

of metals individually from the Co, Nd, and Dy-
bearing mixed solutions using zirconium phos-
phates (15,16). Recently, Sentürk and İnan have 
reported that amorphous tin(IV) phosphate has a 
selectivity for Nd3+ and Dy3+ in Co2+-bearing solu-
tions (17). 

 

Although there is a growing demand for alternative 
materials that can efficiently and selectively sepa-
rate and recover Nd and Dy from acidic leaching 
solutions, the reported use of metal(IV) phosphate 
compounds in this field is scarce. With this study, 
the potential application of am-TiP in the separa-

tion and recovery of Nd3+ and Dy3+ was investigat-
ed for the first time, as displayed in Figure 1. 
 

 
Figure 1: The use of am-TiP for the selective recovery of Nd3+ and Dy3+ via the sorption-desorption pro-

cess. 
 

To achieve this goal, am‐TiP was prepared and 

characterized. The impact of process variables on 

Nd3+ and Dy3+ uptake was explored. Moreover, the 
capacity and selectivity of am-TiP were determined 
in mixed solutions of Nd3+, Dy3+, and Co2+ ions. 
Desorption and reusability studies were carried out 

to recover Nd3+ and Dy3+ from loaded am-TiP 
samples and to evaluate the process from an eco-
nomic point of view. 
 
2. EXPERIMENTAL SECTION  
 

2.1. Chemicals 
Titanium(IV) chloride (TiCl4), sodium hydrogen 
phosphate (Na2HPO4), neodymium(III) nitrate-
hexahydrate (Nd(NO3)3·6H2O), dysprosium(III) 
nitrate hydrate (Dy(NO3)3·H2O), cobalt(II) nitrate 

hexahydrate (Co(NO3)2·6H2O), nitric acid (HNO3), 
sulfuric acid (H2SO4), hydrochloric acid (HCl) and 

ammonia (NH3) were of analytical grade and supp-
lied from Sigma Aldrich.  
 

2.2. Instrumentation 
To determine the crystalline structure, X-ray dif-
fraction (XRD) pattern was recorded in the range 
of 5°-80° (Thermo Scientific). Chemical bonds and 
functional groups were identified by Fourier-
Transform-Infrared-Spectroscopy (FTIR) in the 
range of 400-4000 cm−1 with an Attenuated Total 

Reflectance (ATR) apparatus (Perkin Elmer). Sur-
face properties of am-TiP were determined by ni-
trogen gas adsorption in liquid nitrogen tempera-
ture using surface area and porosity analyzer (Mi-
cromeritics). The morphology of the surface and 
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data on the elemental composition was obtained 
by Scanning Electron Microscope (SEM) equipped 

with an Energy Dispersive Spectroscopy (EDS) 
detector (Thermo Scientific Apreo S). The amounts 

of Nd3+, Dy3+, and Co2+ in the solution were ana-
lyzed using Inductively Coupled Plasma-Optical 
Emission Spectroscopy (ICP-OES) (Perkin Elmer). 
 
2.3. Synthesis of Am‐TiP 

The synthetic method used involved a one-step 
precipitation process conducted under acidic condi-

tions. Specifically, 0.25 mol/L TiCl4 was added 
dropwise to 0.25 mol/L Na2HPO4 solution under 
constant stirring at ambient conditions. The result-
ing mixture was allowed to age overnight, leading 
to the formation of the white gel-like precipitate. 
 
Following the precipitation step, solid-liquid sepa-

ration was accomplished through centrifugation at 
4000 rpm (Nüve NF 800). The resulting filtrate was 
then subjected to multiple washings using deion-
ized water and followed by drying at 55 °C for 72 
h. The resulting material was ground using a mor-
tar and then sifted using a 120-mesh (0.125 mm) 

sieve to achieve a grain size suitable for use in 
sorption tests. 
 
2.4. Design of Experiments 
The sorption capacity of am-TiP was evaluated by 
conducting experimental runs using the batch 
method at ambient temperature. To perform the 

experiments, an Erlenmeyer flask was charged 
with 0.1 g of am-TiP, and then 30 mL of an 
aqueous phase was introduced. The impact of 

various factors on the sorption process was 
investigated through the alteration of selected 
variables. Solution pH was adjusted to either 0.01-
1 mol/L HNO3 or NH3. The sorption process was 

performed by contacting am-TiP with the aqueous 
phase in a thermostated shaker at 130 rpm. Once 
the sorption was complete, the suspension was 
filtered, and 10 mL of filtrate was collected from 
each sample. The concentration of Nd3+ and Dy3+ 
was analyzed using ICP-OES. 

 
The impact of individual factors on the sorption of 
Nd3+ and Dy3+ was analyzed in single-element 
solutions. Initial pH was studied between pH 2 and 
6. The contact time varied between 30 to 480 min. 
Isotherm studies were conducted using solutions 

containing 10 to 400 mg/L Nd3+ and Dy3+. 

 
In multi-element solutions, the influence of metal 
concentration and pH on the uptake of Nd3+, Dy3+, 
and Co2+ was evaluated by distribution coefficient 
(Kd) and selectivity coefficient (β). The effect of 
concentration was examined in equimolar Nd3+, 
Dy3+, and Co2+-containing solutions over a 

concentration range of 0.075-1.2 mmol/L at pH 6. 

Then, the impact of initial pH was studied in 
solutions containing Nd3+, Dy3+, and Co2+ at an 

equimolarity of 0.3 mmol/L over a pH range of 2-
6.  

 
Sorption characteristics were calculated using the 
following equations: 
Distribution coefficient (Kd) 
 

𝐾d =
(𝐶i − 𝐶e)

𝐶e
×
𝑉

𝑚
(𝑚𝐿/𝑔) 

Sorption capacity (q) 
 

𝑞 = (𝐶i − 𝐶e) ×
𝑉

𝑚
(𝑚𝑔/𝑔) 

(Eq. 

2) 
 
Selectivity coefficient (β) 
 

𝛽1/2 =
𝐾d1
𝐾𝑑2

 
(Eq. 

3) 

 
In Eqs. (1-3), Kd is the distribution coefficient 
(mL/g), β is the selectivity coefficient, Kd1 and Kd2 
are the distribution coefficients of metal ion 1 and 
metal ion 2, respectively. Ci and Ce refer to con-
centration at initial and equilibrium conditions 

(mg/L), V refers to volume (mL), and m refers to 
the mass of am-TiP (g). 
 
3. RESULTS AND DISCUSSION 
 
3.1. Characterization of Am-TiP 

No significant changes were observed in the FTIR 
spectra of am-TiP and metal-loaded am-TiP. 
Therefore, the only spectrum for am-TiP is given in 
Figure 2a. The presence of the sharp peak at 1035 

cm-1 indicates the formation of the phosphate 
structure, as it corresponds to the asymmetric 
stretching vibration of Ti-O-P. Additionally, the 

asymmetrical stretching and bending vibrations of 
O-H are responsible for the peaks observed at 
3400 and 1630 cm-1 (18). 
 
The surface area and pore structure of am-TiP 
were evaluated using the BET and Barrett-Joyner-
Halenda (BJH) techniques, respectively. BET 

surface area of am-TiP was measured as 170 m2/g. 
BJH analysis showed that the mean pore diameter 
was 8.2 nm, indicating that the surface of am-TiP 
is primarily composed of mesopores. The XRD 
pattern presented in Figure 2b demonstrates that 
TiP has an amorphous structure. SEM images 

displayed in Figure 2(c-d) exhibit an irregular 
morphology and porous structure on the surface. 
EDS analysis of the surface pattern indicates that it 
contains 53.62% oxygen, 19.80% phosphorus, and 
26.58% titanium by weight, as illustrated in Figure 
2e. 
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Figure 2: Characterization of am‐TiP (a) FTIR spectra, (b) XRD curve, (c-d) SEM images, (e) EDS data. 

 
3.2. Uptake Studies of Nd3+ and Dy3+ in 
Single-Element Solutions 
3.2.1. The impact of initial pH 

The effectiveness of an adsorbent can be affected 
by the pH level as it can alter the surface charge, 
ionization degree, and the speciation of the ad-

sorbate. At a pH below the zero-charge point, the 
surface is likely to carry a positive charge which 
can lead to a significant decrease in metal adsorp-

tion due to the repulsion of metal cations. Addi-
tionally, competition occurs between metal ions 
and H+ at low pH levels. 
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Figure 3: (a) The change in uptake capacity (q) as a function of initial pH, (b) the relationship between 
equilibrium pH and initial pH. 

(Experimental conditions; Ci: 50 mg/L, t: 3 h, T: 25 °C, mam-TiP: 0.1 g, V: 30 mL) 
 

The impact of the initial pH on the sorption was 
examined in an acidic to neutral medium since 

leach solutions originating from the hydrometallur-
gical process have an acidic character. As shown in 
Figure 3a, increasing the pH from 2 to 5 resulted in 
a rise in Nd3+ adsorption from 1.93 to 14.05 mg/g. 
However, the rate of increase in adsorption capaci-
ty decreased significantly after reaching a maxi-

mum and became almost constant. On the other 
hand, Dy3+ uptake sharply increased between pH 

2-4 and peaked at 14.42 mg/g at pH 4, followed 
by a slight decrease in capacity and a tendency to 
remain constant after pH 4 (Figure 3a). These 
trends for both RE metals are further confirmed by 
the plot in Figure 3b. 

 

 
 
 

 
 
 

 
 

 
 
 
 
 

 
 
 
 
 
 

Figure 4: The fraction of (a) neodymium (19) and, (b) dysprosium (20) species as a function of pH. 

 
The highest Nd3+ and Dy3+ uptake occurred with 
the range of pH 4.0-6.0 (Figure 3a) due to the 
reduced effect of hydrogen ions competition, which 
is confirmed by the speciation of neodymium and 
dysprosium ions (Figures 4a and 4b). According to 

Figures 4a and 4b, the trivalent form of Nd (Nd3+) 
and Dy (Dy3+) was predominant in the studied pH 
range. 
 
3.2.2. The impact of contact time 

The uptake of Nd3+ and Dy3+ was examined for 15-
360 min while fixing the other factors constant. 
Figure 5 displays the impact of contact time on the 
sorption capacity of am-TiP for Nd3+ and Dy3+. In 
both cases, there was a slight increase in uptake 

capacity with the increasing contact time, which 
then plateaued. For both ions, 60 min was deter-
mined to reach the equilibrium conditions, and 
further investigation was carried out for 60 min. 

 

(a) (b) 

(b) 
(a) 
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Figure 5: The change in uptake capacity (q) as a function of contact time. 

(Experimental conditions: Nd3+, pH: 6; Dy3+ pH: 4; Ci: 50 mg/L; T: 25 °C; mam-TiP: 0.1 g; V: 30 mL) 
 

3.2.3. The impact of metal concentration and 
isotherm studies 
The impact of the initial metal concentration was 
explored by analyzing solutions with concentra-

tions ranging from 10 to 400 mg/L. Figure 6 shows 

that the uptake of Nd3+ and Dy3+ increases as the 
concentration increases, and the maximum satura-
tion capacity for the material has not been reached 
in the examined range. 

 

 
Figure 6: The change in uptake capacity (q) as a function of Nd3+ and Dy3+ concentrations. 

(Experimental conditions; Nd3+, pH: 6; Dy3+, pH: 4; t: 60 min; T: 25 °C; mam-TiP: 0.1 g; V: 30 mL) 
 

The adsorption process is characterized by sorption 
isotherms. The data obtained from the sorption 
isotherms were analyzed employing Freundlich and 
Langmuir models. The Langmuir model assumes 

that the sorbate molecules form a monolayer on 
the surface of the sorbent, occupying specific ho-
mogeneous sites. The Langmuir equation is com-
monly linearized as follows (21): 
 

𝐶e
𝑞e

=
𝐶e
𝑞m

+
1

𝑞m𝑏
 

 
(Eq.4) 

 

where qe refers to the amount of metal ion sorbed 
at equilibrium (mg/g), Ce refers to the concentra-
tion of a metal ion at equilibrium (mg/L), qm refers 
to monolayer sorption capacity (mg/g) and b refers 

to constant related to the free energy of sorption 
(L/g). Based on the data presented in Figure 7a 
and Table 1, it can be concluded that the Langmuir 
model fits the experimental data quite well for the 
sorption of both ions. It suggests that sorption on 
the surface occurs as a monolayer coverage. 
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Figure 7: Sorption isotherm curves for Nd3+ and Dy3+ sorption on am‐TiP (a) Langmuir isotherm, (b) 

Freundlich isotherm. 
 

Table 1: Langmuir and Freundlich isotherm data. 

Model Parameters Nd3+ Dy3+ 

Langmuir 
qm (mg/g) 
b (L/mg) 

R2 

40.16 
0.05 
0.976 

26.95 
0.05 
0.959 

Freundlich 
1/n 

Kf (mol/g) 
R2 

0.38 
4.92 
0.913 

0.22 
7.04 
0.946 

 
 

Table 2: Nd and Dy adsorption performance of various adsorbents. 

Sorbent 
Rare earth 

metal 
pH 

Maximum ca-

pacity (mg/g) 
Ref 

Magnetic iron oxide Nd3+ 8.2 24.88 (7) 

Chitosan-manganese-ferrite 
beads 

Nd3+ 6 37.87 (8) 

Phosphorous functionalized 
nanoporous carbon 

Dy3+ 6.6 344.6 (10) 

HMVP supported mesoporous 
silica 

Dy3+ 5 52.63 (13) 

Amorphous tin phosphate 
(am-SnP) 

Nd3+ 
Dy3+ 

4 
3 

68.03 
58.14  

(17) 

Expanded vermiculite Nd3+ 3.3 29.57 (19) 

Phosphorus functionalized 

adsorbent 
Nd3+ 6 160 (23) 

Ion-imprinted mesoporous 
silica 

Dy3+ 2 22.33 (24) 

Oxidized MWCN Dy3+ 4-6 78 (25) 

Amorphous titanium phospha-
te (am-TiP) 

Nd3+ 
Dy3+ 

6 
4 

40.16 
26.95 

Present 
study 

 
 
 
The Freundlich model (22) describes multilayer 
sorption on heterogeneous surfaces, and the 

equation can be linearized as follows: 

 

𝑙𝑛𝑞e = 𝑙𝑛𝐾f +
1

𝑛
𝑙𝑛𝐶e (Eq. 5) 

(a) (b) 
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In Eq. (5), Kf refers to a constant related to the 

sorption capacity (mol/g) and 1/n refers to a 
parameter dependent on the sorption intensity. 

The sorption data of Nd3+ and Dy3+ were found to 
fit the Freundlich model well, as indicated by the 
data presented in Table 1 and Figure 7b. Kf and 
1/n values are calculated to be 4.92 and 0.38 for 
Nd3+ and 7.04 and 0.22 for Dy3+, respectively. The 
obtained values of 1/n between 0 and 1 indicate 
that the sorption of Nd3+ and Dy3+ onto am‐TiP is 

favorable under the tested conditions. 
 
Table 2 presents a compilation of prior research on 
Nd3+ and Dy3+ sorption. The sorption capacity of 
am-TiP is competitive with other adsorbents in the 
slightly acidic-neutral region. Furthermore, its sim-
ple synthesis procedure is noteworthy. However, 

the sorption capacity in more acidic environments 
can be further improved by modification and func-
tionalization. 
 
3.3.  Uptake Studies of Nd3+ and Dy3+ in 
Ternary Solutions 

Efficient recycling of Nd3+ and Dy3+ ions require 
selective separation from leachate solutions in the 

presence of Co2+ ions. Experiments were per-
formed to determine the Kd values by utilizing ter-

nary solutions consisting of Nd3+, Dy3+, and Co2+ 
at equimolar concentrations between 0.075-1.2 

mmol/L. 
 
Figure 8a illustrates the relationship between the 
Kd values and the initial metal concentration. Kd 
values decrease as the initial metal concentration 
increases from 0.075 to 1.2 mmol/L. In particular, 
the maximum Kd values observed were 2716.01 

mL/g for Nd3+, 8600.8 mL/g for Dy3+, and 159.92 
mL/g for Co2+. The variation of βNd

3+
/Co

2+, 
βDy

3+
/Co

2+, and βNd
3+

/Dy
3+ as a function of initial 

concentration is shown in Figure 8b. It was in-
ferred that am-TiP can selectively separate Nd3+ 

and Dy3+ from Co2+ across all concentrations ex-

amined. The maximum βNd
3+

/Co
2+

 value obtained 

was 20.04 at 0.15 mmol/L initial concentration, 
whereas the maximum βDy

3+
/Co

2+
 value was found 

to be 53.78 at 0.075 mmol/L. Due to the structural 
similarities between Nd3+ and Dy3+, the selectivity 
coefficient values of Nd3+ over Dy3+ were below 2, 
indicating that individual separation conditions for 

Nd3+ and Dy3+ should be improved. 

 
 

 
 
 

 
 
 

 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 

 
 
 
 
 
 
 

 
 
 

 
Figure 8: (a) Kd values and, (b) β values as a function of Nd and Dy concentration. 

(Experimental conditions: pH: 6; t: 60 min; T: 25 °C; mam-TiP: 0.1 g; V: 30 mL) 
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Experimental runs were carried out to estimate the 
impact of initial pH on the sorption characteristics 

of am-TiP in mixed solutions. The tests were con-
ducted using ternary solutions consisting of 0.3 

mmol/L Nd3+, Dy3+, and Co2+ at pH values ranging 
from 2 to 6. 
 
The impact of initial pH on the Kd values for Nd3+, 
Dy3+, and Co2+ is illustrated in Figure 9a. The met-
al uptake increased rapidly between pH 2 and 4, 
and the rate of increase decreased significantly 

after pH 4. At pH 6, the highest Kd values obtained 

were 400.60, 479.55, and 43.42 mL/g for Nd3+, 
Dy3+, and Co2+ respectively. 

 
Figure 9b exhibits the changes in βNd

3+
/Co

2+, 

βDy
3+

/Co
2+, and βNd

3+
/Dy

3+ concerning the initial pH. 
The data indicate that am-TiP can selectively ex-
tract Nd3+ and Dy3+ from Co2+ across all pH values 
tested. The values of βNd

3+
/Co

2+ and βDy
3+

/Co
2+

 ex-
hibited an upward trend until pH 4, followed by a 
minor decrease beyond pH 4. At pH 3, the maxi-
mum βNd

3+
/Co

2+
 was recorded as 9.48, while at pH 

4, the maximum βDy
3+

/Co
2+

 was found to be 12.59. 
 

 
 

Figure 9: (a) Kd and (b) β values as a function of initial pH. 
(Experimental conditions: Ci: 0.3 mmol/L; t: 60 min; T: 25 °C; mam-TiP: 0.1 g; V: 30 mL) 

 
3.4.  Desorption Study and Reusability 

Tests 
Effective control of metal-loaded sorbents after the 
sorption process is crucial for obtaining valuable 
data to design an efficient industrial operation. 
Hence, it is essential to perform desorption and re-
use of the sorbents to recover the metals from 

wastewater streams in metal recovery processes 
(26). Based on the findings of the uptake 

experiments, loading tests were conducted in the 

following conditions: 
 
• Initial pH: 6 
• Metal concentration: Equimolar (0.3 
mmol/L) Nd3+, Dy3+, and Co2+ 
• Contact time: 60 min 

• Temperature: 25 °C 
• Amount of am-TiP: 0.1 g 
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• Solution volume: 30 mL 
 

After filtration, the metal-loaded am-TiP samples 
were washed with deionized water and allowed to 

dry at 50 °C for 24 h. In the next step, the metal-

loaded sorbents were subjected to treatment with 
HNO3, H2SO4, and HCl solutions of 0.1 and 1 mol/L 

concentrations for 60 min. Table 3 presents the 
data obtained from the desorption experiments 

carried out for Nd3+ and Dy3+. 
 

Table 3: Desorption percentage of Nd3+ and Dy3+ in different elution solutions. 

Metal 
0.1 mol/L 

HNO3 
1 mol/L 
HNO3 

0.1 mol/L 
H2SO4 

1 mol/L 
H2SO4 

0.1 mol/L 
HCl 

1 mol/L 
HCl 

Nd3+ 79.7 84.7 74.5 78.2 86.3 95.2 

Dy3+ 81.4 85.1 76.8 80.6 88.8 97.4 

 
The elution test showed that HCl was the most 
efficient acid. In a one-step batch process, a 
concentration of 1 mol/L hydrochloric acid was able 
to elute 57.6% of Nd3+ and 61.2% of Dy3+. At the 
same concentration, the maximum desorption 

percentages obtained were 95.2% for Nd3+ and 
97.4% for Dy3+. The desorption, at both 0.1 and 1 
mol/L concentrations, decreased in the following 
order: HCl > HNO3 > H2SO4. Once the most 
efficient elution solution was determined (HCl-1 
mol/L), the reusability of am-TiP was evaluated. A 
significant reduction in the sorption of Nd3+ and 

Dy3+ on am-TiP was observed after the third cycle, 
indicating a decrease in the reusability of the 
sorbent. The decline in the metal uptake could be 
attributed to the deformation of active sites on the 
surface due to repeated sorption-elution cycles or 
hydrolysis reactions taking place between the 

eluent and functional groups present on the 
sorbent surface. 
 
4. CONCLUSION 

 
In the study, am‐TiP, a tetravalent metal phos-

phate compound, was synthesized and character-
ized for the selective separation of Nd3+ and Dy3+ 

ions from the leaching solutions of end-of-life Nd-
Fe-B magnets. The structure was confirmed to 
contain phosphate groups through FTIR and EDS 
analyses. 
 
Solution pH and metal concentration parameters 

have remarkable impacts on metal uptake from 
single-element solutions. Am-TiP was found to be 
efficient for Nd3+ and Dy3+ in the acidic region. The 
monolayer capacity of am-TiP was determined to 
be 40.16 mg/g for Nd3+ and 26.95 mg/g for Dy3+. 
 

If Co2+ ions are present in a solution, recovering 

Nd3+ and Dy3+ ions may be problematic. Thus, 
material selectivity is a crucial concern when 
choosing appropriate materials. Am-TiP was ob-
served to be selective for Nd3+ and Dy3+ ions in a 
wide range of pH and concentration, in ternary 
solutions containing Nd3+, Dy3+, and Co2+ ions. For 
the separation of Nd3+/Co2+ and Dy3+/Co2+, am-TiP 

has relatively high β values of 20.04 and 53.78, 
respectively. As anticipated, the comparable struc-
ture of Nd and Dy makes it challenging to separate 
them from each other. Using 1 mol/L HCl, the re-
covery of 95.2% Nd3+ and 97.4% Dy3+ from the 
loaded am-TiP was achieved. Am-TiP was found to 

be reusable for up to three regeneration cycles 
while maintaining its effectiveness. 
 
The findings of the current study suggest that am-
TiP exhibits comparatively good uptake capacities 

for Nd3+ and Dy3+, as compared to previously 
reported data in the literature. Moreover, the 
material displays selectivity towards the separation 
of Nd3+ and Dy3+ ions from Co2+ ions in ternary 
solutions. 
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