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Abstract: Rare earth elements (REEs) are crucial for green energy applications due to their unique
properties, but their extraction poses sustainability challenges because the global supply of REEs is
concentrated in a few countries, particularly China, which produces 70% of the world’s REEs. To
address this, the study investigated TK221, a modified extraction chromatographic resin featuring
diglycolamide (DGA) and carbamoyl methyl phosphine oxide (CMPO), as a promising adsorbent
for REE recovery. The elemental composition and functional groups of DGA and CMPO on the
polystyrene-divinylbenzene (PS-DVB) support of TK221 were confirmed using scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM-EDX), attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR), and X-ray photoelectron spectroscopy (XPS).
The adsorption kinetics of neodymium (Nd), yttrium (Y), cerium (Ce), and erbium (Er) followed the
pseudo-second-order kinetic model and Langmuir isotherm, indicating monolayer chemisorption.
Furthermore, iron (Fe) adsorption reached apparent equilibrium after 360 min, with consistent Fe
adsorption observed at both 360 min and 1440 min. The inclusion of Fe in the study is due to
its common presence as an impurity in most REE leachate solutions. The Fe adsorption isotherm
results are better fitted with the Langmuir isotherm, implying chemisorption. Maximum adsorption
capacities (qmax) of the resin were determined as follows: Nd (45.3 mg/g), Ce (43.1 mg/g), Er
(35.1 mg/g), Y (15.6 mg/g), and Fe (12.3 mg/g). ATR-FTIR analysis after adsorption suggested
that both C=O and P=O bands shifted from 1679 cm−1 to 1618 cm−1 and 1107 cm−1 to 1142 cm−1

for Y, and from 1679 cm−1 to 1607 cm−1 and 1107 cm−1 to 1135 cm−1 for Ce, implying possible
coordination with REEs. These results suggest that TK221 has a huge potential as an alternative
adsorbent for REE recovery, thus contributing to sustainable REE supply diversification.

Keywords: rare earth elements; extraction chromatography; ion-exchange resin; adsorption; critical
metals
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1. Introduction

The Rare-Earth Elements (REEs), a group of 17 elements exhibiting similar chemical
properties, have become vital in the last 30 years for the advancement of renewable energy
and clean storage technologies owing to their unique magnetic, phosphorescent, and
catalytic properties [1–3]. In 3 MW wind turbines, for example, 3 tons of REEs are needed [4],
while in electric vehicles (EVs), REEs like neodymium (Nd), praseodymium (Pr), samarium
(Sm), and dysprosium (Dy) are used in high efficiency and strong permanent magnets [2,5,6].
In 2012, the demand for Dy and Nd for the next 25 years was projected to increase by at
least 700% and 2600%, respectively [7]. This situation is a supply security risk due to the
inherent scarcity of REEs, which was further complicated because the maximum annual
primary material demands for Dy and Nd exceeded the current production volumes by a
factor of 3 to 9 and 7 to 35, respectively [8]. Exacerbating this problem is that China, the
primary exporter of REEs (78%) from primary resources, imposed export restrictions, citing
increasing domestic REE requirements and environmental concerns related to REE mining,
processing, and extraction [2,9–11].

Generally, extraction of REEs involves comminution, physical separation, leaching,
and solvent extraction [12]. Subsequent refinement involves solvent extraction for purifi-
cation [13]. REE processing, according to Zapp (2022), involves significant chemical use,
which is particularly noticeable during the solvent extraction stage. This process typically
requires mixer, settler, stripping, and washing stages, further amplifying the chemical
demand [14]. Additionally, the life cycle assessment of REE production highlighted the
environmental challenge of managing and disposing of large quantities of chemical-bearing
wastewater used in the beneficiation, extraction, and separation processes. Another chal-
lenge is that REE processing generates substantial amounts of tailings, which require proper
disposal to limit their negative environmental impacts [14]. Additionally, the majority of
REE-bearing ores have low REE contents and contain various metals with similar physic-
ochemical properties as REEs that interfere with solvent extraction [15–17]. A study by
Larochelle et al. (2002), for example, reported that calcium (Ca), aluminum (Al), and zinc
(Zn) directly compete with REEs during the extraction and separation process [18]. As an
alternative to solvent extraction, the use of extraction chromatographic resins has gained
popularity in recent years because they combine the excellent selectivity and high efficiency
of solvent extraction and simplicity of ion exchange [19]. These resins are prepared by
incorporating functionalized ligands onto solid support like porous polymers, and selec-
tions of a selective extractant and excellent support are both crucial for the resins to be
effective [19,20].

Dialkyl resins (LN) [21] resin is a commercial resin available from Triskem Interna-
tional, commonly used for cation, lanthanide, and radium separation, and light rare-earth
element determination; however, it is problematic for coal fly ash REE leachate purification
due to its high-capacity factor for impurities such as Fe, Al, Si, and Ca. Similarly, rare earth
(RE) [21] resin, a commercial resin available from Triskem International, is widely used for
the group separation of REEs and has a similar limitation due to its high-capacity factor
for Fe [22,23]. Other commercial resins, TK 211/212/213 resins available from Triskem
International, have high selectivity for specific lanthanide pairs, but their small particle size
makes them difficult to handle in a chromatographic column [24]. In 2005, Horwitz et al.
(2005) introduced the diglycolamide (DGA) resin, a novel material containing the DGA
ligand, a well-known lanthanide extractant with a high-quality chelating tridentate capac-
ity [25–28]. Follow-up works using the DGA resin reported an increase in the distribution
coefficient of trivalent lanthanides with increasing nitric acid (HNO3) or hydrochloric acid
(HCl) concentration [29,30]. Moreover, octyl(phenyl)-N,N-diisobutyl carbamoylmethyl
phosphine oxide (CMPO) has been found to extract REEs [28,31,32]. Based on these de-
velopments, Triskem has developed a combination of the extractants DGA and CMPO
into a new chromatographic resin called TK221. Although this resin has been applied in
the pharmaceutical industry and in the study of actinide concentration in water [33] and
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scandium extraction [34], its utilization for bulk extraction of REEs from leachates has not
yet been explored.

Thus, this study aims to characterize the particle size, chemical composition, and
functional groups of TK221, as well as determine the adsorption properties of Nd, Ce, Er,
and Fe on this resin. The first objective was achieved via attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR), X-ray photoelectron spectroscopy (XPS),
and scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX)
while the second objective was attained by performing kinetic rate law and adsorption
isotherm experiments.

2. Experimental
2.1. Materials

In this study, high purity Nd(III) (0.99–1.01 mg/mL), Y(III) (0.99–1.01 mg/mL), Ce(III)
(0.99–1.01 mg/mL), Er(III) (0.99–1.01 mg/mL), and Fe(III) (990–1010 mg/L) standard so-
lutions for inductively coupled plasma atomic emission spectroscopy (ICP-AES), which
is dissolved in 1 M HNO3, purchased from FUJIFILM Wako Pure Chemical Corporation
(Chuo-ku, Osaka, Japan) were used. The selection of Nd, Y, and Er was based on their eco-
nomic value, while Ce and Fe were included due to their frequent occurrence as coexisting
REE impurities, respectively. The selection of 3 M HCl was based on both previous works
and the resin manufacturer’s recommendation, which suggests that adsorption is likely to
occur at this HCl concentration [21]. The TK221 chromatographic resin was provided by
Triskem International SAS (Bruz, Bretagne, France), which can typically be regenerated up
to 10 times as indicated by the manufacturer.

2.2. Characterization of TK221 Resin

To determine the functional groups present on the TK221 resin, ATR-FTIR and XPS
were performed using an FT/IR-6200 HFV (Jasco Analytical Instruments, Japan) and JPS-
9200 (JEOL Ltd., Ishikawa-cho Hachioji, Tokyo), respectively. The XPS instrument was
equipped with a monochromatized Al Kα X-ray source operating at 100 W under ultrahigh
vacuum (about 10−7 Pa). Narrow scan spectra of oxygen (O1s) and carbon (C1s) were
obtained and corrected using the binding energy of adventitious carbon (285.0 EV). All XPS
spectra were deconvoluted with XPSPEAK version 4.1 using a true Shirley background and
a 20%–80% Lorentzian-Gaussian peak model [35]. In addition to XPS, the size distribution
of the resin was determined using LASER diffraction (Microtrac® MT3300SX, Nikkiso
Co., Ltd., Shibuya-ku, Tokyo, Japan) to ensure a representative sample for subsequent
analysis. The morphology and elemental composition of TK221 were then determined
using SEM-EDX (JSM-IT200, JEOL Co., Ltd., Musashino Akishima, Tokyo; Japan). The
SEM-EDX analysis was conducted in BED-C mode with an accelerating voltage of 15 kV
at 10,000 cps with a 1.0 ms time constant under ultrahigh vacuum, and the magnification
used for the analysis was 430.

2.3. Batch Kinetic Adsorption Isotherm Tests (Single Element)

A series of single-element batch kinetic rate law experiments were conducted using
individual stock solutions of Nd(III), Y(III), Ce(III), Er(III), and Fe(III) in 3 M HCl with
concentrations of 93 mg/L, 137 mg/L, 126 mg/L, and 117 mg/L, and 477 mg/mL, respec-
tively. The variation in feed concentration for each element was strategically implemented
to ensure that the recovery remains at approximately 50%. This approach guarantees that
the resin has an adequate quantity of metal ions available for adsorption. Furthermore,
in practical applications, leachates derived from different sources contain a wide range of
concentrations for various REEs.

For the adsorption test, 0.1 g of TK221 was soaked in 5 mL of 3 M HCl in a 50 mL
Erlenmeyer flask for at least 12 h at room temperature to allow the resin to swell and
increase its capacity. After swelling, 5 mL of the REE stock solution was added to the flask,
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and the batch test was initiated by placing the flask in a water bath shaker at 25 ◦C and
120 rpm.

Samples were collected after 1, 3, 5, 10, 15, 30, 60, 180, 380, and 1440 min of contact
time. The suspensions were then filtered through 0.45 µm syringe-driven filters (LMS
Co., Ltd., Hongo, Bunkyo-ku, Tokyo, Japan), and the residual concentrations of Nd, Y, Ce,
and Er were analyzed using ICP-AES (ICPE-9820, Shimadzu Corporation, Kyoto, Japan)
(margin of error = ±2%).

To determine the equilibrium time and concentration of the REEs on the resin, the
concentration of the aqueous phase was plotted against contact time, and the slope of
the resulting line was used to calculate the rate constant. The data were fitted with the
pseudo-first-order and pseudo-second-order kinetic rate law models. It is crucial to note
the assumptions of both models, as follows: (1) adsorption occurs at specific sites, where
no interaction occurs between the solutes adsorb; (2) the adsorption energy is independent
of the surface coverage; (3) attainment of monolayer coverage on the adsorbent surface
yields maximum adsorption; (4) the concentration of the solutes does not change; and (5)
adsorption of the solutes is controlled by either pseudo-first-order and pseudo-second-order
rate equation [36].

The pseudo-first-order can be expressed as:

qt = qe

(
1− e−k1t

)
(1)

where:
k1—is the rate constant of the pseudo-first-order adsorption
qe—is the amount of solute adsorb at equilibrium
qt—is the amount of solute adsorb at time t
t—is the contact time
The pseudo-second-order model can be expressed as:

qt = (k2 × qe
2)/(1 + k2 × t)

where:
k2—is the rate constant of the pseudo-second-order adsorption
qe—is the amount of solute adsorb at equilibrium
qt—is the amount of solute adsorb at time t
t—is the contact time
The pseudo-second-order model can be rearranged into a linear form:

t/qt = 1/(k2 × qe
2) + t/qt (2)

The equilibrium time was determined from the intersection of the equilibrium line
with the time axis, which represented the time when the concentration of REEs on the
resin reached a steady state. To ensure reproducibility and reliability of the results, the
experiments at 3, 5, 10, and 15 min of all REEs were replicated three times.

2.4. Single Element Batch Isotherm Adsorption Tests

A series of single-element batch isotherm adsorption experiments were conducted
using individual solutions of Nd(III), Y(III), Ce(III), Er(III) and Fe(III) in 3 M HCl with
concentrations ranging from 93.2 mg/L to 846 mg/L, 87.9 mg/L to 718 mg/L, 126 mg/L
to 802 mg/L, 124 mg/L to 813 mg/L, and 30.4 mg/L to 502 mg/L, respectively. Before
the adsorption tests, the resin was allowed to swell using 3 M HCl (2–5 mL) as outlined
previously. After swelling, 5–8 mL of the REE solution was added into the flask, with the
volume of solution dependent on the swelling solution used to ensure a total volume of
10 mL. The pH of the solution was measured before and after adsorption.

The batch adsorption test was initiated by placing the flask in a thermostat water
bath shaker at 25 ◦C and 120 rpm. The samples were collected after reaching apparent
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equilibrium at 360 min, which was determined in the batch kinetic adsorption tests. The
filtrates were collected by filtration, and residual REE concentration was analyzed using
ICP-AES. Meanwhile, the loaded resin was collected, washed thoroughly with deionized
water, dried in a vacuum oven at 40 ◦C, and analyzed using SEM-EDX and ATR-FTIR.

The adsorption data were fitted with Langmuir and Freundlich isotherms to determine
the adsorption mechanisms of REEs onto TK221, and the best R-squared value was used to
select the most appropriate isotherm model.

The Langmuir isotherm assumes single monolayer adsorption and is given by:

q = (qmax × KL)×
(

C
1 + K× C

)
where:

q—is the amount of solutes adsorbed per unit weight of adsorbent
C—is the equilibrium concentration of the solutes in solution
qmax—is the maximum amount of solutes that can be adsorbed per unit weight of

adsorbent
KL—is the Langmuir constant related to the energy of adsorption
The linear form of the Langmuir isotherm equation is:

1
q
=

(
1

qmax

)
+

(
1

KL × qmax

)
× 1/C (3)

The Freundlich isotherm assumes that multilayer adsorption occurs and is given by:

q = K f × C
1
n

where:
q—is the amount of solute adsorb per unit weight of adsorbent
C—is the equilibrium concentration of the solutes in solution
K f —is the Freundlich constant related to the adsorption capacity
n—is the Freundlich exponent related to the adsorption intensity
The linear form of the Freundlich isotherm equation is:

ln(q) = ln
(

K f

)
+

(
1
n

)
× ln(C) (4)

3. Results and Discussion
3.1. Characterization of TK221: Insights from SEM-EDX, Microtrac, ATR-FTIR, and XPS

The elemental mapping shown in Figure 1a indicates an even distribution of main
elements, including Carbon (C), Nitrogen (N), Phosphorus (P), and Oxygen (O) throughout
the resin. The strong EDX signals of N and P confirmed the presence of DGA and CMPO on
the surface of TK221, and their uniform distribution suggests that the extraction capabilities
of TK221 would be consistent and reliable.

The particle size distribution of the resin is shown in Figure 1b, and it is mainly
between 100 µm and 200 µm. Compared to traditional chromatographic resins prepared
with pure polymer matrix in the particle size of 0.3–3 mm, this new type of extraction resin
has a smaller particle size, which can result in faster kinetics, higher strength, and better
flowability in the packed column [24]. These characteristics are important for improving
the efficiency of the extraction process and reducing the amount of solvent used. However,
it should be noted that further testing is required to fully understand the impact of the
smaller particle size on the resin’s performance and extraction efficiency.
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Figure 1. (a) Photomicrograph and elemental mapping of fresh TK221, (b) particle size distribution
of fresh TK221, (c) ATR-FTIR spectrum of fresh TK221.

Figure 1c displays the ATR-FTIR analysis of fresh TK221, and Table 1 indicate the pres-
ence of several important functional groups. The absorption band between 3600–3400 cm−1

corresponds to O-H vibrations of water [20,37,38], while that at 2950–2850 cm−1 indicates
the presence of C-H vibrations of TODGA [20,29,39,40]. The IR peak at 1700–1600 cm−1

suggests the presence of C=O vibrations of Amide I and CMPO [20,29,39,40], and the
1570–1470 cm−1 absorption band depicts the C-N vibrations of Amide II [29]. Meanwhile,
the IR peak at 1200–1100 cm−1 shows the presence of P=O vibrations of CMPO [39,41],
while that at 900–700 cm−1 is assigned to C-H vibrations of PS-DVB [37].

Table 1. ATR-FTIR peak assignments of fresh TK221.

Wavelength (cm−1) Corresponding Chemical
Structure Reference

3600–3400 O-H of water [20,37]
2950–2850 C-H of TODGA * [20,29,39,40]
1700–1600 C=O of Amide I and CMPO [20,29,39,40]
1570–1479 C-N of Amide II [29]
1200–1100 P=O of CMPO [39,41]

900–700 C-H of PS-DVB [37]
* Note: TODGA means tetraoctyl diglycolamide.

Figure 2b displays the C(1s) spectra of TK221, which was deconvoluted into three
peaks assigned to C-O/C-C, amide, and C=O, as shown in Table 2. The peak at binding
energy (BE) of 285.96 corresponded to the presence of C-O/C-N of DGA and the C=C of
PS-DVB [20,40,42]. Additionally, the peak at a BE of 286.87 indicates the presence of the
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amide group of DGA [40,42]. Lastly, the peak at a BE of 288.68 implies the presence of the
C=O group of DGA [20,42].
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and (c) XPS narrow scan spectrum of fresh TK221 at O(1s).

Table 2. XPS data and chemical states of fresh TK221 resin.

Spectral Peak Chemical State
Binding Energy (eV)

This Study Reference

O(1s) P=O/C=O 532.02 [43]
O(1s) C-O 534.22 [43]
O(1s) Chemically bonded water 535.75 [41,44,45]
C(1s) C-O/C-C 285.96 [20,40,42]
C(1s) Amide 286.87 [20,40,42]
C(1s) C=O 288.67 [20,42]

Figure 2c shows the O(1s) spectrum of TK221, which was deconvoluted into three
peaks assigned to P=O/C=O, C-O, and chemically adsorbed H2O, as shown in Table 2. The
peak at a BE of 532.02 corresponded to the P=O of CMPO and the C=O of the DGA [43].
Additionally, the peak at BE of 534.22 indicates the presence of C-O of DGA [43]. The peak
at a BE of 535.75 implies the presence of chemically adsorbed H2O [41,44,45], reaffirming
the results of the ATR-FTIR analysis. Overall, the XPS analysis of O(1s) confirms the
composition of TK221 and provides valuable insight into the surface chemistry of the resin.

Taken together, the SEM-EDX analysis revealed that TK221, a resin comprised of
tributyl phosphate (TRU) and diglycolamide (DGA) resins coated onto a polystyrene-
divinylbenzene (PS-DVD) inert support, contains REE extractants CMPO and DGA. Further,
the ATR-FTIR and XPS peaks indicate the presence of TODGA and CMPO in TK221 coated
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on PS-DVB. The presence of these functional groups is significant, as they are responsible
for the extraction properties of the resin. The identification of these functional groups
using ATR-FTIR and XPS analysis supports the use of TK221 in metal ion extraction and
other related applications. However, further testing and analysis will be necessary to fully
understand the performance of TK221 in various extraction processes.

3.2. Adsorption Kinetics

The adsorption kinetics of Nd(III), Ce(III), Er(III), and Y(III) on TK221 at room tem-
perature were investigated, and the results are shown in Figure 3a,b. The equilibrium
adsorption capacity was found to be 7.65 mg Nd/g, 9.90 mg Ce/g, 12.4 mg Er/g, and
8.99 mg Y/g, respectively, which were reached after 360 min of contact time. The experi-
mental data were fitted with pseudo-first-order and pseudo-second-order kinetic models,
and the fitting parameters obtained by linear fitting were listed in Table 3. The correlation
coefficients (R2) of the pseudo-second-order model were found to be 1.00 for all the studied
REEs, indicating that adsorption predominantly occurred via chemisorption. Notably, for
Fe, the amount adsorbed and recovery at 360 min suggest a similar equilibrium time with
the REEs, as seen in Table 4.

Minerals 2023, 13, 1330  8  of  15 
 

 

are  responsible  for  the  extraction  properties  of  the  resin.  The  identification  of  these 

functional groups using ATR-FTIR and XPS analysis supports the use of TK221 in metal 

ion extraction and other related applications. However, further testing and analysis will 

be  necessary  to  fully  understand  the  performance  of  TK221  in  various  extraction 

processes. 

3.2. Adsorption Kinetics 

The  adsorption  kinetics  of Nd(III),  Ce(III),  Er(III),  and  Y(III)  on  TK221  at  room 

temperature were investigated, and the results are shown in Figure 3a,b. The equilibrium 

adsorption capacity was found to be 7.65 mg Nd/g, 9.90 mg Ce/g, 12.4 mg Er/g, and 8.99 

mg Y/g, respectively, which were reached after 360 min of contact time. The experimental 

data were fitted with pseudo-first-order and pseudo-second-order kinetic models, and the 

fitting  parameters  obtained  by  linear  fitting  were  listed  in  Table  3.  The  correlation 

coefficients  (R2)  of  the  pseudo-second-order model were  found  to  be  1.00  for  all  the 

studied  REEs,  indicating  that  adsorption  predominantly  occurred  via  chemisorption. 

Notably,  for  Fe,  the  amount  adsorbed  and  recovery  at  360  min  suggest  a  similar 

equilibrium time with the REEs, as seen in Table 4. 

 
(a) 

 
(b) 

Figure 3.  (a) pseudo-first-order kinetic rate  law fitting  for Nd, Ce, Er, and Y adsorption, and  (b) 

pseudo-second-order kinetic rate law fitting for Nd, Ce, Er, and Y adsorption. 
Figure 3. (a) pseudo-first-order kinetic rate law fitting for Nd, Ce, Er, and Y adsorption, and
(b) pseudo-second-order kinetic rate law fitting for Nd, Ce, Er, and Y adsorption.



Minerals 2023, 13, 1330 9 of 14

Table 3. Kinetic rate law fitting parameters for Nd, Ce, Er, and Y on TK221.

Element
Pseudo-First-Order Pseudo-Second-Order

k1 Qe R2 k2 Qe R2

Nd 0.539 7.18 0.949 0.220 7.65 1.00
Ce 0.661 9.27 0.945 0.189 9.90 1.00
Er 0.403 10.48 0.903 0.021 12.4 1.00
Y 0.440 8.75 0.964 0.409 8.99 1.00

Table 4. Fe adsorption and recovery at 360 and 1440 min.

Element
Adsorption (mg/g) %Recovery

360 min 1440 min 360 min 1440 min

Fe 11.1 10 23 21

3.3. Adsorption Isotherm

Figure 4a,b depict the adsorption isotherms of Nd(III), Ce(III), Er(III), Y(III), and Fe(III)
at room temperature to TK221. REE adsorption increased with the target ion concentration
of the feed solution, resulting in higher adsorption capacities, consistent with previous
experiments that used DGA [20]. The equilibrium adsorption data were fitted and analyzed
using Langmuir and Freundlich isotherms, and the results are illustrated in Table 5. The
Langmuir isotherm exhibited a higher correlation coefficient than the Freundlich isotherm,
indicating that the recovery of Nd(III), Ce(III), Er(III), Y(III), and Fe(III) mainly occurred
via homogenous monolayer adsorption. The saturated adsorption capacities (qmax) were
found to be 45.2 mg Nd/g, 43.1 mg Ce/g, 35.1 mg Er/g, 15.6 mg Y/g, and 12.3 mg Fe/g.
Values of the Langmuir coefficient (KL) are related to the relative affinity of the functional
groups towards the target ions [46–48]. This means that when the five elements coexist in
solution, the TK221 resin will preferentially extract the target elements in the following
order: Er > Y > Fe > Nd > Ce (Table 5).
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These results also align with hard and soft acid-base (HSAB) theory, where both amide
and phosphine oxide functional groups are considered “soft” bases [49,50], so they have
a higher affinity towards “soft acids”. In this study, the use of 3 M HCl, while not strong
enough to alter the charge states of the ions, allowed us to consider their relative charge
densities as a primary factor in determining their behavior. Based on this analysis, we can
establish an order of increasing charge density among the studied elements: Ce > Nd > Er
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> Y > Fe. This ordering implies that REEs possess a higher degree of softness compared to
Fe, which is a significant finding in understanding their chemical behavior.

Table 5. Adsorption isotherms fitting parameters of TK221 for Nd, Ce, Er, Y, and Fe.

Element
Freundlich Isotherm Langmuir Isotherm

kF n R2 kL qmax R2 T-Test t0.995

Nd 1.17 2.25 0.98 0.014 45.2 0.995 significant
Ce 1.31 1.70 0.96 0.012 43.1 0.986 significant
Er 8.78 4.51 0.90 0.052 35.1 0.985 significant
Y 1.27 2.25 0.92 0.030 15.6 0.989 significant
Fe 0.994 4.51 0.96 0.023 12.3 0.996 significant

The ability of TK221 resin to selectively extract REEs from aqueous solutions suggests
that it is a promising alternative to solvent extraction, but pretreatment steps to concentrate
REEs or remove interfering ions like Fe may be necessary for improved performance and
selectivity. Moreover, the use of TK221 as an adsorbent for REE removal may offer several
advantages over other methods, such as its low cost, ease of regeneration, and potential for
scalability. Overall, as shown in Table 6, these findings highlight the potential of TK221 as a
highly effective and practical adsorbent for the removal of REEs from aqueous solutions and
may contribute to the development of efficient and sustainable methods for REE recovery.

Table 6. Comparison of Nd, Ce, Er, Y, and Fe adsorption capacity of TK221 with previous works.

Reference Adsorbent Resin pH Element qmax (mg/g)

This study TK221

−0.264–−0.325 Nd 45.2
−0.230–−0.327 Ce 43.1
−0.274–−0.313 Er 35.1
−0.116–−0.202 Y 15.6
−0.116–0.102 Fe 12.3

[20]
TODGA-modified macroporous

silica-polymer-based
- Zr 20.0
- Sc 8.16

[29] TEHDGA impregnated resin

- La 1.31
- Nd 0.53
- Y 1.45
- Er 1.3

[51] Functionalized Cr-MIL-101

2–6 La 37.4
2–6 Ce 49.0
2–6 Nd 70.9
2–6 Sm 72.7
2–6 Gd 90.0

Note: “-” means “not evaluated”.

3.4. Adsorption Mechanism

To elucidate the possible bonding mechanism between the resin and the REEs, the
residue of the highest point in the adsorption batch test was characterized using SEM-EDX
and ATR-FTIR, as shown in Figure 5.

The SEM-EDX and ATR-FTIR results suggest that yttrium forms a complex with
CMPO, while chlorine acts as a counter ion stabilizing the complex of the ligand and REEs.
The complex formation of Ce with DGA and CMPO is also supported by the literature. The
equilibrium reaction for metal ion extraction using DGA is shown in Equation (5)

Reactants 
 Products
Mn+

(aq) + nA−(aq) + yL(org) 
 M(A)(n)·yL(org)
−/(M(hyd)·L(y)

(n+1)·nA−)org
(5)
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Furthermore, it is observed that CMPO and DGA have similar behavior in the ex-
traction of Am(III) [52]. ATR-FTIR analysis of the loaded resin shows that the peaks of
C=O and P=O have shifted, indicating that they have coordinated with REEs after the
adsorption of Y and Ce. The IR peak at 3279 cm−1 was attributed to the O-H stretching of
water, while the peak at 2365 cm−1 was assigned to the Cl−. Overall, these results suggest
that the bonding mechanism between the resin and the REEs involved the coordination of
C=O and P=O groups with the REEs, as well as the formation of complexes with CMPO
and counter ions such as Cl−.

Figure 5. (a) Elemental mapping of after adsorption of TK221 resin loaded with yttrium, (b) Elemental
Mapping of after adsorption of TK221 resin loaded with cerium, (c) ATR-FTIR analysis of TK221 of
blank (red), loaded with yttrium (green), and loaded with cerium (blue).
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4. Conclusions

TK221 holds substantial promise for effectively recovering rare earth elements (REEs)
from matrix solutions. The characterization results obtained using SEM-EDX, ATR-FTIR,
and XPS analyses confirm the presence of crucial functional groups (such as C=O, P=O, C-
O) associated with DGA and CMPO, facilitating the adsorption of metal ions. Furthermore,
we achieved adsorption equilibrium within a mere 360 min; notably, for Nd, Ce, Y, and Er,
the data aligned well with the pseudo-second-order model, highlighting chemisorption as
the primary adsorption mechanism with a maximum R2 value of 1.00. In the investigation
of Nd, Ce, Y, Er, and Fe, the Langmuir adsorption isotherm model provided an excellent
fit, revealing a maximum adsorption capacity (qmax) of 45.2 mg/g for Nd. These results
emphasize TK221’s potential as a highly effective adsorbent for REE recovery from matrix
solutions. However, taking proactive measures to address factors that influence the adsorp-
tion process remains imperative. Furthermore, the applications of this resin extend beyond
REE recovery, encompassing fields like environmental remediation and resource recovery.
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