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ABSTRACT

This paper presents a study of the kinetics of neodymium and praseodymium ions sorption using
interpolymer systems based on KU-2-8 and AB-17-8 in salt forms. Sorption of target ions was
carried out in a dynamic mode (with constant stirring) in interpolymer systems in molar ratios of
4:2 and 3:3 (cation exchanger to anion exchanger). Aliquots were collected during certain time
intervals, then widely known kinetic models of sorption were used to construct linear graphs.
According to the obtained results, the best model for describing sorption was pseudo-first order
(the highest value for the 4:2 system = 0.97885 and 0.98112; for the 3:3 system = 0.9647 and
0.98779). Such results are important for understanding the mechanisms of the sorption process
and establishing the limiting factor that can slow down this process. The kinetic model of pseudo-
first order may indicate the need to improve the washing out of counterions from the
polyelectrolyte matrix for their high ionization and accessibility of functional groups for metal ions.
This assumption can be used in the future to optimize industrial schemes of ion-exchange sorption
of REE.

Keywords: interpolymer systems, kinetic models, sorption, neodymium and praseodymium ions,
cation exchanger KU-2-8, anion exchanger AB-17-8.
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Introduction

Rare earth metals are a strategic resource and
are increasingly used in various fields. Rare earth
elements are a group of 17 metallic elements that
share similar chemical properties [1]. REEs consist of
the 15 lanthanides, as well as scandium and yttrium
lanthanides [[2], [3]]. REEs are typically categorized
into light rare earth elements and heavy rare earth
elements. The latter have grown crucial for
numerous emerging technologies, especially in the
green energy sector, including wind turbines, large-
scale energy storage systems, and new energy
vehicles [4]. They also provide a bridge from fossil
fuels to low-carbon energy [5]. As for the metals
themselves, which are studied in this article, they

also have a huge variety of applications, and
therefore, the demand for them will only grow in the
future. For example, Nd is applied in supermagnets
for disk drives [6], Nd-Fe-B magnets [7], in AL-
Mgalloys, and steel, also for magnetic resonance
imaging (MRI) contrasting agents [8]. Praseodymium
is widely used in magnets [9], optical Fibres, carbon-
arc lamps [7], in alloys for aircraft engines,
capacitors, sensors, and semiconductors, in flat
display electronics [8]. Therefore, considering the
great need for these rare earth metals, this study
aims to study the sorption kinetics to better
understand the absorption mechanism, which will
improve the technologies of concentration and
extraction of target ions. This goal was achieved
through several steps: 1) selection of interpolymer
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systems for sorption from a model solution; 2)
sampling aliquots at certain time intervals; 3)
selection of the most suitable kinetic model among
the most common in the literature; 4) based on the
selection of the most suitable kinetic model, suggest
a possible sorption mechanism, a limiting factor, and
how this factor can be compensated. The selection
of sorption and the composition of interpolymer
systems are also supported by the fact that
"adsorption provides advantages such as simplicity,
low capital investment, low energy usage, and good
environmental sustainability, making it the ideal
choice for separating and removing rare earth
elements"[10]. The development of simple but
effective sorbents that can be used repeatedly is an
urgent need in modern realities [11].

By now, a huge number of works have
accumulated on various methods of extracting REE
from primary and secondary sources. Some of them
also pay attention to kinetic factors, especially in
articles where sorption is the main process. The
authors [12] introduced a technique for extracting
neodymium from permanent magnet waste (WPM)
through a hydrometallurgical process that includes
separation using a hollow fiber liquid membrane
(HFSLM). Neodymium in WPM was recovered via
solvent extraction with D2EHPA. The separation of
Nd from Fe was achieved successfully using 0.6 M
D2EHPA at an O/A phase ratio of 3, with a pH range
of 1.26-2.0, resulting in a neodymium recovery rate
of 97.48%.

The extraction of neodymium and other REE
from recycled magnets was also studied in the work
[13]. They were extracted as oxalates using various
amounts of oxalic acid relative to its stoichiometric
quantity. When oxalic acid was used in
stoichiometric amounts, about 93% of the rare earth
elements present in the solution precipitated [13].

Miguel Nogueira et al. [14] used activated
carbon obtained from tire rubber after CO,
activation for sorption, and the most effective
adsorbent achieved a maximum absorption capacity
of 24.7 mg g™* for Nd** and 34.4 mg g for Dy**. The
authors also noted that the synthesized adsorbents
made from waste materials demonstrated better
performance than commercially available activated
carbon. This study also has environmental
implications, as it demonstrated the potential use of
waste to create effective adsorbents.

Organic acids, such as acetic and oxalic acids,
have been used for Nd leaching, showing promising
efficiencies. Under standard conditions (27°C, 3 M
acid concentration, 20 g/L pulp density, 200 rpm
stirring, 500 um particle size, 300 min leaching), Nd

extraction reached 50% with acetic acid and 44%
with oxalic acid [15]. However, optimized pa-
rameters (80°C, 0.4 M acetic acid, 10 g/L pulp
density, 106-150 um particle size) significantly
increased Nd extraction to 99.99% [16].

Recent research introduces electrokinetic
mining (EKM) as an innovative technique for
extracting REEs from ion-adsorption deposits (IADs)
while  addressing  environmental  concerns
associated with conventional ammonium-salt-based
leaching methods. Traditional methods exhibit low
recovery efficiencies (40—-60%) and contribute to
significant  water  contamination and  soil
degradation. EKM applies an electric field to
facilitate the selective migration of ions, significantly
reducing the need for chemical leaching agents (by
up to 80%). Experimental results demonstrate that
EKM achieves 90-96% recovery efficiency,
outperforming conventional techniques.
Furthermore, the method results in higher purity
REEs, with up to 70% fewer metallic impurities [4].

Deep eutectic solvents (DESs) have gained
attention as a viable substitute for aqueous
solutions in the recovery of valuable metals from
NdFeB magnets. A study [17] investigated a DES
composed of choline chloride and lactic acid in a 1:2
molar ratio for the leaching of REEs and other
metals. A separation process was devised using
Aliquat 336 SCN diluted in toluene to effectively
extract Fe, B, and Co from Nd and Dy. Purified Dy
was recovered by water stripping, while Nd was
precipitated using oxalic acid, vyielding Nd,Os
(99.87% purity) and Dy,03 (99.94% purity).

The use of chelate sorbents has also become a
popular direction for research and development for
the selective extraction of REE ions. For example,
ion-exchange resins IRC-747 and TP-260 have shown
high affinity for REEs from highly concentrated 4 M
HsPO,4 produced by OCP. These resins achieve REE
extraction yields ranging from 20% to 60% [18].

The ion exchange process is highly selective and
environmentally friendly, making it effective for
treating low metal concentrations. However, at the
same time, there are also some difficulties: high cost
of selective chelating separation materials and
limited capacity, slow desorption kinetics and the
need for selection of desorbing reagents [[19], [20],
[21]].

It is worth noting that many works have been
devoted to the problem of extracting REE from
model solutions, as well as from primary and
secondary sources using various cross-linked
polyelectrolytes. The general direction of all these
works is the search for high extraction efficiency,
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selectivity, and optimal conditions. For example,
industrial sorbents Purolite S940 and Lewatit TP 260
were used in the work [[22], [23]] to extract
neodymium and scandium from sulfate solutions.
According to the results, neodymium strongly bound
with functional groups to form coordination bonds,
and scandium sorption was strongly dependent on
the sulfate concentration. In two other experiments
22] were used cation exchangers with the same
functional group as in our work (sulfo group) to
extract neodymium and separate it from calcium,
iron and strontium. An important discovery was that
calcium and neodymium ions compete with each
other during sorption on the polymer matrix.

Our research is aimed at using interpolymer
systems, which are composed of cationite and
anionite. When in one solution, they mutually
activate each other, changing the most important
characteristics (pH, electrical conductivity, and
swelling degree increase) [[24], [25], [26]]. In our
previous studies, we considered interpolymer
systems based on various industrial sorbents for the
extraction of REE from solutions [[27], [28]]. In these
works, the sorption characteristics of a mixture of
praseodymium and neodymium, as well as lute-tium
individually, were demonstrated using mutually
activated cross-linked polyelectrolytes. It was
possible to find that the interpolymer system has
increased sorption characteristics compared to its
application. It was also possible to find that in the
static mode, greater selectivity to one of the REEs is
possible. However, at the moment, no experiments
have been conducted to study the kinetics of
sorption in such systems, so this work will pay more
attention to this aspect.

Experimental part

Equipment. The required mass of the ion
exchanger was measured using a Shimadzu TX-423
electronic  analytical balance. The residual
concentration was determined using an atomic
emission analysis (Thermo Scientific™ iCAP™ PRO XP
ICP-OES, USA).

Materials. In the experiment, aqueous solutions
of neodymium and praseodymium hexahydrate
nitrate with a concentration of 30 mg/| were used
(Sigma-Aldrich, Darmstadt, Germany). lon-exchange
resins in salt forms: KU-2-8 (Na*) strongly acidic
(Azot, Cherkassy, Ukraine) cation exchanger and
strongly basic AB-17-8 (CI") (Azot, Cherkassy,
Ukraine) gel-type anion, were used.

Experiment. An interpolymer system was
created using KU-2-8 and AB-17-8 in a molar ratio of

4:2 and 3:3. These ratios were chosen for study
based on previous work. In it, these interpolymer
systems showed satisfactory sorption indices
(extraction degree and sorption capacity). The
masses of ionites in these systems were: 4:2 (0.079
g.: 0.041g.); 3:3 (0.059 g.: 0.062g.). Then, sorption
was carried out in solutions containing neodymium
and praseodymium nitrates. Aliquots were collected
during the following time intervals: 5 min, 10 min, 15
min, 30 min, 1 h, 2 h, 3 h, 4.5 h, 6 h. The solutions
were stirred using a magnetic stirrer, since in static
mode, the sorption processes occur slowly. The
main task of the algorithm of this experiment is to
find which of the kinetic models best describes the
process of sorption of these rare earth metals by
interpolymer systems.

Results and Discussion

Kinetics in sorption processes characterizes the
rates of sorbate adsorption and desorption from an
aqueous solution onto a solid phase. The kinetic
analysis can be linear or nonlinear, depending on the
system's  complexity and the underlying
mechanisms. In our work, we used several popular
models of sorption kinetics to establish the
mechanism and limiting factors of REE extraction
using activated interpolymer systems. These models
are: pseudo-first order, pseudo-second order,
Elovich model, and intraparticle diffusion.

Pseudo first-order kinetic model fit

Widely used models to describe adsorption
kinetics are the pseudo-second order (PS2) and
pseudo-first order models (PS1) [[29], [30]]. These
models are adaptations for heterogeneous systems,
in which it is assumed that the concentration of the
sorbent does not change over time. Also, in these
models, the value of adsorption capacity is
important. The equation for the pseudo-first order
model and its linear form are usually presented as
follows [[29], [31]]:

q(t) = g.(1 —e™"h) (1)
ln[Qe - Q(t)] = — kit +Ingq, (2)

The Pseudo-First-Order (PFO) kinetic model
posits that the adsorption rate is directly
proportional to the difference between the
maximum adsorption capacity and the current
amount of adsorbate already adsorbed at any given
time. This means the adsorption process is primarily
controlled by the concentration of the sorbate in the
solution. It is typically used when the adsorption
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process is diffusion-controlled, meaning mass
transfer plays a significant role.

In this work, we used the linear form of the
equation to plot the graph. Figures 1 and 2 show a
linear approximation for the sorption kinetics of

neodymium and praseodymium in different
syste ms.
Pseudo first order model for Nd and Pr sorption
in system KU-2-8:AV-17-8 (4:2)
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Figure 1 - Pseudo first order kinetics for neodymium and
praseodymium sorption in a 4:2 system

Pseudo first model for Nd and Pr sorption
in system KY-2-8:AV-17-8 (3:3)
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Figure 2 - Pseudo first order kinetics for neodymium and
praseodymium sorption in a 3:3 system

According to the values of the quantity, the
pseudo-first-order model describes well the
sorption of both ions on the cation exchanger in
interpolymer systems. However, this partly
contradicts expectations because this model
assumes physical adsorption and dependence on
the concentration gradient. In turn, it is known that
cross-linked polyelectrolytes contain functional
groups with which metal ions directly interact
(formation of ionic or coordination bonds). The
model suggests that adsorption is driven by mass
transfer, which occurs due to a concentration
gradient between the solution and the adsorbent
surface [32]. Therefore, the unexpected good
pseudo-first-order correspondence can be explained

by the following assumptions. A field of counterions
is formed around the charged polyelectrolyte, which
is replaced by metal ions. At a certain moment,
counterions begin to prevent the solution and other
REE ions from penetrating the polymer matrix, so
despite the chemical interaction between the
functional groups and REE ions in the solution, the
limiting factor becomes mass transfer.

Pseudo-second order kinetic model fit

The linear form of the equation for pseudo
second order is represented by the following
formula [31]:

t—<1>t+ 1
9 \qe k,q2 (3)

The Pseudo-Second-Order (PSO) model, also
referred to as the Ho and McKay equation [33], is
commonly employed to describe the adsorption of
solutes from solution. The model is most applicable
when adsorption is controlled by chemical
interactions (chemisorption) rather than diffusion.
The adsorption process depends on the availability
of active sites rather than just mass transfer,
meaning it is not solely controlled by diffusion [34].

Pseudo second model for Nd and Pr sorption
6 in system KU-2-8:AV-17-8 (4:2)
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Figure 3 - Pseudo second order kinetics for neodymium
and praseodymium sorption in a 4:2 system
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454

m Nd

4,04 ® Pr
|—— Nd line for linear fit
|——Prline for linear fit

3,5

3,04

U

y=arbx
Piot Nd P
Wweigrt Ne Weighting

Intercept 127844 0.13161 [1.33533%
Shaps 0.00808 + 7.3843E 0,00761 =

2,54

2,0

Rescusisunof Squmr | 038482
Fewsers aomsss vorsss
Rosaumre (6551 o555 o882z
e Rsumre 05as31 o810

T T T T T T T 1
0 50 100 150 200 250 300 350 400
time (min.)

Figure 4 - Pseudo second order kinetics for neodymium
and praseodymium sorption in a 3:3 system
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According to the coefficient of determination in
both systems (figures 3 and 4), both praseodymium
and neodymium also correspond well to the pseudo-
second order, but slightly less than the pseudo-first
order. This is also contrary to expectations, since
sorption on polyelectrolytes is usually a chemical
process. But based on previous discussions of mass
transfer, we conclude that although both models
yielded high coefficients of determination, the
actual mechanism and limiting factors are complex
processes.

Elovich model

The Elovich model is commonly employed to
characterize adsorption kinetics, particularly in
systems where the sorbent surface is energetically
heterogeneous and chemisorption is the rate-
controlling step [[35], [36]]. This model posits that
the adsorption rate diminishes over time as the
surface coverage increases, resulting in a
progressive reduction of available active sites. The
linear equation for this model can be expressed by
the following formula [36]:

1

_ L ince
CIt—ﬁ n(t)

In(ap) + ; 4)
where a is the initial rate of adsorption (mg.g-
1.min?) and B is the desorption constant (g.mg?)
Figures 5 and 6 show graphs for the Elovich model.
According to the determination coefficient, this
model describes the kinetics of neodymium and
praseodymium sorption worse than the pseudo-first
and pseudo-second order. This indirectly confirms
that chemisorption is not a determining factor.
Intra-particle diffusion
The intraparticle diffusion model explains how
adsorbate molecules, like dyes, move from the bulk
solution into the solid adsorbent phase. This
transport process often acts as the rate-limiting step
in adsorption, especially in rapidly stirred batch
reactors [37]. The formula that describes this model
can be represented as follows:

qe = Kaipt®® +C (5)
where C (mg*g™) is the intercept and Kdif is the

intraparticle diffusion rate constant (in mg*g™
min=2),

Elovich model for Nd and Pr sorption
in system KU-2-8 AV-17-8 (4:2)
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Figure 5 - Elovich model for neodymium and
praseodymium sorption in a 4:2 system
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Intraparticle diffusion model for Nd and Pr sorption
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Figure 8 - Intraparticle diffusion model for neodymium
and praseodymium sorption in a 3:3 system

Based on the determination coefficient, it can be
concluded that this model also satisfactorily
describes the sorption kinetics for neodymium and
praseodymium in two systems (Figures 7 and 8).
Thus, the pseudo-first-order and Elovich models
turned out to be the most suitable for describing the
processes occurring in interpolymer systems. The
good fit of the intraparticle diffusion model suggests
that mass transfer resistance within the resin plays a
significant role.

Tables 1, 2 summarise the results of the linear
correlation of all four sorption models (in the 4:2
system and 3:3 system) relative to the
determination coefficient presented in the work.

Table 1 - Determination coefficient for Nd and Pr in 4:2
system

Kinetic model Nd (R?) Pr (R?)

Pseudo first 0.97885 0.98112
Pseudo second 0.95875 0.95719
Elovich 0.93429 0.93294
Intraparticle 0.97614 0.97692

diffusion

Table 2 - Determination coefficient for the Nd and Pr 3:3
system

Kinetic model Nd (R?) Pr (R?)

Pseudo first 0.9647 0.98779
Pseudo second 0.95227 0.95822
Elovich 0.94492 0.94484
Intraparticle 0.97043 0.98003

diffusion

Conclusions

This study investigated the sorption kinetics of
neodymium (Nd3**) and praseodymium (Pr®*) ions
using interpolymer systems KU-2-8:AB-17-8.
Experimental data were fitted to pseudo-first-order,
pseudo-second-order, Elovich, and intraparticle
diffusion models to determine the best kinetic
description.

The pseudo-first-order model (PFO) provided
the best fit, with R2 values of 0.97885-0.98779,
suggesting that mass transfer limitations and
external diffusion play a key role in sorption kinetics.
The pseudo-second-order model (PSO) also showed
good agreement but performed slightly worse,
indicating that chemisorption is not the sole
controlling mechanism. The Elovich model, which
typically describes heterogeneous chemisorption,
exhibited the poorest fit, confirming that physical
interactions and counterion exchange dominate the
process. The intraparticle diffusion model
demonstrated that internal diffusion resistance
contributes to the sorption rate but is not the only
limiting step.

The findings indicate that sorption kinetics in
interpolymer systems are influenced by the
counterion exchange effect, external mass transfer,
and intraparticle diffusion. These insights can be
applied to improve industrial ion-exchange sorption
technologies for rare earth element recovery. Future
studies should focus on the thermodynamics of the
process, the effect of pH control, and the long-term
regeneration efficiency of the interpolymer system.
Another important conclusion is that under active
stirring both metals are sorbed almost equally,
which confirms our previous results regarding static
and dynamic regimes.
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KONAAHY apKbl/ibl NPa3seoauMm }KaHe HeOAMM UOHAAPDIHDIH,
copbumanaHy KWHETUKACbIH 3epTTey
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TYWIHAEME

Byn kymbicta Ty3 TypiHgeri KY-2-8 xaHe AB-17-8 HerisiHgeri uHTepnonumepni kyienepaj
KONAAHY apKbl/ibl HEOAWMM KIHE NPaseoaMM UOHAAPbIHbIH, COPOLMANAHY KUHETUKACLIH 3epTTey
YCbIHbINFaH.  MaKcaTTbl  MOHAApAbl  copbumsanay  AMHAMUKANbIK — pexumae  (TypakTbl
apanactbipymeH) 4:2 xaHe 3:3 MONAP/bIK KaTbiHACTafbl MHTEPNOAUMEpPAi Xyienepae (KaTMoH

Makana Kenp,i:10cayip2025 a/IMacCTbIpPFbiWTaH aHUOH aﬂMaCTprFbILLIKa) Kyprisingl. benrineHreH YaKbIT apablKTapblH4a

CapanTtamagaH eTTi: 22 mameip 2025
KabblngaHabl: 5 mayceim 2025 yArinepi nanganaHbingpl. AnbiHFaH HaTUKenep GoWbIHIWA COPOLMAHBI CUNATTayAbIH, €H, *KaKCbl

a/MKBOTTAp asblHbIM, CbI3bIKTbIK, rPaduKTEpAi Kypy YWiH copbumaHbIH, 6enrini KMHETUKaNbIK

yAarici nceBpo-6ipiHWi peTTi mogens 6onapl (4:2 Kyieci ywiH eH, )ofapbl MaH = 0,97885 aHe
0,98112; 3:3 »Ky#eci ywiH = 0,9647 xaHe 0,98779). MyHaal HatuxKenep copbuma NPOLECIHIH,
MexaHU3MAEPiH TYCiHY aHe ocbl npouecTi basynaTtaTtbiH WekTeywi $GakTopApl aHbIKTay YLWiH
MaHbI3abl. MceBao-6ipiHLLI PETTI KUHETUKANBIK MOAENT NONUMEPNEPAIH KOFapbl MOHAAHYbI XKaHe
MeTann MoHAapbl yWiH GYHKUMOHANAbIK TOMTapAblH, KOKETIMAIAIM YWiH NOAUINEKTPONUTTIK
MaTPULAZAAH KapCbl MOHAAPAb! KYYAbl KaKCAPTy KaXKeTTiNiriH KepceTyi MymKiH. Byn 6omkamabl
6onawakTa CHK MoHanmacy copbuMACbIHbIH BHEPKICINTIK CXemanapblH OHTaWNaHAbIPY YLWiH
nanganaHyfa 6onaapbl.

Tyiiin ce3dep: NHTEPNOAMMEPAI KyWenep, KUHETUKaNbIK MoAenbaep, CopbLUUA, HEOAUM KaHe
npaseoAMm MOHAAPbI, KaTMOHAaAMACTbIpFbiw KY-2-8, aHnoHanmactbipsbiw AB-17-8.
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AHHOTALUMUA

B paHHOM paboTe npeacCTaBNeHO WCCNefOBaHME KUHETMKM copbuuMuM WMOHOB HeoauMma U
npaseoaMma MHTePrnoIMMEpPHbIMU CUCTEMAMM Ha ocHoBe KY-2-8 n AB-17-8 B conesbix dpopmax.
Copbuuio ueneBblX WMOHOB MNPOBOAMAM B AUHAMMYECKOM pexume (NpuM  NOCTOAHHOM
nepemeLwBaHUM) B UHTEPMNOANMEPHbIX CUCTEMAX B MOJIbHbIX COOTHOWEHUAX 4:2 1 3:3 (KaTUOHUT
Noctynuna: 10 anpens 2025 K aHWOHMUTY). AIMKBOTbI OTBMpPANUCL Yepes onpeseneHHble MPOMEKYTKM BPEMEHU, 3aTemM ANs
PeveH3upoBaHme: 22 mas 2025 NOCTPOEHMA IMHENHBIX TPadUKOB UCMONb30BANNCL LIMPOKO M3BECTHbIE KMHETUYECKME MOoAenu
MpuHsaTa B NeyaTb: 5 utoHA 2025 copbuun. CornacHo NoAyYEHHbIM pe3ynbTaTaM, Hauay4ylehn MOoAeNblo ANA onucaHua copbuum
OKasanacb MoAenb NcesaonepBoro nopaaKka (Hanbonblee 3HauyeHne ana cuctemol 4:2 = 0,97885
1 0,98112; pns cuctemnbl 3:3 = 0,9647 1 0,98779). MofobHbIE pe3ynbTaTbl BaXKHbI 418 NOHUMaHUA
MeXaHW3MOB npouecca copbuum W YCTAaHOBNEHUS NUMUTUpYlolero ¢akTopa, cnocobHoro
3ameannTb 3TOT npouecc. KnHeTnyeckana moaenb NCeBAONEPBOro NOPAAKA MOMKET YKa3blBaTb Ha
HEeoBX0AMMOCTb YNYYLIEeHWUA BbIMbIBAHUA NPOTUBOMOHOB M3 MOJ/M3NEKTPOAUTHON MaTpULbl ANs
WX BbICOKOM MOHU3ALMU U AOCTYNHOCTU PYHKLIMOHANBHLIX FPynn ANs MOHOB MeTannoB. [JaHHoe
npeanosoXeHne MOXKeT ObITb UCNONb30BAHO B AasibHeWWeM A8 ONTUMU3ALUU MPOMbILLINEHHbIX
cXeM MoHoobmeHHo copbumm P33.

Kniouesble cnoea: WHTEPNnonAMMepHble CUCTEMbI, KMHETUMYecKMe moaenu, copbuus, WOoHbI
HeoAMMa U Npa3eoanma, KaTMoHUT KY-2-8, aHnoHut AB-17-8.
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