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Abstract. Introduction. In this research, we investigated the praseodymium ions sorption by the ion
exchangers KU-2-8 (H* form) and AV-17-8 (OH form) as an interpolymer system called "KU-2-8:AV-
17-8" (X:Y) with the molar ratio of ionic groups X:Y (6:0, 5:1, 4:2, 3:3, 2:4, 1.5, and 0:6) in
praseodymium nitrate solution. To be clear, two cross-linked polymers having active functional groups
that are in the same solution but not in direct contact form an interpolymer system. The purpose of our
research to demonstrate how activating ion exchangers as functional polymers by remote contact in an
aqueous medium enhances the sorption of a variety of valuable metals and their compounds from
industrial waste solutions, including praseodymium. Objects. lon exchangers that are mutually activated in
an aqueous medium undergo conformational and electrochemical changes that lead to a shift in their state
from neutral to highly ionized and an increase in their sorption activity toward target metal ions.
Results. The experimental findings showed that the sorption activity of the interpolymer system KU-2-
8:AV-17-8 (5:1) increased significantly when compared to praseodymium ions (43 %), but the sorption
activity of the raw KU-2-8 (6:0) and raw AV-17-8 (0:6) had the same values of 25 % and 5 %,
respectively. Conclusion. This research sheds light on a novel and promising approach to improve the
efficiency of ion exchangers, opening possibilities for the effective recovery and removal of valuable
metals from complex solutions. Additionally, it holds practical implications for sustainable waste
management and resource recycling, contributing to the advancement of environmental protection and
resource conservation in various industrial sectors. Further investigations and optimization of the
interpolymer system could yield substantial benefits for greener and more resource-efficient future
sorption technologies.
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1. Introduction

Praseodymium is a rare earth element with various applications, including
magnet production [1], lighting [2], lasers [3], and more. The increasing demand
for its manufacturing has driven research into alternative sources of
praseodymium [4, 5]. Industrial agueous waste could serve as an additional source
for its production [6]. Currently, several methods for recovering metals from
solutions have been developed, such as chemical precipitation [7], membrane
filtration [8], and adsorption [9]. Among these approaches, adsorption stands out
as one of the most promising due to its high efficiency and low cost [10].

lon exchangers are being long employed as adsorbents in order to remove
various metal ions from solutions [11-15]. These porous materials contain
exchangeable functional groups (e.g., carboxylic, sulfonic, or amino groups) [16]
that can interact with metal ions in an aqueous environment through electrostatic
attraction. The activation step is necessary to modify the conformational and
electrochemical characteristics of the ion exchangers, rendering them highly
ionized [17]. To achieve this, polypropylene meshes with polymers inside were
put at some distance from each other within a glass container filled with double-
distilled water. This setup established an interpolymer system KU-2-8:AV-17-8
(X:Y), where X:Y represents the molar ratio of ionic groups (ranging from 6:0 to
0:6) (see figure 1).

In hydrometallurgy, an urgent need for the formation of highly efficient
sorption technology aimed at recovering valuable rare earth elements (REES)
from waste solutions [18, 19]. Nevertheless, despite numerous attempts to create
polymeric sorbents, only a limited number have found practical applications [20,
21]. This is largely attributed to the low selectivity exhibited by most ion
exchangers, alongside the challenges in adapting them to intricate industrial
solutions [22]. Recent times have witnessed a growing interest in the utilization of
interpolymer systems for the sorption of rare earth metal ions from aqueous
solutions [23]. The reciprocal activation of these ion exchangers induces
conformational and electrochemical modifications, leading to their transformation
into a highly ionized state and subsequently enhancing sorption activity [24].

The novelty of the present research lies in the implementation of the
activated ion exchangers KU-2-8 and AV-17-8 as the interpolymer system for the
extraction of praseodymium cations from an aqueous medium.

2. The experimental part

In this study, we employed various instruments and equipment to
meticulously assess the diverse properties of the solutions. For discerning the
specific electrical conductivity and effectively characterizing the polyelectrolyte
dissociation equilibrium, we utilized the MARK-603 conductometer (Vzor,
Russia). To quantify the concentration of hydrogen ions essential for investigating
the solution's acid-base attributes, we employed the Metrohm 827 pH-meter pH-
Lab (Metrohm AG, Switzerland). For the determination of polymer sample mass,
we turned to the Shimadzu AY220 (Shimadzu Corporation, Japan). To ascertain
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the concentration of praseodymium (IlI) ions within the test solutions, we
conducted optical density measurements using the Jenway-6305
spectrophotometer (Jenway, UK). Each measurement was performed in triplicate,
and the precision of our measurements maintained a margin of error not
exceeding 1 %.

Materials. In the ongoing research, the subsequent materials were employed:
(1) Strongly acidic KU-2-8 (H* form) obtained from Azot, Ukraine — a
crosslinked ion exchanger based on styrene and divinylbenzene (with granule size
ranging from 0.40 to 0.55 mm); (2) Strongly basic AV-17-8 (OH™ form), also
acquired from Azot, Ukraine — a gel-type anion exchanger based on a copolymer
of styrene and divinylbenzene (with granule size spanning 0.3 to 1.2 mm).

The reagents employed were as follows: for the introduction of
praseodymium ions into the solution, praseodymium (lll) nitrate hexahydrate
(Sigma-Aldrich, Germany) with a purity of 99.9 % trace metals base was utilized.
To quantify the praseodymium concentrations within the examined materials, the
powdered form of the arsenazo IIl metal indicator reagent (Sigma-Aldrich,
Germany) served as the color-forming agent. Additionally, perchloric acid
(HCIO4) (70 % ACS reagent, Sigma-Aldrich, Germany) was employed to produce
the standard solution.

KU-2-8
ion exchanger,

Polypropylene mesh

_ Distilled water

AV-17-8
ion exchanger]

Figure 1 - lllustration of the activation process of the interpolymer system KU-2-8:AV-17-8 (X:Y)
in an aqueous medium

Initiation of the Interpolymer System. Our earlier studies [24] have shown
that polymers may be converted into a highly ionized state more easily when
polyelectrolytes are mutually activated during their distant contact. The sorption
efficiency of target metal ions is therefore noticeably increased as compared to the
raw ion exchangers. lon exchanger-containing polypropylene meshes were
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arranged around 1-2 cm apart within a glass container filled with distilled water to
start this activation process. The configuration shown in figure 1 represented the
interpolymer system KU-2-8:AV-17-8 (XY, signifying the molar ratio of
ionogenic groups).

Determination of the Praseodymium lon Concentration. To conduct the
experiments, a solution (1000 mL) containing praseodymium ions at a
concentration of 100 mg/L was meticulously prepared. The objective was to
investigate the sorption performance of the interpolymer system KU-2-8:AV-17-8
(X:Y) across varying ratios (6:0, 5:1, 4:2, 3:3, 2:4, 1:5, and 0:6) concerning
praseodymium ions. This solution was carefully divided into seven individual
glasses (each containing 100 mL). Subsequently, the ion exchangers KU-2-8 and
AV-17-8 were introduced into separate polypropylene meshes, each in accordance
with their respective molar ratios denoted as X:Y.

A Jenway-6305 spectrophotometer was used to determine the residual
amounts of praseodymium ions in the solution. Further, the sorption degree () of
the interpolymer system KU-2-8:AV-17-8 (X:Y) was calculated using Equation

(D)

_ Cinitial - Cresidual % 100% (1)

Cinitial

where Ciniial and Cresigual are the initial and residual concentrations (in g/L) of
praseodymium ions in the test solutions, respectively.

Calibration Curve Plotting. To establish the calibration curve, an initial
solution of praseodymium (IIl) nitrate hexahydrate was prepared, with a
concentration of 100 mg/L. This solution was subsequently diluted to create a
working solution of 10 mg/L. Following this, a sequence of five standard
solutions was meticulously prepared. Each standard solution contained 10, 20, 30,
40, and 50 pg of the target analyte, within 50 mL of solution.
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Figure 2 - The calibration curve for determining the praseodymium concentrations in the test solutions

These standard solutions were then transferred into 50 mL volumetric flasks.
In each flask, 12 mL of a 0.015% arsenazo Il reagent and 2 mL of 0.08M
perchloric acid were introduced. Distilled water was added to each flask to
achieve a final volume of 50 mL. After allowing the mixtures to stand for 15
minutes, the measurement process was initiated. The optical density (D) of the
formed praseodymium ion complexes within the solutions was determined using a
Jenway-6305 spectrophotometer. The calibration curve (figure 2) was plotted by
the Origin Pro software (OriginLab Corporation, Massachusetts, USA) (r? value
was 0.99605).

A polymer sorption degree (when customized to a given application) can be
used to improve its performance. Understanding a polymer's sorption properties,
for example, might allow for changes to its surface chemistry to improve
selectivity for certain compounds or stability in different settings.

3. Results and their discussion

Figure 3 shows that the interpolymer system KU-2-8:AV-17-8 (X:Y)
demonstrated the highest sorption activity towards praseodymium ions at molar
ratios 5:1. As a result, the above-mentioned in-terpolymer system was chosen for
further detailed comparison with the raw KU-2-8 (6:0) and raw AV-17-8 (0:6) ion
exchangers (figure 5).
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Figure 3 - The residual concentration of praseodymium ions in a solution after
sorption as a function of time

100 o C» mg/L
tt)H
Ay 90 A
—
o
=
2
©
£ 80
=
[}
= A —v—48h
§ 70 4 b\
]
=] — S/
- Yl v—
1%
] \
~ 60
Ny
(X:Y)
50 T T T T T T T
6:0 5:1 4:2 3:3 2:4 1:5 0:6

Figure 4 - The residual concentration of praseodymium ions in a solution after

sorption as a function of molar ratios (X:Y)

Figure 4 presents the data on the residual concentration of praseodymium
ions in a solution after sorption as a function of molar ratios (X:Y). The data
(figure 4) demonstrates that the interpolymer system KU-2-8:AV-17-8 (X:Y)
shows the highest sorption activity toward praseodymium ions at molar ratios 5:1
after 48 hours of interaction.
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Figure 5 - Sorption degree of praseodymium ions by the interpolymer system KU-2-8:AV-17-8 (5:1) in
comparison with the raw ion exchangers (6:0 and 0:6) over time

Figure 5 demonstrates that after 48 hours of interaction, the interpolymer
system KU-2-8:AV-17-8 (5:1) showed the maximum degree of praseodymium
ions sorption (43 %), while the similar values for the raw KU-2-8 (6:0) and raw
AV-17-8 (0:6) ion exchangers were 25 % and 5 %, respectively.
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Figure 6 - ICP-OES analysis of the residual praseodymium ions concentration in
the test solutions after 48 hours of sorption
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Furthermore, we used the ICP-OES analytical technique (figure 6) to validate
the previously obtained data. At a molar ratio of 5:1 from figure 3, we observed
low values (indicating high sorption) for the residual concentration of
praseodymium ions in the solution. The experimental results not only corroborate
the improved sorption activity of the KU-2-8:AV-17-8 interpolymer system (5:1)
but also highlight its superiority over the initial (raw) KU-2-8 (6:0) and AV-17-8
(0:6) ion exchangers when it comes to sorbing praseodymium ions.

4. Conclusion

The effectiveness of employing interpolymer systems as effective sorbents
for the removal of different metal ions from liquid solutions is underlined in this
work. By producing strong ionization, we increased the sorption activity of both
acidic and basic ion exchangers in aqueous media. According to the experimental
results, the interpolymer system KU-2-8:AV-17-8 (5:1), with initial (raw) ion
exchangers KU-2-8 (6:0) and AV-17-8 (0:6), registered values of 25% for the
optimum praseodymium ion sorption.

Future research should prioritize a detailed examination of sorption and
desorption mechanisms, a complete examination of the economic situation, a
study of techniques for regenerating interpolymer systems, and a broadening of
the scope of applied research. These efforts are necessary for a comprehensive
assessment of the potential for extracting praseodymium ions from secondary
sources and the introduction of large-scale industrial sorption processes.
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Tyiiinaeme. Kipicne. byn 3eprrey «KY-2-8:AB-17-8» unreprnoianmepiik xyiiecinae opHanackan KY-2-8
(H* miunni) xone AB-17-8 (OH" mimiHi) cHAKTBl OelCEHIIpiAreH HMOH anMmacy LIaifbIpiapbIMEH
Mpa3eo MM HOHAAPBIHBIH COPOIMACHIH 3epTTeai. MOHIBIK TONTapAbIH MOJSPIBIK KaTbiHackl X:Y (6:0,
5:1, 4:2, 3:3, 2:4, 1:5, xone 0:6), conaH KeifiH nmpa3eoJuM HHUTPATBIHBIH €piTiHALIEpiHEe OaThIPbLIAIBI.
Tycinmipy YuiH wHHTepHONMMEp Kyiteci-Oyn Oip cynbel epiTiHmine opHamackaH, Oipak Tikenei
OaitlaHbIcChI3 OesceH i GYHKIMOHANIBI TONTAphl 0ap eki e3apa OaillaHBICKaH MOJUMEPIIEPIiH TipKeciMi.
JKymbic maxcamol. Bi3IiH 3epTTeyiMi3[iH MakcaThl - METaJIapJblH KEH CIEKTpiHIH (COHBIH imiHe
MPA3eoIUM) JKOHE OJIAp/bIH OHEPKACINTIK KaJIbIK EpITIHAUIEPIHEH KOCBUIBICTAPBIHBIH COPOLHMSACHIH
JKaKCapTy YIIiH Cy OPTAChIHIAFbI KAIBIKTHIKTAH ©3apa dPEKEeTTECY apKbUIbl (PYHKIIHOHAIIBI TOJUMEPIIEP
peTiHAe WOH anMacy MIadbIpIapblH OeJCeHAIpYAiH ocepiH Kepcery. Odicmep. Cynbl opTagarbl HOH
aNIMAaCTBIPFBILITAPABIH 63apa OelceHaipinyi KOH(GOPMAIMSUIBIK JKOHE HJIEKTPOXHMHSUIBIK ©3repicTepre
oKkenai, Oy OJapIblH J>KOFapbl MOHIAJFAH KYHre OTyiHe OKeNai, COMaH KeHiH MaKcaTThl MeTall
HMOHJapbIHA KATBICTBI COPOLMSUIBIK OCJICEHIUTIK Kakcapabl. Hamuoicenep oiwcone mankwiiay. bizmiH
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IKCHEPUMEHTTIK  HoTmkenepimiz  KVY-2-8:AB-17-8 (5:1) wuHTepmonumepinik kyieci mpaszeoqum
HMOHJIapbIHA KAaThICThI COPOLHSIIBIK OenceHaAimikTiH (43 %) alTapiblKTail ©CKEHIH KOPCETTI, aln 0acTanKsl
KVY-2-8 (6:0) »xone AB-17-8 (0:6) caiikeciniue 25 % xone 5 % xypaabl. Tyocoipeim. by 3eprrey Kypaeni
epiTiHIinepAeH KYHIBl MeTalJapAbl TUIMAI aly MYMKIHIIKTEpiH alla OTBIPBIN, MOH aJMAaCTBIPFBIII
LIapIpiapAbIH THIMAUTITIH apTTHIPYABIH XKaHA KOHE MEPCIeKTUBAIBI TICLTIHE XKapbIK Tycipeai. COHbIMEH
KaTap, 3epTTey KalAbIKTap[bl TYPAaKThl 0ackapy jKoHE pecypcTapibl KaiTa eHAey YIIIH HMpPaKTHKAJbIK
MaHbI3Fa He, OyJI 9pTYpIIi cananap/a KopliaraH OpTaHbl KOPFay MEH pecypcTap/ibl YHEMCY i xKaKcapTyFa
pIKnan ereni. MHTepnoaumepik xKyienaepai ofaH opi 3epTTey jKoHe OHTAWIaHABIPY SKOJIOTHSIIBIK JKOHE
pecypcTapabl YHEMACHTIH COPOLMSIIBIK TEXHOIOTHSIAPEIHBIH JaMybIHa alTapIIbIKTall yIec KOca anapl.

Tyiiinai ce3mep: HOH aIMaCTBIPFBILITAP, HHTSPIIOIUMED XKYHeci, akTHBAIUs, HUTPAT epiTiHIici, mporecc,
TexHonorus, copouus, ICP-OES, kanaplk KOHIEHTPAIMACHI, IPA3COIUM
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YJAYUIIEHHAA COPbBLHHUSAA HOHOB NPA3ZEOJUMMA HN3 HUTPATHBIX PACTBOPOB
AKTUBUPOBAHHBIMHA HOHOOBMEHHBIMH CMOJIAMHA
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Pe3tome. Bsedenue. B naHHOM HCCIENOBAaHMM HM3y4anach COpOLMS HOHOB Tpa3eouMa TaKUMH
AKTHMBHPOBAHHBIMH HOHOOOMEHHBIMH cMosiaMu kKak KVY-2-8 (H* ¢opma) u AB-17-8 (OH¢opma),
HaAXOMSIINXCS B HHTEpHoNuMepHoOit cucteme "KVY-2-8:AB-17-8" ¢ MOJSIpHBIMEH COOTHOLICHHSIMHA HOHHBIX
rpynn paBubix X:Y (6:0, 5:1, 4:2, 3:3, 2:4, 1:5, u 0:6), nanee morpykaeMbIX B PacTBOPbl HHUTpaTa
npaseoxuMa. JlIs TMOSCHEHWsI, MHTEPIOJMMEpHAs CHCTeMa MpENCTaBiseT co00i KOMOMHAIMIO ABYX
CIIUTBIX MOJUMEPOB C AKTUBHBIMH (DYHKIIMOHAJIBHBIMU TPYINIAMH, HAXOISIIMMUCS B OIHOM H TOM JKe
BOJIHOM pacTBOpe, HO 0e3 MpsIMOro KOHTaKTa. []ens HAIEro UCCIENOBaHUS - AEeMOHCTpanus >ddexra
aKTHBAllMM HOHOOOMEHHBIX CMOJI KaK (DYHKUMOHAIBHBIX IOJIMMEPOB IYyTEM HX JHCTAHIMOHHOTO
B3aUMOJICHCTBHSL B BOAHOI cpele Uil yJIydIIeHHs COPOIMU IIMPOKOTO CIIEKTPa LENEBBIX METAJIOB
(BKJIFOYAsl IPa3e0AMM) U UX COEJIMHEHHH U3 PaCTBOPOB MIPOMBIIIICHHBIX OTXO0J0B. Memoodonozus padoThl
3aKJII0YaAJIach B TIPOBEACHUN B3aMMHOH aKTUBAallMM HOHOOOMEHHHKOB B BOJHOH Cpeze sl PUBEICHUS X
K KOH(GOPMAIIMOHHBIM M 3JEKTPOXUMUYECKUM H3MEHEHMSIM, C TOCIEAYIOIUM IIePeX0A0M BO
BBICOKOMOHM3UPOBAHHOE COCTOSIHUE M YJY4IICHHOH COpPOLMOHHO¥M AKTHBHOCTHIO IO OTHOIICHHIO K
HMOHaM LIEJIEBOTO MeTajula Ipaseoauma. Pesyabmamost u 06cysicoenue. IKCIEPUMEHTAIBHbIE PE3yJIbTaThl
MOKa3aJii, 4TO MHTepnonuMmepHas cucrema KY-2-8:AB-17-8 (5:1) npomeMoHCTpUpOBaia 3HAUHTEIBHOES
yBEJIMYEHHE COPOILMOHHOM akTUBHOCTH (43 %) MO OTHOIICHHIO K MOHAM Ipa3eoinMa, B TO BpeMsl Kak
aHaAJIOTMYHBIE 3HavyeHus g ucxonHbix KVY-2-8 (6:0) u AB-17-8 (0:6) cocraBumu 25 % u 5 %,
COOTBETCTBEHHO. 3axniouenue. JlaHHOE UCCIIEIOBAaHUE MPOJIMBAET CBET HA HOBBIH M MHOrooOemIaromHit
MOAXOA K TOBBIICHUIO S(G(PEKTHBHOCTH HOHOOOMEHHBIX CMOJUI, OTKPBIBas BO3MOXXHOCTH JUISt
3¢ PEeKTUBHOTO M3BJICUCHHUS IIEHHBIX METAUIOB U3 CIOXHBIX pacTBOpoB. Kpome Toro, mcciemoBaHue
MMeEeT MpPaKTHYECKOe 3HAa4YEHHE JUI yCTOWYMBOTO YINpPAaBJICHUsS OTXOJAaMH M BTOPUYHON mepepaboTKH
pecypcoB, CIIOCOOCTBYS! YIIyUIISHHIO OXPaHbl OKPY’KarolIei cpelibl U pecypcocOepemeHnst B pasIMIHbIX
OTpacisIX MPOMBIIUICHHOCTH. JlajbHeIIe UCCaeIoBaHusI U ONTHMH3ALHS HHTEPIOJIMMEPHBIX CHCTEM
MOTYT TPUBHECTH CYIIECTBEHHBIH BKJAJl B Pa3BUTHE OoJiee DKOJOTMUECKHX M PECcypcocOeperaroimx
COpOLIMOHHBIX TEXHOJIOTHH.

KiouyeBble ci0Ba: HOHOOOMECHHBIC CMOJBI, WHTEPIIOJIMMEpHAs CHCTEMa, AKTHBALHS, HHUTPATHBIH
pactBop, nporiecc, TexHosorus, copouusi, ICP-OES, octaroynas KOHIIEHTpauus, Npa3eoanM
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