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Abstract. Relevance. The recovery of rubidium from aqueous media is relevant
because of the growing demand for rare alkali metals and the need for efficient sorption
materials capable of operating under mildly acidic conditions. Purpose. The study aimed
to evaluate the sorption characteristics of polyfunctional anion exchangers based on
2-aminoethyl vinyl ether (vinyl ether of monoethanolamine, VEMEA), allyl glycidyl ether
(AGE), and polyethyleneimine (PEI) toward Rb" ions. Methods. The VEMEA-AGE—-
PEI anion exchanger was synthesized by polycondensation of pre-epoxidized VEMEA
with AGE and PEI, followed by curing, fractionation, washing, and conversion to the
OH-— form. The material was characterized by FTIR spectroscopy and physicochemical
parameters. Rubidium sorption was studied under static conditions using Rb,SO4
model solutions. The effects of initial concentration, contact time, and solution pH were
evaluated, and the equilibrium data were analyzed using the Langmuir and Freundlich
models. Residual rubidium was determined by atomic emission spectrometry. Results.
The maximum experimental sorption capacity reached 11.34 mg/g. Equilibrium was
attained within 1 h. The Langmuir model gave qmax = 8.78 mg/g and KL =0.313 L/mg
(R2 =0.9993), while the Freundlich model gave Kf =1.87 andn=1.17 (R2 = 0.9981).
Within the investigated pH range of 1.87—4.17, the highest sorption performance was
observed at pH 4.17. FTIR spectral changes suggested the participation of amino and
other donor groups in interactions with rubidium ions. Practical significance. The
obtained results demonstrate the potential of VEMEA—-AGE—-PEI anion exchangers for
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rubidium extraction and concentration from weakly acidic aqueous media and for the
development of functional ion-exchange materials.
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Annorauusi. PyOuauniire cypaHBICTBIH apTybl JKOHE CHUPEK CUITLIIK MeTalfapbl
CYJIBI OpTaJaH TUIMJI Ol ajay KaKSTTLIIr oJICi3 KbIIIKBUI XKaFaaia KyMbIC icTeit
aNaThlH KaHa COPOLMSUIBIK MarepuanapAbl o3ipJicydiH ©3eKTUIrH alKbIHIANIbL.
3eprreyniH Makcarbl — 2-aMHHOSTHJIBMHHI 3(Hpi, SFHA MOHOATaHOJAMUHHIH
BuHuI »dupi (BOMDA), ammunmmuuunnn 3¢upi (AID) xoHe NONMMAITHICHUMHUH
(IT9N) merizingeri monupyHKUHMOHAIAB aHHOHUTTEpAIH Rb* MOHIapbiHAa KaThICTHI
cOpOLMSITBIK cunartamanapseid 3eprrey. BOMDA-AI'D-IIOW anuonuTi anasiH ana
snokcuarenren BOMDA-ust AI'D xone [IDM-meH MOAMKOHIAEHCALUATIAY aPKBLIbI
CHHTE3eNIN, KeHiH KaTaiTy, Qpakuusiay, xyy xone OH -dopmara aybIcThIpy
carplIapbeiHaH eTKi3iai. Marepuan UK-cnexrpockonus opiciMeH koHe Heri3ri pu3uKa-
XUMUSUIBIK  KOpceTKimTepi OoifbiHma cunartainael. Pyounuii copOumscel Rb2SOa
MOJISNIBJIIK ePITIHALICPIH Mal anaHblll CTATUKAIBIK JKaraahaa 3epTreni. bacranksel
KOHIEHTPALUSHBIH, JKaHACY YaKbITBIHBIH oHE epiTiHai pH-bIHBIH ocepi OaranaHmabl.
Tene-tennik nepexrepi JIeHrmMrop sxoHe OperHATNX MOACIbACP] OOWBIHINIA OHIEI, ajl
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KaJAbIK PyOUANH KOHLEHTPALHMSCH aTOMIBIK-OMHCCHSIIBIK CIEKTPOMETPHSI oiCiMEH
aHBIKTAIABL. ToxipHOETiK MAKCUMAIIIBI COPOIUSUITBIK CHIMBIMABUIBIK 11,34 Mr/T OoIbl,
an Tere-TeH K 1 carar imiHae opHael. JIeHrMiop Mozeni OolibiHIa  max = 8,78 MI/T,
K L =0,313 a/mr xone R? = 0,9993; dpeitanx moneni o6otbiama K F = 1,87, n =
1,17 xone R* = 0,9981 ansinasl. 3eprrenren pH 1,87—4,17 apanbiFbiHna eH KOFapbl
copOumsielk kepcetkim pH 4,17 kesinne Oaiikanapl. MK-cnexrpnepaeri esrepicrep
aMHH XoHe 0acKa JJOHOPIIBIK TONTapAbIH PyOUINi HOHJAPbIMEH 9PEKETTECYTe KaThICY bl
MYMKIH €KeHiH KepceTTi. AnbiHFaH HoTIKenep BOMDA-AI'D-TIOU annonutTepin
QIICi3 KBIWIKBUI Cylbl OpTafaH pyoumamidai Oeminm aimy >KoHE KOHIEHTpJEY YIIiH
KOJIZIaHY/AbIH EPCIEKTUBAIIBI EKEHIH KOPCETE/].

Tyiiin ce3nep: pyOuauii, COpOIMs, aHHOHUT, MOTUATHUICHUMUH, HOH aMacy, CyJbl
epiTinai
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Annorauus. Poct morpebHOCTH B pyOMaumu M HEOOXoAUMOCTh 3(PQEeKTUBHOTO
M3BIICUEHUS PEAKUX IIETOYHBIX METAJJIOB U3 BOAHBIX CPEJ] OMPEEIIAIOT aKTyalIbHOCTh
Pa3paboTKH HOBBIX COPOLMOHHBIX MaTepHajoB, CIOCOOHBIX paboTaTh B CIA0OKUCIIBIX
ycnoBusix. Llenbro paboThl SBISIIOCH MCCeqOBaHHE COPOIMOHHBIX XapaKTEPUCTHK
oA yHKINOHATBHBIX aHUOHUTOB Ha OCHOBE 2-aMHUHOSTHIBUHHMIIOBOTO 3(Hpa, UIH
BHHWJIOBOTO 3(dupa MoHOdTaHonmamuHa (BOMDA), ammunmmunuaninosoro 3dgupa
(AT'D) u momuaTunernmuna ([19M) no orHomenuo k noHam Rb*. Annonur BOMDA—
ATI'D-II9U cunTe3npoBain MOJMKOHAEHCAUEN TPEIBAPUTEIBHO ITOKCHIMPOBAHHOTO
BOMDA ¢ AI'D u [I9U ¢ nocnenyiommM OTBepKICHHEM, (HPaKIMOHUPOBAHUEM,
npoMbIBKOil 1 niepeBogoM B OH -hopmy. Marepuan xapakrepuzoBanu merogom MK-
CHEKTPOCKOITUM M IO OCHOBHBIM (U3UKO-XMMUYECKHM TMoKkazaTensiM. CopOumio
pyOuMaust McclenoBajid B CTaTHYECKHX YCIOBHSAX C HCIIOJIb30BAHHMEM MOJIEIBHBIX
pactBopoB Rb2SOa. Uzyuanu BnusHUE MCXOAHON KOHLEHTpALMH, BPEMEHH KOHTAKTa
u pH pactBopa. PaBHOBecHbIe maHHBIE 00padaThIBaIM C MCIOIB30BAHUEM MOJEIEH
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Jlenrmiopa u @peitHyinxa, a OCTATOYHYIO KOHICHTPAIMIO PYOWAMS OINpenessiin
METOJIOM aTOMHO-?MHUCCHOHHOHN CIIEKTPOMETpUU. MakcuMaabHasi SKCIIEPUMEHTAIbHAS
copOnroHHast EMKOCTh cocTaBmia 11,34 Mr/t, a paBHOBECHE IOCTHTANIOCh B TeueHue | .
s monenu Jlenrmropa nonmydensl _max = 8,78 mr/t, K L.=0,313 ji/mMr u R?=0,9993;
st mogenu @Opeitnanuxa - K F = 1,87, n = 1,17 u R* = 0,9981. B uccnenoBannom
muarazone pH 1,87—4,17 MakcumalibHbIE COpPOIIMOHHBIE TOKa3aTesid HaONIOIAINCh
npu pH 4,17. U3menenus UK-criekTpoB yKa3bIBalOT Ha BOBMOXKHOE YUACTHE AMUHHBIX
U JPYruX JOHOPHBIX TPYII BO B3aUMOCHCTBUU C MOHamu pyOuams. [lomyueHHbIC
pe3ybTaThl MOKa3bIBalOT MEPCIEKTUBHOCTD MPUMEHEeHHsI aHHOHNTOB BOMDA-ATI'D—
19U nyist u3BneyeHMs 1 KOHIEHTPUPOBAHUS PYOUINS U3 CIIA00OKHUCIBIX BOIHBIX CPEI U
pa3paboTKK HOBBIX (PYHKIMOHATHHBIX MOHOOOMEHHBIX MaTEPUAIIOB.

KaroueBbie ciaoBa: pyOounuii, copOLusi, aHHMOHUT, MOJUATHICHUMHUH, WOHHBII
00MeH, BOJIHBIN PacTBOP

Introduction. Rubidium is a dispersed alkali metal of interest for advanced materials,
electronics, specialty glass, and other high-technology applications. Because rubidium
commonly occurs at relatively low concentrations and together with much more
abundant alkali-metal ions, its selective extraction and concentration remain technically
challenging. Recent studies and reviews therefore emphasize the development of
selective sorbents, ion-imprinted materials, membrane-assisted processes, and hybrid
functional materials for rubidium recovery (Pabby et al., 2025; Khan et al., 2026).

Sorption methods occupy an important place among solution purification
technologies due to their high efficiency, relative simplicity of equipment design, and
suitability for concentrating trace components. For rubidium recovery, sorption-based
approaches have been successfully applied to dilute aqueous and brine systems using
selective inorganic, polymer-supported, ion-imprinted, and hybrid sorbents (Naidu et
al., 2016; Naidu et al., 2017; Zhou et al., 2021; Truong et al., 2023).

A promising direction is the development of functionalized ion-exchange materials
containing nitrogen- and oxygen-bearing fragments capable of interacting with metal
cations. Such materials can provide heterogeneous binding environments and may
combine ion-exchange and coordination contributions. Recent rubidium-specific studies
demonstrate that the accessibility and organization of functional sites strongly influence
uptake, selectivity, and regeneration behavior (Jiang et al., 2022; Ren et al., 2023; Fei et
al., 2024; Cao et al., 2025).

In the present study, the sorption properties of an anion exchanger modified
with vinyl ethers of monoethanolamine (VEMEA), allyl glycidyl ether (AGE), and
polyethyleneimine (PEI) were investigated with respect to rubidium ions from aqueous
solutions in a slightly acidic medium. Particular attention was paid to the study of
sorption isotherms, the kinetic characteristics of the process, and the effect of medium
acidity on the efficiency of rubidium extraction.

The aim of the present study is to investigate the sorption characteristics of anion
exchangers based on VEMEA, AGE, and PEI in the extraction of rubidium ions from
aqueous solutions.
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Literature Review. Rubidium is a dispersed alkali metal that occurs at relatively
low concentrations in natural waters and mineral resources, making its selective
recovery technically challenging. Conventional recovery approaches are complicated
by the presence of chemically similar and often much more concentrated alkali-metal
ions. Consequently, adsorption and ion-exchange methods remain attractive because
they combine operational simplicity with the possibility of concentrating Rb" from
dilute solutions. Polymer-supported hexacyanoferrate sorbents and hydrogel-based
composites have demonstrated effective rubidium uptake in saline media, supporting
the use of sorption processes for Rb* recovery (Naidu et al., 2016; Naidu et al., 2017;
Chu et al., 2024).

Recent research has broadened the range of materials considered for rubidium
recovery. lon-imprinted polymers have been developed to create recognition sites with
enhanced affinity toward Rb+, while magnetic ion-imprinted and surface-imprinted
materials have been designed to improve accessibility of active sites and separation
convenience (Liu et al., 2019; Zhou et al., 2021; Jiang et al., 2022; Ren et al., 2023). A
mordenite/polymer nanofiber composite membrane has also been reported for selective
Rb* adsorption, illustrating the potential of combining inorganic frameworks with
functional polymer phases (Fei et al., 2024).

For brine and saline-water applications, integrated and composite sorption systems
are particularly relevant. Polymer-encapsulated potassium copper hexacyanoferrate and
metal-organic-framework-containing hexacyanoferrate materials have been investigated
for selective rubidium recovery from saline matrices (Naidu et al., 2016; Naidu et al.,
2017; Truong et al., 2023). More recently, PAN-KCuFC-PEG and polysulfone/ZIF-8@
KCuFC composites have been reported for rubidium enrichment and selective extraction,
while AMP@MIL-101(Cr) was studied as a structurally optimized composite for Rb*
recovery from aqueous solution (Wu et al., 2025; Liu et al., 2025; Cao et al., 2025).
These studies indicate that the nature, accessibility, and spatial arrangement of active
sites are central factors governing rubidium sorption performance.

Polyethyleneimine is of particular interest as a functional component because
its macromolecular structure contains a high density of amino groups capable of
participating in protonation, ion exchange, and coordination interactions. Incorporating
PEI into a crosslinked ion-exchange matrix together with oxygen-containing fragments
can therefore create a heterogeneous set of potential sorption sites. In the VEMEA—
AGE-PEI system, amino and hydroxyl/ether-containing fragments are expected to
contribute to the interaction with dissolved ions, while the crosslinked polymer structure
provides material stability. Previous work established the possibility of synthesizing
polyfunctional anion exchangers from VEMEA, AGE, and PEI (Serikbayeva et al.,
2025), providing the basis for evaluating their behavior toward rubidium ions.

Despite the diversity of recently proposed Rb* adsorbents, the behavior of VEMEA—
AGE-PEI anion exchangers in weakly acidic aqueous media has not been sufficiently
characterized. In particular, information is required on equilibrium sorption, contact
time, pH dependence, and changes in functional groups after sorption. The present
work addresses these aspects using model Rb,SO4 solutions and combines equilibrium
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modeling with FTIR observations. This approach makes it possible to assess both the
quantitative sorption characteristics and the probable contribution of functional groups
to rubidium uptake.

Materials and Methods. Rubidium sulfate (Rb,SO,, chemically pure grade),
deionized water, and a synthesized anion exchanger based on vinyl ethers of
monoethanolamine (VEMEA), allyl glycidyl ether (AGE), and polyethylenimine (PEI)
were used in this study.

Standard Rb,SO, solutions with concentrations in the range 0 0.2-20 mg/L (calculated
as Rb") were used to prepare model rubidium ion solutions. Rubidium sulfate was
selected as a highly soluble and stable rubidium salt. The influence of sulfate ions and
ionic strength was not evaluated in this study and may be considered in future research.

The anion exchanger was synthesized via polycondensation of pre-epoxidized
VEMEA (epoxy number 25.47%) with allyl glycidyl ether (AGE) and polyethylenimine
(PEI) in dimethylformamide solution at a VEMEA:AGE:PEI mass ratio of 1:1:2.5, a
reaction temperature of 65-70°C, and a reaction time of 4 h (Serikbayeva et al., 2025).
The resulting prepolymer was subsequently cured at 100-110°C for 60 h. After curing,
the anion exchanger was crushed, fractionated to obtain particles with a size of 0.5-1.0
mm, washed with distilled water until neutral pH was reached, and converted into the
hydroxide form by treatment with a Swt.% NaOH solution.

To provide a comprehensive characterization of the synthesized material, its key
physicochemical properties were determined. The static exchange capacity was found
to be 14.31 meq/g, while the moisture content and specific volume were 86.45% and
9.76 cm3 g-1, respectively. IR spectroscopy was used to confirm the structure of the
obtained anion exchangers. The absorption spectrum revealed characteristic bands: in
the region of 3200-3500 cm™! corresponding to stretching vibrations of hydroxyl (-OH)
and amine (-NH) groups; around 2850-2950 cm™! assigned to C-N stretching vibrations;
as well as intense peaks in the 1000-1200 cm™ region corresponding to C-O and C-N
bond vibrations.

These bands confirm the presence of amine and hydroxyl groups characteristic of
VEMEA, AGE and PEL

Sorption experiments were carried out under static conditions at a temperature of
20+2°C. A 0.02 g portion of the sorbent was placed into conical flasks, 20 mL of Rb,SO,
solution of a specified concentration was added. The suspensions were agitated on an
orbital shaker for 24 h. Contact time studies were performed at contact times of 0.5,
1, 3, 5, and 24 h under otherwise identical experimental conditions. After sorption,
the solution was separated from the sorbent by filtration, and the residual rubidium
concentration was determined by atomic emission spectrometry.

Sorption isotherms were obtained in the initial concentration range of 0.2-20 mg/L.

The sorption capacity (q, mg/g) and the extraction efficiency (R, %) were calculated
using standard equations:

q=(Co—Co)-V/m (1)
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R =(Co—Ce)/ Cox 100% )

where Co and C. (mg/L) are the initial and equilibrium concentrations of rubidium in
solution, respectively; V (L) is the solution volume; m (g) is the sorbent mass; q (mg/g)
is the sorption capacity; and R (%) is the removal efficiency.

Use of Al tools. During manuscript preparation, ChatGPT (OpenAl, GPT-5.6 Sol)
was used solely for language editing, structural organization, and technical formatting.
All scientific data, interpretations, calculations, and final wording were reviewed and
approved by the authors.

Results

Sorption isotherms

Sorption isotherms of rubidium on the VEMEA-AGE-PEI anion exchanger were
constructed at different initial concentrations of the Rb,SO, (0.2-20 mg/L).

The isotherm demonstrates an increase in sorption capacity with increasing Rb*
concentration, reaching 11.34 mg/g, while the extraction efficiency decreases from 73%
to 56.7% due to the saturation of active sites (Figure 1).

Linearized Langmuir Isotherm Linearized Freundlich Isotherm

X Experimental data
—— Linear fit

log g = 0.852 log Ce + 0.272
0.754 R’ = 0.9981

1/q (g/mg)
log q {mg/g)

w

1/g = 0.363(1/Ce) + 0.114
Rz =0.9993

0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 -1.0 ~0.5 0.0 0.5 1.0
1/Ce (L/img) log Ce (mg/L)

a) b)

¥ Experimental data
—— Linear fit

Figure 1 — Linearized Langmuir and Freundlich isotherms for rubidium sorption on the VEMEA-AGE-
PEI anion exchanger: (a) Langmuir (1/q vs. 1/C); (b) Freundlich (log q vs. log C).

To describe the experimental data, the Langmuir and Freundlich models were
applied. The obtained parameters were as follows:

Langmuir: gqmax = 8.78 mg/g, KL = 0.313 L/mg;

Freundlich: Kf=1.87,n=1.17.

Effect of contact time

The effect of contact time on sorption showed that equilibrium was reached within
1 hour, at which point the extraction efficiency was 76.05% and the sorption capacity
was 0.1499 mg/g.
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Figure 2 — Effect of contact time on rubidium sorption by the VEMEA-AGE-PEI anion exchanger

4.3. Effect of solution pH
The acidity of the medium has a significant effect on the sorption of
rubidium (Figure 3).
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Figure 3 — Effect of pH on rubidium sorption by the VEMEA-AGE-PEI anion exchanger. Experiments
were carried out in the pH range of 1.87-4.17. Blue points represent the sorption capacity, q (mg/g), while
red points represent the extraction efficiency of Rb* (%).

The experiments were carried out in the pH range of 1.87-4.17, which corresponded
to the conditions ensuring solution stability and measurement reproducibility. The pH
values of the solutions were adjusted by adding hydrochloric acid. The pH was not
monitored after the sorption experiments. As shown in Figure 3, an increase in pH led
to an increase in both the sorption capacity and the rubidium removal efficiency. The
maximum sorption characteristics were observed at pH 4.17 within the investigated
pH range. This behavior can be attributed to the reduced competition of H" ions for the
amino functional groups, which promotes an increase in the sorption capacity and Rb*
removal efficiency within the studied pH range.
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FTIR analysis before and after sorption

To confirm the participation of the sorbent functional groups in the sorption process
of rubidium ions, IR spectra of the anion exchanger were recorded before and after
sorption (Figure 4).

£ 07115752025 omire

500 2000
Wavenumbers (cm-1)

Figure 4 — IR spectra of the VEMEA-AGE-PEI anion exchanger: (a) spectrum before sorption; (b)
spectrum after sorption of rubidium ions.

Discussion

Both models describe the experimental data well (R2 > 0.98), which indicates a
mixed physicochemical sorption mechanism.

Approximation of the experimental data using the Langmuir and Freundlich models
showed good agreement with the experimental results. Linearization according to
the Langmuir model (1/q vs. 1/Ce) yielded the equation 1/q = 0.363 (1/Ce) + 0.114,
corresponding to gqmax = 8.78 mg/g and KL= 0.313 L/mg (R2=0.9993). The logarithmic
form of the Freundlich model (log q vs. Log Ce) is described by the equation log q =
0.852 log Ce + 0.272 (Kf = 1.87,n=1.17, R2 = 0.9981). The high R2 values confirm
the adequacy of both models, while n > 1 indicates favorable and predominantly
physicochemical sorption.

It should be noted that the maximum experimental sorption capacity was 11.34
mg/g, whereas qmax = 8.78 mg/g is a theoretical parameter derived from the Langmuir
model. This difference arises because qmax is calculated from the linearized Langmuir
equation and may not fully coincide with the maximum experimentally observed sorption
capacity. In addition, this discrepancy may be related to the limited concentration range
studied and the heterogeneous nature of the sorption sites, which can lead to deviations
from the ideal Langmuir model.

With a further increase in the contact time to 24 h, a slight decrease in the sorption
capacity (to 0.1228 mg/g) was observed, which may be related to the interaction of Rb*
ions with the functional groups of the sorbent (Figure 2). Such behavior is typical for
polyamine-containing ion-exchange materials, where the sorption process involves both
rapid surface exchange and slower intramatrix redistribution of ions. The lower sorption
capacity values observed in the kinetic experiments are attributed to the lower initial
Rb" concentration (0.2 mg/L) employed in these experiments, whereas the maximum
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sorption capacity (11.34 mg/g) was obtained during the sorption isotherm experiments
at an initial concentration of 20 mg/L.

Shifts and changes in the intensity of the bands characteristic of N-H and C-N groups
may indicate the involvement of PEI amino groups in the interaction with rubidium
ions. A decrease in the intensity of the broad band in the region of 3400 cm™ (O-H,
N-H) may be associated with the participation of donor groups in the sorption process.
The appearance of a new band at 1359 cm™ and an increase in the intensity of the band
at 1565 cm™ may indicate the interaction of rubidium ions with the functional groups
of the sorbent.

To evaluate the efficiency of the synthesized anion exchanger, the results of this study
were considered in the context of published rubidium sorption systems. lon-imprinted
materials can provide high affinity and rapid uptake through specifically organized
recognition sites (Liu et al., 2019; Zhou et al., 2021; Jiang et al., 2022; Ren et al.,
2023), whereas polymer-supported hexacyanoferrate and hybrid composite sorbents are
attractive for Rb* recovery from saline media because of their selectivity and suitability
for regeneration or process integration (Naidu et al., 2016; Naidu et al., 2017; Chu et al.,
2024; Truong et al., 2023; Liu et al., 2025). The capacities reported for these specialized
materials should not be compared directly with the present anion exchanger without
considering differences in solution composition, pH, initial concentration, sorbent dose,
and material structure.

The VEMEA-AGE-PEI anion exchanger investigated here differs from these
highly selective inorganic and ion-imprinted sorbents because its functional response
is associated with a polyfunctional polymer network containing amine and oxygen-
bearing groups. Under the conditions studied, the material showed measurable Rb*
uptake in a weakly acidic medium and reached equilibrium within 1 h. The FTIR
changes observed after sorption support the involvement of functional groups of the
polymer matrix, although additional mechanistic studies are required to distinguish the
contributions of ion exchange, coordination interactions, and intramatrix redistribution.
The obtained results therefore support further development of this material for rubidium
concentration from weakly acidic aqueous media.

The equilibrium results show that the sorption behavior cannot be represented solely
by an ideal homogeneous-site model. Although the Langmuir linearization produced
a high coefficient of determination, the experimentally observed capacity exceeded
the calculated Langmuir qmax. Together with the similarly high fit of the Freundlich
equation, this supports the interpretation that the VEMEA—AGE—PEI matrix contains
sorption sites with different local environments and affinities. Therefore, the model
parameters should be treated as descriptors of the studied concentration range rather
than as direct proof of a single sorption mechanism.

The rapid attainment of equilibrium is an advantageous feature for practical sorption
processes. At the same time, the decrease in q after the one-hour maximum indicates that
the system continues to redistribute ions after the initial uptake stage. Because the kinetic
experiment was conducted at a low initial Rb" concentration, the absolute q values are
much lower than those obtained in the isotherm experiment. Direct comparison of these
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capacities without accounting for the different initial concentrations would therefore be
inappropriate.

The pH dependence is consistent with the functional nature of the material. In a more
acidic medium, protonation and competition by H" can reduce the availability of donor
sites for interaction with Rb". As the pH increased within the studied interval, both
sorption capacity and removal efficiency increased. Since pH was not measured after
equilibrium and the study was limited to pH 1.87—4.17, conclusions should be restricted
to this experimental range; additional experiments at broader pH and controlled ionic
strength would be useful for a more complete mechanistic assessment.

Conclusion

The sorption of rubidium ions from aqueous solution by a modified anion exchanger
based on VEMEA, AGE, and PEI was investigated. The obtained material exhibited
pronounced sorption properties in a weakly acidic medium and provided efficient
rubidium removal within the pH range of 1.87-4.17. The maximum sorption performance
within the studied pH range was observed at pH 4.17.

Sorption isotherms were constructed, and the experimental data were satisfactorily
described by the Langmuir and Freundlich models. For the Langmuir model, gmax
= 8.78 mg/g and KL = 0.313 L/mg (R2 = 0.9993) were obtained, whereas for the
Freundlich model, Kf = 1.87 and n = 1.17 (R2 = 0.9981) were determined, indicating
the complex physicochemical nature of the interactions between rubidium ions and the
functional groups of the sorbent. The maximum experimental sorption capacity reached
11.34 mg/g with a removal efficiency of 56.7%.

Kinetic studies showed that sorption equilibrium was achieved within 1 h,
indicating favorable sorption kinetics. FTIR analysis suggested the involvement of
polyethylenimine amino functional groups in the interaction with rubidium ions.

Comparison with published rubidium sorption studies indicates that sorbent
performance depends strongly on material structure and experimental conditions.
The present VEMEA—-AGE—-PEI anion exchanger is therefore considered a promising
functional polymer material for further investigation of rubidium extraction from
weakly acidic aqueous media.

The obtained results can be used in the development of sorption technologies
for the purification and concentration of alkali metals, as well as in the creation of new
functional polymer materials of the ion-exchange type.

Conflict of interests: The authors declare that there are no conflicts of interests
between the authors to disclose in this article.
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