KA3AKCTAHHBIH XUMUA )KYPHAJIbI XUMHYECKHUY XKXYPHAJI KA3AXCTAHA

Chemical Journal of Kazakhstan
Volume 4, Number 92(2025), 78-86 https://doi.org/10.51580/2025-4.2710-1185.52

V]IK 547.639.7+496.2+314.2

INTERPOLYMER SYSTEMS OF POLY(METHACRYLIC ACID):
POLY(4-VINYLPYRIDINE) FOR THE SELECTIVE SORPTION AND
DESORPTION OF RHENIUM IONS

A .Baishibekov***, T.Jumadilov? D.Fischer’, J.Haponiuk®, S.Temirova?,
S.Yulusov?, B.Altaibayev?, D. Karim*

YInstitute of Metallurgy and Ore Beneficiation JSC, Satbayev University, Almaty, Kazakhstan
2A.B. Bekturov Institute of Chemical Sciences JSC, Almaty, Kazakhstan
8 Gdarnsk University of Technology, Gdansk, Poland
4Abai Kazakh National Pedagogical University, Almaty, Kazakhstan

*Corresponding author e-mail: abayshibekov@gmail.com

Abstract. Introduction. Rhenium is a rare transition metal used in alloys and catalysis. Industrial
recovery comes mainly from sulfuric acid effluents formed during copper and molybdenum processing.
Sorption is the main method, but the choice of effective sorbents remains an issue. Aims. Interpolymer
systems (IPS) of poly(methacrylic acid) (PMAA) and poly(4-vinylpyridine) (P4VP) were prepared and
tested. IPS samples with different PMAA:P4VP ratios were prepared and tested. Sorption capacity,
desorption behavior, and structural as well as thermal characteristics were investigated. Results and
Discussion. The sorption efficiency varies with polymer composition. The 2:4 PMAA:P4VP ratio gave the
highest uptake. Desorption in 2% nitric acid was moderate, with a maximum of about 75.6%. FTIR
spectra showed shifts in carboxyl and pyridyl bands, confirming the role of functional groups. TGA/DSC
data indicated stabilization of the polymer network after rhenium binding. Conclusion. The PMAA:P4VP
system at a 2:4 ratio combined high sorption, moderate desorption, and improved structural stability. This
system may be applied for rhenium recovery from metallurgical wastewater.
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1. Introduction

Rhenium (Re) the rare transition metalswith a high melting point (3186 °C),
mechanical strength, and resistance to extreme conditions. These properties make
it important in superalloys for gas turbines, jet engines, and nuclear devices [1-9].
Rhenium also has multiple oxidation states (-1 to +7), which allows its
compounds to be used as catalysts in petroleum refining and other processes [10—
20].

Primary deposits of rhenium are very limited. The element occurs in trace
amounts in copper and molybdenum sulfide ores, usually below 0.2 wt% [1-20].
During roasting, rhenium forms volatile Re-O-, which is absorbed from flue gases
in sulfuric acid solutions. These acid solutions remain the main industrial source
[22,23]. Secondary sources are also used, including spent Pt—Re catalysts, turbine
components, and rhenium-containing alloy scrap [11, 12].

Recovery is mainly performed by solvent extraction or sorption. Sorption
attracts interest because sorbents can be designed with selectivity toward
perrhenate ions [13-16]. Various sorbents have been studied, such as activated
carbons, layered double hydroxides, and metal-organic frameworks [17, 18].

Recently, interpolymer systems (IPS) have been tested as alternatives. They
combine acidic and basic polymers in one system. Cooperative effects in these
systems often result in higher sorption compared with single polymers. One
mechanism is remote functional group interaction. Jumadilov et al. (2012)
reported that when polyacidic and polybasic hydrogels contact through a shared
aqueous phase, long-range electrochemical effects and conformational changes
can activate or suppress functional groups. This leads to higher sorption capacity
and system response [18—20].

This work investigates IPSs based on poly(methacrylic acid) (PMAA) and
poly(4-vinylpyridine) (P4VP) for recovery of rhenium from ammonium
perrhenate solutions. Considering the limited natural reserves of rhenium and its
strategic importance, these systems can be considered as a sustainable approach
for treating metallurgical effluents.

2. Materials and Methods

A total of eight PMAA/P4AVP hydrogel-rhenium samples were prepared.
Four contained rhenium in the form of perrhenate, and four contained hydroxide
species. P4VP (Mw = 160,000; Sigma-Aldrich) was used as the electron-donating
polymer.

Hydrogels were obtained either by polymerization of water-soluble
monomers or by crosslinking within a gel matrix. PMAA and P4VP gels were
synthesized separately.

All reagents were of analytical grade: ammonium perrhenate (NHsReOs,
>99.9%), sodium hydroxide (>98%), sulfuric acid, and nitric acid (>90%).

Thermal analysis was performed using TG 209 F3 Tarsus (NETZSCH) and
TGA/SDTA 851e (Mettler Toledo). FTIR spectra were recorded on a JASCO
FT/IR-6X spectrometer (4000-400 cm™!, KBr). pH values were measured with a
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pH200EM REX meter. Masses were determined on a Shimadzu AX200 balance.
Rhenium concentrations were analyzed by spectrophotometry and AAS-3C.

Model rhenium solutions (100 mg-L™' as Re) were prepared by dissolving
28.8 mg of NH4ReO. in distilled water and diluting to 200 mL. The solutions
were kept in the dark to avoid photodegradation. Polymer samples were enclosed
in woven semi-permeable bags and immersed for 0.5-48 h. PMAA:P4VP molar
ratios ranged from 6:0 to 0:6. Aliquots of 5 mL were withdrawn at fixed intervals
and analyzed for residual rhenium. Polymer amounts were calculated from the
repeat-unit molar masses of PMAA (86 g:mol™) and P4VP (105 g-mol™),
keeping the total number of units constant, equal to that in 0.030 g of PMAA at a
6:0 ratio.

Desorption was performed using freshly prepared 2% HNOs. After sorption,
polymer samples were transferred into the acid solution and kept for 24-48 h. The
desorption degree (R, %) was calculated from the residual rhenium concentration.

3. Results and discussion

Sorption behavior

The efficiency of rhenium uptake by the PMAA:P4VP systems depended on
polymer ratio and contact time (Figure 1). In the initial period (0.5-2.5 h),
residual concentrations of Re(VII) remained high for most system, showing the
slow stage of binding. After 6 h, a marked decrease in concentration was
observed, especially in systems with balanced polymer ratios.

The 2:4 PMAA:P4VP system was the most effective. After 48 h, the residual
concentration decreased to 68.9 mg/L, which corresponded to the maximum
sorption capacity. Systems with ratios 6:0 and 0:6 showed much lower efficiency.
This confirmed that cooperative interaction of acidic and basic components was
necessary for effective sorption.

g2

&
i w

-
© 3
& 8
L

MPMAATM[PAVE]
* Cmos0

8
@
&

@
&
L

g &

Sorption time ()
=05

. 25

- B

v 24
a8

Residual concentration, C (mgiL)
@
Residual concentration, C (mgiL)
-1

3

o N
& 2

&

05 2:5 8 4 48
M[PMAA]:M[PAVP) Sorption time (h)

a b

Figure 1 - Dependence of Re(VI1) concentration in solution (Ce, mg/L) on (a) the polymer
ratio PMAA:P4VP and (b) contact time.

Desorption performance

Desorption with 2% HNOs showed clear differences depending on the
polymer system (Figure 2). The 2:4 PMAA:P4VP system had the highest
desorption degree (23.5 mg/L). Although binding was strong, a fraction of
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rhenium ions could be recovered under acidic conditions. Separate tests of the
polymers showed that P4VP contributed more strongly than PMAA, in line with
the donor character of its pyridine groups. The results confirm that P4VP is the

key component in the sorption—desorption mechanism.
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Figure 2 - Desorption behavior of rhenium ions (Cd, mg/L) as a function of (a) the PMAA:P4VP molar

ratios, (b) the PMAA ion-exchange component, and (c) the P4VP ion-exchange component.

Thermal analysis (TGA/DSC)

Thermal analysis of pristine PMAA and P4VP showed characteristic stages
of water loss and polymer degradation (Figure 3, Figure 4). After of rhenium
sorption, both polymers demonstrated higher thermal stability in the 2:4
PMAA:P4VP system (Figure 5, Figure 6). This stabilization is attributed to
stronger intermolecular interactions and coordination bonds between rhenium
ions and polymer functional groups. These interactions restricted polymer chain
mobility and shifted the onset of decomposition to higher temperatures. The
observed changes in DSC and TGA/DTG thermograms confirm that rhenium
binding increases the thermal stability of both PMAA and P4VP.

|

|

Figure 4 - DSC/(a) and TGA/ (b) DTG thermogram of P4VP before rhenium sorption

@

(@)

\

-

lz
4

()

(b)

Figure 3 - DSC/(a) and TGA/ (b) DTG thermogram of PMAA before rhenium sorption.
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() )

Figure 5 - DSC/(a) and TGA/ (b) DTG thermogram of PMAA after rhenium sorption in
PMAA:P4VP (2:4 molar ratio).

T @ )

Figure 6 - DSC/(a) and TGA/ (b) DTG thermogram of P4\/P after rhenium sorption in PMAA:P4VP
interpolymer system (2:4 molar ratio).

FTIR spectroscopy

FTIR spectra confirmed the interaction of rhenium ions with functional
groups of both polymers. In pristine PMAA, strong absorption bands were
observed in the region of carboxyl group vibrations, while P4VP showed
characteristic pyridine ring modes (Figure 7). After rhenium sorption, distinct
spectral changes were detected (Figure 8). In PMAA, the C=0 stretching band
shifted, indicating coordination of the carboxyl groups with Re(VII). In P4VP,
changes in the pyridine ring vibrations confirmed the donor-acceptor role of
pyridyl groups. These observations demonstrate that both polymers take part in
binding, with P4VP contributing more strongly due to its electron-donor
character.

(@) (b)

Figure 7 - FTIR spectra of pristine PMAA (a) and pristine P4VP
(b) in the interpolymer system 2:4 PMAA:P4VP.
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The FTIR spectra of the polymer PMAA (a) and P4VP (b) after the sorption
of rhenium ions from a model solution are represented in Fig. 8.

(@) (b)

Figure 8 - FTIR spectra of PMAA (a) and P4VP
(b) after rhenium ion sorption in the interpolymer system 2:4 PMAA:P4VP.

General interpretation

The combined sorption, desorption, thermal, and spectroscopic results
indicate a synergistic effect in PMAA:P4VP systems. The 2:4 ratio gave the best
performance. At this composition, acidic and basic groups worked in balance,
which increased sorption and improved structural stability. The results confirm
that weakly cross-linked interpolymer complexes can act as selective sorbents for
rhenium recovery.

4. Conclusion

Sorption and desorption of ReOs in PMAA:P4VP interpolymer systems
were investigated. Sorption efficiency was determined mainly by functional group
interactions. The 2:4 PMAA:P4VP ratio showed the highest uptake capacity.
Desorption was driven largely by the electron-donor contribution of P4VP.
Weakly acidic—basic interpolymer systems are suitable as selective and reusable
sorbents for rhenium recovery from aqueous solutions.

Spectroscopic (FTIR) and thermal (TGA/DSC) measurements showed that
the interaction of carboxyl and pyridyl groups with Re(VII) ions promoted
stabilization of the polymer matrix. The structural and thermal changes noted
above confirm direct participation of both active elements and show that P4VP
takes the front throne, because of electron-donor properties of its pyridine
moieties. Thus, cooperating interpolymer effects play an important role in
designing advanced sorbents.

From a real-world application perspective, the PMAA:P4VP system is a low-
cost, reusable, and environmentally friendly sorbent for rhenium recovery from
metallurgical effluents based on a high sorption capacity, moderate desorption
and increasing material stability. For a broader application, future studies should
confirm their efficiency in real wastewater, study long-lasting sorption—desorption
cycles at plants, and apply this strategy to other important metals like
molybdenum and tungsten, to expand sustainable polymer-based methods for
rare-metal recovery.
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PEHUIT HOHJAPBIH TAHIAMAJBI COPBIUA ’KOHE JECOPIUASAJIAFAHJIAFBI OJIN
(4-BUHUJIMMPUJIMH): IIOJIU (METAKPUJI KBIIIKbBLJIbI) UHTEPIOJUMEPJII )KYUECI

A.Baituuberos™*, T.Kymaoinoe?, /1. @uwep*, F0 Xanonior®,
C.Temuposa', C.IOnycoe’, B. Anmaiibaes’, /. Kapin'

Y AK Memannypaus ocane ken 6aiivimy uncmumymot, Coméaee ynueepcumemi, Anmamot, Kasaxcman
2 8.5. Bexmypos amuvinoazvl AK Xumus zuinvivoapst uncmumymut, Anmamot, Kazaxcman

8 Idanvcx mexnonoeuanvix, ynusepcumemi, I'oanvck, Hovwa

4 Kazax ynmmuix nedazoauxansix, ynusepcumemi. Abaii, Anmamui, Kasaxcman

Tyiiingeme. Kipicne. Penuii — KopbITHamap MEH KaTaju3[e KOJIJAHBLIATBIH CHPEK KE3[ECETIH OTeni
MeTal. OHEpKocilTe 0N HETi3iHeH MbIC IeH MONMOACHAI eHJey KesiHie mHaiina OGoNaThiH KYKIPT
KBIIIKBUTBIHBIH KaIIBIKTApbIHAH anbiHa sl Herisri oic perinae copOiust 60bIn Tabbutabl, Oipak TrimMi
copOeHTTepAl TaHaay npobinema Oosbin Kama Oepeni. Maxcammap. Tlomu (METaKpHi KBIIIKBLUTBI)
(PMAA) »xone nomu (4-Bunminnupuaus) (P4VP) unrepnomumepnix xyiienep (IPS) anbinael sxoHe
coiHangsl. PMAA:P4VP katemHacer optypiui JK3II yarinepi ameiHsl xoHE chiHAMABL COpOIMSIBIK
KabineTi, AeCOpPOUMSIIBIK KACHETTEepl, KYpPBUIBIMIABIK JKOHE TEPMUSIIBIK CHIIATTAMATAPhI 3€PTTEIIi.
Homuoicenep owcone manxoinay. COpOUMSIHBIH —THIMAUII TMOJUMEPIiH KypamblHa OailJIaHBICTHI.
PMAA:P4VP kareiHacel 2:4 KaThIHACBIHAA €H JKaKChl CiHipyAl KamTamacbi3 eremi. 2% asor
KBIIKBUIBIHAAFBI  AECOpPOLMs oOpTamia, MakcHMyM ImmamameH 75,6% OGommel. UK cmexrprepi
(GYHKIMOHAIABL TONTAPABIH POINIH PACTAUTHIH KapOOKCHI MEH NHMPHIWI JKOIAKTAPBIHIA BIFBICYIAp
kopcerti. TGA/DSC nepextepi peHuiiMeH OaiiaHbICKaHHAH KeHiH MOJIMMEpIi TOPABIH TYpaKTaHybIH
kepcerTi. Kopuimbinov.. PMAA:P4VP xyiteci 2:4 KaTblHaCBIHOA >KOFapbl COPOLMSHBI, OpTalla
NECOpPOLMSIHBL  KOHE JKaKCapThUIFAH KYPBUIBIMIBIK — TYPaKTBUIBIKTBL  OipikTipemi. by kyleHi
METaJUTyPrUsUIbIK KOCiMOPBIHAAPABIH aFbIH/BI CYJIaphIHAH PEHUH ally YITiH KOlaHyFa 60Iapl.

Tyiiin ce31ep: UHTEPIOIUMEPITIK KYielnep, PEHHIH KCTPAKIUSCHI, MO (METAKPHJI KBIIIKBUIBI) (pmaa),
nonu (4-sununnupunut) (P4VP), aMMoHMii eppeHaTsl, CEIEKTUBTI COPOLIUS JKOHE ecOpOLUs, MOTUMED
HeTi3iHaeri copoeHTTep

Kymaoinose Tankvioex Xumus 26116IMOAPBIHBIY OOKMOPBL, NPOpeccop
Koorcamaiiyno

Quwep /Tomemren Einkpizv Xumus 26116IMOAPBIHBIY KAHOUOAM bl
Bainuoexos Apman Maxkamynot Kiwi evinvivu xvizmemkep

Xanoniox Hozeqp IIpogpeccop

Temuposa Canus Camudynnaesna Xumuisi 26116IMOAPBIHBIY KAHOUOAM bl

HOnycoeé Cynman banmabaeguu 3epmmeyuti

Anmainoaes bazoam Tonbacynst Founvimu Kvizmemxep

Kapum /luana /laynemosna umdIcenep
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HMHTEPIIOJIUMEPHBIE CUCTEMBI NOJIU(METAKPHJIOBASL KUCJIOTA): IOJIA (4-
BUHWIHIAPU/IUH) 1JI CEJIEKTUBHOM COPBIMHA U JECOPELHUHA HOHOB PEHUSA

A.Baituuberos™*, T. Incymaounoe?, JI. ®uwep?, F0.Xanonor®,
C.Temupoea', C.IOnycoe’, b. Anmaiibaes', /I. Kapum*

L AO "Hncmumym memannypeuu u obozawenus”, Ynusepcumem Camnaesa, Anmamoi, Kazaxcman
2 AO "Hncmumym xumuueckux nayx um. A.5. Bexkmyposa", Anmamol, Kazaxcman

3 danwckuii mexuonozuueckuii yrusepcumem, I'oanvck, onvwa

4 Kazaxckuil HayuoHanbHblii nedazo2uyeckull yHugepcumem um. Abas, Armamei, Kazaxcman

Pe3tome. Becmynnenue. Pennii - penkuil nepexoJHblil METaJUl, UCIIOIB3yEMbIH B CIUIaBaX U KaTanuse. B
MIPOMBIIUICHHOCTH €r0 M3BJEKAIOT B OCHOBHOM M3 CEPHOKHCIOTHBIX OTXOJOB, OOpa3yIOLIMXCS NpU
nepepaboTke Menu U MonuOaeHa. OCHOBHBIM METOAOM SIBIISICTCSl COpOLUsi, HO BBIOOpP 3((EKTUBHBIX
copOeHTOB ocTaercst npobiaemoil.  [Jenu. BbliM modayueHsl M NPOTECTUPOBAHBI MHTEPIOJIMMEpHbIE
cucrems! (UIIC) n3 momu (metakpuinoBoit kucioTsl) (PMAA) u nomu (4-sunamnmnupuansa) (P4VP). beum
MOJyYeHbl W MPOTeCTHpOBaHbI 00pasubl IPS ¢ pasnuunbiM cootHomenueM PMAA:P4VP. beum
HCCIIEN0BaHbl COPOLMOHHAS CHOCOOHOCTb, AECOPOLMOHHBIE CBOMCTBA, CTPYKTYPHBIE U TEPMHYECKHE
XapaKTePUCTHKU. Pe3ynomamul u o6cysrcoerue. DHHEKTUBHOCTH COPOLUM 3aBUCHUT OT COCTaBa MOJIMEpA.
CootHomenne PMAA:P4VP B coorHouienun 2:4 obecrieunBaeT Hawiy4viiee nornouieHue. Jlecopouus B
2%-HOM a30THOM KucnoTe ObUIa YMEPEHHOH, MakcHMainbHas - okoino 75,6%. VK-cnexTpbl mokaszanu
C/ABUTH B KapOOKCHJIBHBIX W MHUPHIWIBHBIX MOJIOCAX, MOATBEPXKIAIONIHE POJIb (PYHKIIMOHATBHBIX PYIIL.
Jannsie TGA/DSC noka3zanu cTabHIM3aIMI0 TOJIUMEPHOI CETKH MOCIE CBS3bIBAHUS C PEHHEM. Bbl600.
Cucrema PMAA:PAVP B coorHomenun 2:4 coueraeT B ce0Oe BBICOKYIO COPOLHIO, YMEPEHHYIO
JECOpPOLMI0O U YIY4IICHHYIO CTPYKTYPHYIO CTAQOWJIBHOCTB. OJTa CHCTEMa MOXKET NPUMEHSATbCS JUIst
W3BJICUCHUSI PEHUS U3 CTOYHBIX BOJ METAJUTYPIrHYCCKHUX TIPS IPUSITHIA.

KinoueBble ci10Ba: MHTEPHOIMMEpPHBIC CHCTEMBI, M3BICYCHUE PEHHUS, IONU (METAKPHIOBAas KHCIOTA)
(PMAA), nomu (4-pununnupuant) (P4VP), neppeHar amMMoHUS, CeNEKTUBHAsE COpOLMsS U JecopOLus,
COpOEHTHI Ha OCHOBE MOJIMMEPOB

JIicymaounoe Tankvioex Koscamaesuu Jlokmop xumuueckux HayK, npogeccop

Quwep /lamemxen Eounoena Kanouoam xumuueckux nayx
Bainmuoexoe Apman Maxkamynul Mnaowuii nayunwitl compyoHUuK
Xanoniox Hozegp Ipogheccop
Temuposa Canusa Camudynnaesna Kanouoam xumuueckux nayx
FOnycoeé Cynman banmaébaesuu Hccenedosamenn
Anmaiibaee bazoam Tonoacynvi Hayunwiti compyonux
Kapum /luana /laynemoesna uHdICeHep
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