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Features of the extraction of yttrium and lanthanum with an intergel
system based on hydrogels of polyacrylic acid and poly-4-vinylpyridine

To predict the sorption activity and selectivity of hydrogels, the effect of mutual activation of polymer networks
in the intergel system was studied. The intergel system of the hydrogel of polyacrylic acid ((hPAA)) and the
hydrogel of poly-4-vinylpyridine (hP4VP), which was studied at a distance through the volume of the solvent
in the absence of direct contact between the polymer networks, were chosen as the object of study. Intergel
systems have been investigated using methods for measuring electrical conductivity, pH, and gravimetry. The
mutual activation of La®* and Y3* ions with the intergel system in an aqueous medium was also studied. It has
been established that as a result of the remote interaction of the studied hydrogels, their mutual activation oc-
curs, leading to a significant change in their electrochemical and conformational properties. At certain ratios of
acidic and basic hydrogels, a significant increase in the sorption of lanthanum and yttrium ions is observed in
comparison with the initial hydrogels. These results indicate the appearance of ionized structures with optimal
conformation, providing an optimal ligand environment around lanthanum and yttrium ions.

Keywords: intergel systems, polyacrylic acid, poly-4-vinylpyridine, hydrogels, remote interaction, La®* ions,
Y3* ions, sorption, desorption.

Introduction

It is known that polymer hydrogels having functional groups capable of binding metal ions are classified
as highly selective polymer structures. This contributes to the fact that such polymers have a sorption ability
with respect to metal ions, including ions of rare earth elements.

According to the phenomenon of the remote interaction of polymer hydrogels in an agueous medium,
nonionic macromolecules that are unable to undergo ionization and subsequent dissociation cannot participate
in the process of remote interaction. Therefore, the remote interaction of polymers of various structures leads
to their functionalization.

Previous studies showed that the remote interaction of polymer hydrogels leads to a significant change in
their electrochemical and conformational properties. As a result of remote interaction, functional groups are
formed without counter ions, stabilized by intramolecular interactions; electrochemical and conformational
changes in macromolecules lead to a significant increase in the sorption ability of the intergel system, consist-
ing of two hydrogels; the «long-range effect» under certain conditions leads to high selectivity with respect to
metal ions [1-4].
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In this regard, the aim of this work is to study the sorption ability using an example of an intergel system
consisting of hydrogels of polyacrylic acid and poly-4-vinylpyridine with respect to lanthanum and yttrium
ions, as well as predicting the possibility of using them to extract rare and rare-earth metals.

Experimental

To measure the electrical conductivity of the solutions, a MARK-603 conductometer (Russia) was used;
the concentration of hydrogen ions was determined using a Metrohm 827 pH-Lab pH meter (Switzerland). The
mass was determined on an analytical electronic balance SHIMADZUAY220 (Japan). The concentration of
La®* and Y?* ions was determined on spectrophotometers Perkin Elmer Lambda 35 (USA), Jenway-6305 (Ja-
pan).

The studies were carried out in an aqueous medium and in a 0.005 M solution of 6-aqueous lanthanum
and yttrium nitrate. Polyacrylic acid hydrogels were synthesized in the presence of a crosslinking agent
N,N-methylene-bis-acrylamide and a redox system K;S;0s — Na,S203 in an aqueous medium. The synthesized
hydrogels were crushed into fine dispersions and washed for a long time with distilled water until a constant
value of the electrical conductivity of aqueous solutions was established. A Sigma-Aldrich crosslinked divi-
nylbenzene hydrogel of poly-4-vinylpyridine (hP4VP) was used.

Electrochemical studies

Experiments to determine the pH and conductivity were carried out at room temperature. The studies of
the intergel system were performed in the following order: each hydrogel in dry form was placed in separate
cells from a plastic bag, the pores of which are permeable to low molecular weight ions and molecules, but
impermeable to dispersion of hydrogels. Then the cells with dry hydrogels were placed in glasses with agueous
solutions and solutions of lanthanum nitrate. The electrical conductivity and pH of the supra gel were deter-
mined in the presence of hydrogels in solution. Adsorption behavior in relation to La (I11) in aqueous condi-
tions: studies using periodic and column methods under various conditions: experimental studies of the kinetic
and thermodynamic characteristics of the adsorption process, studied in the work, which are indicated in the
reference literature and were considered [5-6].

Method for determination of lanthanum and yttrium ions. The method for determining lanthanum and
yttrium ions in solution is based on the formation of a colored complex compound of the arsenazo |11 organic
analytical reagent with rare-earth metal ions (REM).

The degree of extraction (sorption) was calculated by the formula:

n= (Cint— C res)/(C res)*100 %,
where Ciy: is the initial concentration of the metal in solution, g/l; Crs is residual concentration of metal in
solution, g/l [7-9].

Results and Discussion

Study of the mutual activation of hPAA:hP4VP hydrogels in the intergel system

The presence of an intergel system in an aqueous solution leads to various processes that affect the elec-
trochemical balance in the solution.

As a result of these interactions, a state arises in which there are no counterions in some of the charged
functional groups of hydrogels. The concentration of ionized groups that lack counterions depends on the
initial molar ratios of the polymer networks and other factors.

Figure 1 shows the time dependence of the pH of aqueous solutions on the molar ratios of hP4VP. As pol-
yacid predominates, a decrease in the concentration of hydrogen ions with time is observed. Distinct minima
are observed in the presence of only polyacids (hPAA:hP4VP = 6:0) after 6.5 hours of interaction. The maxi-
mum pH values after 24 hours are observed at a ratio of hPAA:hP4VP = 6:0. As the proportion of polybase
increases, the pH of the solution gradually decreases. The lowest pH value is observed in a 5:1 ratio after 6.5
hours of interaction.

The appearance of an excess of H* ions is due to the high swelling rate and dissociation of COOH groups,
as well as the insufficient swelling rate of the main groups and their low concentration. An increase in the
content of OH™ ions in the aqueous medium is associated with a low swelling rate and a low concentration of
COOH groups, as well as a high swelling rate and the interaction of the main functional groups with H* ions.
This is possible in the case of a second reaction in which hydroxyl anions are released into the solution. In
parallel, the third reaction is taking place, as a result of which the free proton binds to the pyridine ring and the
concentration of positively charged ions in the solution decreases sharply.
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Figure 1. Dependence of the pH of aqueous solutions on the molar ratio of hydrogels hPAA:hP4VP over time

Figure 2 shows the dependence of changes in the electrical conductivity of solutions on the molar ratio
of hydrogels over time. During the remote interaction, regions of minimum and maximum electrical
conductivity appear, and at the beginning of the interaction, the conductivity of the solutions increases. With
aratio of 5:1, high values of electrical conductivity are observed after 4.5; 6.5; 8.5 and 24 hours. The maximum
conductivity values are reached after 24 hours. As can be seen from the figure, the minimum electrical
conductivity of aqueous solutions is observed at a ratio of 3:3 for all the time of distance interaction of
hydrogels.
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Figure 2. Dependence of the electrical conductivity of aqueous solutions
on the molar ratio of hydrogels hPAA:hP4VP in time

Comparing the values of electrical conductivity and pH, we can conclude that as a result of mutual
activation of the hydrogels go into a more highly ionized state. The area of maximum activation of hydrogels
is the ratio of hPAA:hP4VP =5:1. The highest ionization of gP4VP hydrogel occurs at a ratio of 5:1.

The minimum electrical conductivity of the hPAA:hP4VP intergel system is due to the binding of the
proton cleaved from the carboxyl group by the vinylpyridine heteroatom. When immersed in an aqueous
medium, both hydrogels begin to swell as a result of interaction with water molecules. Carboxyl groups are
first ionized, then anions — COO~ and hydrogen ions (protons) H* are dissociated into the carboxylate. The
ionization of the cationic hydrogel of poly-4-vinylpyridine in an aqueous medium occurs as a result of the
addition of hydrogen ions formed during the dissociation of carboxyl groups and water molecules into H*, OH~
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ions. The long-range effect of hydrogels leads to the fact that during these interactions the total content of
positive charges in the agueous medium decreases.

High values of electrical conductivity, in turn, indicate that, at certain ratios of two hydrogels, the disso-
ciation of carboxyl groups prevails over the process of proton association by polybasic nitrogen heteroatoms.
The reason for this may be a conformational change in the links in the interstitial chains. At certain concentra-
tions, charged NH* groups can form intramolecular cross-links >N... H*... N=, which lead to the folding of
macromolecular tangles and a decrease in proton binding.

From the above results, it can be expected that the phenomena of mutual activation of functional hydro-
gels should be reflected in activation processes with metal ions. To verify this assumption, the mutual activa-
tion of the intergel system with respect to lanthanum and yttrium ions was studied.

Figure 3 reflects the change in the concentration of lanthanum ions during its sorption by the
hPAA:hP4VP intergel system. First, in all ratios, we observe that the amount of lanthanum ions in the solution
is high. As can be seen from the figure, in comparison with the ratios when only polyacid or polybase is present
in the solution (ratios 6:0 and 0:6), the ratios at which there are 2 hydrogels in the solution have a much greater
sorption ability. A much higher degree of extraction of La®* ions at a ratio of 3:3. Moreover, the greatest sorp-
tion occurs when the ratio of hPAA:hP4VP = 3:3 after 24 hours of interaction. This is due to the fact that, at
this ratio, the hydrogels of polyacrylic acid and poly-4-vinylpyridine are in a highly ionized state due to the
mutual activation of hydrogels in intergel systems.
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Figure 3. Dependence of the concentration of lanthanum ions on the molar ratio
of hydrogels in the hPAA:hP4VP intergel system in the environment of 6-aqueous lanthanum nitrate
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Figure 4. Dependence of the concentration of yttrium ions on the molar ratio of hydrogels
in the hPAA:hP4VP intergel system in a medium of 6-yttrium nitrate
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The dependence of the concentration of yttrium ions on the molar ratio of hydrogels in time in the
hPAA:hP4VP intergel system in a medium of 6-yttrium nitrate is shown in Figure 4. The results obtained
indicate that mutual activation leads to a significant increase in the sorption properties of polymer hydrogels
in the intergel system.

The starting hydrogel of polyacrylic acid has a higher degree of extraction of yttrium ions. As can be seen
from Figure 4, the highest activation of yttrium ions occurs at a ratio of 2:4 hPAA:hP4VP. In the figure, one
can observe the general regularity of the degree of activation of yttrium ions in the intergel system. The lowest
activation point corresponds to a 4:2 ratio after 4.5 hours of interaction. And in a 2:4 ratio of the intergel
system, a decrease in the concentration of yttrium ions is observed. The main reason for such a high degree of
extraction is the high ionization of polymer structures as a result of their mutual activation. Further, the extrac-
tion of yttrium ions by the intergel system decreases and the polybase present in the solution shows the lowest
activation with yttrium ions. These results indicate the appearance of ionized structures with optimal confor-
mation, providing an optimal ligand environment around lanthanum and yttrium ions.

Table 1 presents the values of the degree of extraction of lanthanum ions by the hPAC-hP4VP intergel
system. It can be seen that in the hPAA:hP4VP intergel pairs, the degree of sorption is much higher compared
to individual hydrogels. This is due to the high degree of ionization of the starting polymers in the intergel
system during their remote interaction as a result of mutual activation. The highest ionization of hPAA:hP4VP
occurs at a ratio of 50 % hPAA — 50 % hP4VP, as a result of which the degree of extraction of lanthanum ions
reaches maximum values (97.6 %).

Table 1
Degree of extraction of lanthanum ions with hydrogels PAA, P4VP
n(La), %
T, h hPAA:hP4VP, %
100 83:17 67:33 50:50 33.67 17:83 100
0 0 10.2 10.2 9.4 9.4 0 3.7
0.5 10.2 19 25.4 21.4 13.4 12.6 134
15 25.4 22.2 13.4 26.2 18.2 9.4 19
2.5 30.2 22.2 28.6 26.2 21.4 18.2 7
45 39.9 30.2 28.6 49.5 27.8 14.2 8.6
24 59.8 67.1 67.1 97.6 56.7 37.5 27.8

Table 2 shows the values of the degree of extraction of lanthanum ions by the hPAA: hP4VP intergel
system. The highest ionization of hPAA:hP4VP occurs at a ratio of 33 % hPAA — 67 % hP4VP, as a result of
which the degree of extraction of yttrium ions reaches maximum values (26.9 %).

Table 2
Degree of extraction of yttrium ions with hydrogels PAA, P4VP
n(Y), %

T, h hPAA:hP4VP, %
100 83:17 67:33 50:50 33:67 17:83 100
0 37 22 10.2 9.4 9.4 0 3.7
0.5 6.4 13.3 14.5 3.2 26.9 4.9 2.6
15 24.3 10.3 17.3 13.1 17.3 13.1 9.2
2.5 24.3 10.3 11.7 13.1 17.3 13.1 9.2
4.5 13.6 9.9 2.1 3 4.6 4.5 3.6
24 18.1 15.1 13.6 1.6 21.1 13.6 13.6

Conclusions

Based on the obtained data on the electrical conductivity, pH, and swelling coefficient, we can conclude
that sorption of lanthanum ions by polymer hydrogels occurs. When the molar ratio of hPAA: hP4VP hydro-
gels is equivalent, the intergel system has the highest sorption ability with respect to lanthanum ions in
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comparison with the initial hydrogels. The maximum degree of binding of the polymer chain to yttrium ions
is manifested when the ratio of hPAA:hP4VP = 33 %:67 %. The mutual activation of hPAA and hP4VP hy-
drogels in the intergel system allows one to achieve a significantly higher degree of sorption for the intergel
pair than for individual hydrogels. As can be seen from the data obtained, most of the lanthanum is recovered
within 24 hours. In this case, the highest sorption occurs at the ratios of 67 %hPAA — 33 % hP4VP and 33 %
hPAA — 67 % hP4VP, 67.1 and 56.7 % of lanthanum are recovered, respectively. The largest amount (97.6 %)
of lanthanum is recovered at a ratio of 50 % hPAA — 50 % hP4VP at 24 h [10-13].
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b. Torxycksizbl, JI.K. blckak, 11.C. Canap6exosa, H.O. Meip3axmeroBa,
T.K. xxymanunos, }O.B. I'paxynssudtoc

Honuakpua KbIIKbLIbI MEH NOJIN-4-BUHWINMPUINH FHAPOreibAepi Herizingeri
HHTepPreJibli )KyieeH MTTPUd MEH JIAHTAaH/AbI aJly epeKuIeJiKTepi

['uaporesbaepais copOLMSITBIK OEICeHIUTIN MEH CEeKTUBTUIrH OomKay YIIiH HHTepreNnb/ai KyHeneri mojm-
MepJIiK TOpJIapAbl ©3apa aKTUBTEHAIPY/IiH Scepi 3epTTeNreH. 3epTTey 00BEKTICI PeTiHe MOIMAKPHIT KbIIIKBUIbI-
HeIH ruaporeni (rI1AK) sxone monu-4-puamtmapuauaHiH (T14BI1) rugporeni tanmanmsl. HTEprensai xyieHiH
pH, a5exTp eTKi3rimTiri rpaBIMETPUSIIBIK OISy 9icTepiMeH aHbIKTanbl. CoHmaif-aK CyJIbl OpTafa HHTEPrembIi
xyitemen La®* sxkoHe Y3 HOHIApBIHBIH ©3apa aKTHBALMACK 3€pTTEN . EH 5KOFaphl 21EKTp OTKI3TITiK 24 carart-
TaH KeHiH OpBIH J/IbL. DJIEKTP OTKI3riTiriHiH eH TeMeHri MoHepi TTIAK:rII4BII = 0:6 uaTeprenbi xyiiecinae
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Gaiikarran. On MHTeprenbai JKyHeHiH auci3 muccoumarmsicbiMer Oaiinanpictel. TITAK:TTI4BIT unTeprensai
JKYHeciHe cyTeri HOHAAPBIHBIH KOHIIEHTpausAchIHbIH yratobl TIIAK:TII4BII = 5:1 apakaTsIHaCBIHIA KOPIHTCH.
3epTTenreH ruApOrebIAEp/IiH KalbIKTBIKTaH 63apa 9PEKETTECY] HOTHIKECIHE OJIapABbIH AEKTPOXUMHSIIBIK JKOHE
KOH(OPMaNSIIBIK KACHETTEPiHIH alTapIIbIKTail @3repyiHe oKelNill COKTHIPATHIHBI XKaHE 03apa aKTHBTEHIIIPY KYp-
ri3iareHi anbIkTaNAbL Erep 613 oCEI gepeKTepIi aJIeKTp OTKI3TIIITIr Typaibl JepeKTep OOMbIHIIA CaTbICTEIPCaK,
OyJ1 perTe KapOOKCHIIB/II TONTap/IBIH JHCCOLHANMSICH! IIPOIieci TPOTOHAAPABIH BUHIII IIMPUUHTE KOCBLTY HpO-
neciHeH 0ackIM 0OJIAJIBI IETEH KOPBITHIHIBI xKacayFa 0omapl. KpIIKBUIIBIK KOHE HET13IIK THAPOTeNbIep/iH Oe-
rini Oip apaKaThIHACBIHIA OacTaIKbl THAPOTENIBICPMEH CaIbICTHIPFAH I IAHTAH JKOHE UTTPHI HOHIapBIHBIH COPO-
LMSCHIHBIH alTapibIKTall ecyi OalikanraH. by HoTKenep JTaHTaH XKoHe UTTPUH HOHAAPBIHBIH aifHaIachIHAA OH-
TaiJIbl JIMTAHATHI OPTaHBl KAMTaMachl3 €TETiH OHTailbl KOH(MOpMALHACH 0ap HOHNAJFaH KYpPbUIBIMIAPABIH
naiiaa OOTyBIH KepceTesi.

Kinm ce30ep: uHTeprenbii XKyiie, MOJIHMAKPUI KBIIKBUIGL, MONH-4-BUHWINUpUAuH, La®* nonsl, Y3* nownsl,
copOrust, 1ecopOIs.

b. Torxyckssbl, JLK. blckak, U.C. Canapbekosa, H.O. Meip3axmeToBa,
T.K. xxymanuios, F0.B. I'paxynsBudroc

Oco0eHHOCTH U3BJIeYEHUS] UTTPHUS U JIAHTAHA UHTEPreJieBoil cucTeMou
HA OCHOBe THAporejei NOJIUAKPUJIOBOH KUCIOTHI U MOJIH-4-BUHWINMHPUINHA

J1nst mporHO3UpOBaHUs COPOITMOHHOM aKTUBHOCTH ¥ CEJIEKTUBHOCTH THIpOTeNeil ObIIIO HCCISIO0BAHO BIHSIHIE
B3aMMHOI aKTHBAIMH ITOJIMMEPHBIX CETOK B HHTEpreIeBol cucTeMe. B kauecTBe 00beKTa HccineoBaHus Obuia
BBIOpaHa HHTEpreneBas CHCTeMa «TUAPOrelb MoInakprioBoi kuciotsl (TIIAK) — ruxporens nonu-4-BuHMII-
nupuanHa (tI14BI1)», xoTopas nzydanach Ha pacCTOSHUH 4Yepe3 00beM pacTBOPHUTENA MPH OTCYTCTBUH He-
MOCPEICTBEHHOTO KOHTAKTa MEXIy MOIUMEPHBIMH ceTKaMH. VIHTepreneBbie CHCTEMBI OBUIN U3Y9IEHBI METO-
JaMH U3MepeHHs leKTponpoBoaHocTy, pH u rpaBuMeTpun. Takke paccMOTpeHa B3aUMHast aKTHBAIUS HOHOB
La® u Y®* ¢ uHTepreneBoil cuCTEMOl B BOJHOM cpejie. 3aBUCHMOCTb YEILHON 3JIE€KTPONPOBOIHOCTH OT MO-
JSIPHOTO COOTHOIIICHHUS THAPOTEIe BO BpEMEHH, YBEINISHUE IIEKTPOIIPOBOAHOCTH MIPOUCXOAAT IIPH COOTHO-
mrennd TTTAK:TII4BIIT = 5:1 Ha NpOTSDKEHUH BCEro BPEMEHH yJaleHHOTO B3anMOAeHCTBHs. MakcuMabHas
JJIEKTPOIPOBOJHOCTH ObUIA TOCTHTHYTa 4yepe3 24 4. MUHUMaNbHbIe 3HAYSHUs JJIEKTPOIPOBOJHOCTH OTMe-
4yeHsl B o0xactu uHTepreneBod cucremoit rIIAK:rII4BII = 0:6, uto cBs3aHO ¢ ero cnaboil quccormanuei.
3aBUCHMOCTH KOHIIEHTpalu MoHOB Bogopona rIIAK:rI14BIl, yBennueHne KOHIEHTpAIlMd HOHOB BOAOPOIA
npoucxoaat npu cootHomreHnu TITAK:TII4BII = 5:1. YcraHoBi€HO, YTO B pe3ysibTaTe JUCTAHIMOHHOTO B3aH-
MOZEHCTBHS M3y4aeMBIX THUAPOTeNeil MPONCXOANUT MX B3aMMHAsl aKTHBALWs, IMPHUBOJAMIAS K 3HAUUTEILHOMY
MU3MEHEHUIO UX JIEeKTPOXUMHUIECKHX ¥ KOH(POPMAMOHHBIX CBOMCTB. DTH pe3yIbTaThl YKA3bIBAIOT HA BO3HHK-
HOBEHHE HOHW30BAaHHBIX CTPYKTYp C ONTHMAIbHON KOH(OpMaImeH, 00ecreynBaroniX ONTHMAIBHOE JINTaH -
HOE OKpY)KEHHE BOKPYT MOHOB JIaHTAHA M UTTPUSL.

Kniouesvie cnoea: NHTEpreneBas CUCTEMA, MOMMAKPHUIOBAs KUCIOTA, MOMU-4-BUHUINUPUANH, COPOLUs, Je-
cop6uus, nonsl La®*, nonsr Y3+,
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