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Abstract. This paper is devoted to study of sorption
properties (sorption degree, polymer chain binding degree)
of intergel system hydrogel of polyacrylic acid (hPAA) —
hydrogel of poly-4-vinylpyridine (hP4VP) in relation to
neodymium and praseodymium ions. It was found that
remote interaction of the polymers in intergel pairs provides
significant changes of the electrochemical and volume
gravimetric properties. Strong increase of the swelling
degree of hPAA is observed at the ratio 17%hPAA-
83%hP4VP; significant increase of swelling degree of
hP4VP is observed at the ratio 83%hPAA-17%hP4VP.
Individual hydrogels of PAA and P4VP do not have
sufficiently high sorption properties — sorption degree of
neodymium and praseodymium ions is not higher than
65 %, polymer chain binding degree is not higher than
55 %. High ionization of hPAA and hP4VP due to remote
interaction effect provides significant increase (up to 30 %)
of the sorption properties. Maximum sorption of
neodymium and praseodymium ions occurs at the ratios
83%hPAA-17%hPAVP  and  50%hPAA-50%hP4VP
(sorption degree is 93.5 % and 93.6 %, respectively). The
highest values of polymer chain binding degree (in relation
to neodymium and praseodymium ions) are observed at the
ratios 83%hPAA-17%hP4VP and 50%hPAA-50%hP4VP —
binding degree is 73.2 % and 75.4 %, respectively. Remote
interaction provides possibilities for creation of innovative
sorption technologies for selective sorption of aimed rare-
earth elements.

Keywords: intergel system, polyacrylic acid, poly-4-
vinylpyridine, remote interaction, Nd** and Pr’* ions
sorption.
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1. Introduction

Ion-exchange processes are used for separation and
purification of metals, including the separation of uranium
from plutonium and other actinides, as well as lanthanum,
thorium; neodymium, ytterbium, samarium, and lutetium
from each other and from other lanthanides."” There are
two rows of rare-earth metals (REM): lanthanoides and
actinoides. The metals from each row have similar
physical and chemical properties. For many years, ion
exchange was practically the only way to separate rare-
earth metal ions in large quantities. This use of resins was
developed in 1940 by F. Spading. Subsequently, solvent
extraction was mainly superseded by the use of ion-
exchange resins, except in cases involving the production
of high purity products.

Wide application of ion-exchangers in hydro-
metallurgy, chemical technology and other areas began
after creation of ion-exchange synthetic resins. lon-
exchangers, which are produced nowadays, have high
capacity, chemical resistance, mechanical strength,
displaced other ion-exchange materials.”"

The process of sorption of the aimed metal by the
ion-exchange resin is presented in Fig. 1.

Ion-exchangers are also primary components at
uranium mining when using underground leaching method.
Underground leaching involves the extraction of uranium-
bearing water through boreholes. The Ileach solution
containing uranium is then passed through resins. Granules
of resin remove uranium from solution by ion exchange.

The process of ion-exchange uranium extraction is
based on the ability of ion-exchange resins to selectively
and quantitatively absorb uranium from solutions and
pulps after leaching. In sulfuric acid solutions, hexavalent
uranium can be present in the form of a uranyl cation
(UO,™") and anionic sulfate complexes, which are in
dynamic equilibrium with each other:

UO,*" + nS04% — UOy(SO,), " (1)
where n=1, 2 or 3.
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Fig. 1. Sorption of aimed metal by ion-exchange resin

After sulfuric acid leaching, uranium can be
extracted from solutions and pulps using cationic or
anion-exchange resins.

Ion exchange extraction of uranium in general is
determined by the following reactions:

1) absorption of uranium by cation exchange
resin:

2RH" + U0 (R ),U0,* +2H" )

2) absorption of uranium by anioin exchange
resin:

3)

4R'X+UO0x(S0,)s” (R )[UOA(SOu)3]" +4X  (3)
2R'X + U0y(S04),” > (R)[UOASO4)]” +2X° (4)
where R — fixed ions of resin; X — NOs’, CI".

Resins containing uranium are transported to a
processing plant, where UO, is separated from the resin
granules and subsequently yellow cake is produced. After
that, the resin, if necessary, undergoes regeneration, and is
sent to re-extract uranium from the leach solution.

In recent years, worldwide demand for rare-earth
metals has increased significantly. This is primarily due to
their ever-increasing role in the leading industries, on
which the economic and defense security of any state
depends. In particular, as foreign experience shows, the
use of high-quality low-alloy niobium and rare-earth
steels gives the greatest effect in transport engineering,
gas and oil industries and related piping systems, in the
construction of large engineering structures, nuclear
power facilities, and other important industries.

Previous investigations were devoted to study of
hydrogels mutual activation."*"® Polymer hydrogels usually
are considered as smart materials, and their progressive
functions are developing. In particular, different bio-
mimetics and membrane applications are discussed widely
in current literature.*>* In the result of these studies it was
found that hydrogels remote interaction provides significant
changes of their electrochemical and conformational
properties. Further investigations were devoted to study of

influence of different factors on }7)olymer hydrogels remote
interaction in intergel systems.””

In this regard the goal of the work is to study
sorption ability of intergel system hPAA-hP4VP in
relation to neodymium and praseodymium ions.

2. Experimental

2.1. Equipment

Specific electric conductivity of solutions was
measured on conductometer “MARK-603" (Russia),
hydrogen ions concentration was determined on pH-meter
Metrohm-827 (Switzerland). Mass of the hydrogels was
measured on analytical scales SHIMADZU AY220
(Japan). Measurement errors do not exceed 1 %.
Spectrophotometers Jenway-6305 (UK) and KFK-3M
(Russia) were used for measurement of Nd** and Pr’* jons
concentration in solution.

2.2. Materials and Methods

Studies were carried out in 0.005M solutions of
corresponding  salts (neodymium and praseodymium
nitrates). Hydrogels of polyacrylic acid (hPAA) were
synthesized in the presence of crosslinking agent N,N-
methylene-bis-acrylamide and redox system K,S,0¢
Na,S,0; in an aqueous medium. Synthesized hydrogels
were crushed into small dispersions and continuously
washed with distilled water until a constant conductivity
value of aqueous solutions appeared. Poly-4-vinylpyridine
hydrogel (hP4VP) was synthesized by Sigma-Aldrich
company (linear polymer crosslinked with divinylbenzene).

For sorption studies from synthesized hydrogels
intergel pairs hPAA-hP4VP were created. Swelling de-
grees of hydrogels are: a(hPAA) = 27.99 g/g, a(hP4VP) =
= 3.35 g/g. With the increase of hP4VP share in intergel
system the hPAA concentration decreased from 5.97 to
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0.98 mmol/L. Concentration of hP4VP with the decrease
of hPAA increased from 0.99 to 5.99 mmol/L.

Experiments were carried out at room temperature.
Studies of intergel system were as following: each
hydrogel in dry initial state was put in glass filter, pores of
which are permeable to low molecular ions but non-
permeable to hydrogel dispersion. Electric conductivity
and pH of solutions were measured in the presence of
hydrogels. Swelling coefficient was estimated by Eq. (5):

q="r2"M (5)
m

where m; and m; are masses of dry and swollen hydrogel,
respectively, g.

After that, filters with hydrogels were put into the
salt solutions. After that, aliquots were gathered for
further determination of concentration of the metals.

2.3. Methodology of Neodymium
and Praseodymium Ions Determination

Methodology of the REM ions determination is
based on formation of colored complexed compound of
organic analytic reagent Arsenazo III with lanthanum
jons.”

Extraction (sorption) degree was calculated by Eq.
(6):

— Cinitial — Cresidual .100% (6)

Cinitial
where Ciiw and Chregaa are initial and residual
concentrations of lanthanum in solution, respectively, g/L.
Polymer chain binding degree was determined by

calculations in accordance with Eq. (7):
0= V—Vbd 100% )

where V,peq 1S @ quantity of polymer links with sorbed
lanthanum, mol; V is total quantity of polymer links (if
there are 2 hydrogels in solution, it is calculated as sum of
each polymer hydrogel links), mol.

3. Results and Discussion

When put in water medium both hydrogels begin to
swell as the result of interaction with water molecules.
Carboxyl groups are firstly ionized and after that they
dissociate on carboxylate anions —COO™ and hydrogen
ions (protons) H'. Tonization of cationic hydrogel poly-4-
vinylpyridine in an aqueous medium occurs in the result
of accession of hydrogen ions formed at carboxyl groups
dissociation and water molecules of ions H', OH.
Hydrogels long-range effect provides the decrease of
positive charges in an aqueous medium. Main reason of
this phenomenon is conformational changes of links in

internode chains. At certain concentrations charged NH"
groups may form intramolecular crosslinks >N..H" .. .N=,
which provide folding of macromolecular globes and
decrease of proton binding.

There is an excess of H' ions due to high rate of
swelling and dissociation of —COOH groups and low
swelling rate of basic groups and their low concentration.
Increase of OH ™ ions quantity in water medium is due to
low swelling speed and interaction of basic functional
groups with protons. It is possible in case of occurrence of
the ionization and partial dissociation of nitrogen
heteroatom in pyridine ring in the result of what hydroxyl
anions are released in solution. In parallel there is
interaction of free proton with pyridine ring and
concentration of positively charged ions in solution
sharply decreases.

Dependence of specific electric conductivity of
aqueous solutions on hPAA:hP4VP molar ratios in time is
presented in Fig. 2. Electric conductivity of water
increases with time almost for all ratios of the hydrogels.
However, the character of the parameter change is
different for various ratios of the hydrogels. It should be
noted that there is an appearance of the areas of minimum
and maximum electric conductivity. Minimum electric
conductivity is observed in the presence of only polybasis
and polyacid. Maximum values of the specific electric
conductivity are reached at 48 h of remote interaction at
hydrogels ratio 17%hPAA-83%hP4VP. As seen from Fig.
2, there is an increase of the electric conductivity with
time, wherein significant increase of the parameter for
intergel pairs is observed during 6 h of hydrogels
interaction in an aqueous medium. This is due to the
transition of the initial polymer hydrogels of polyacrylic
acid and poly-4-vinypyridine into highly ionized state due
to mutual activation during their remote interaction.

Change of pH of an aqueous solution is presented
in Fig. 3. As seen from the obtained results, there is an
increase of pH values with time of remote interaction. The
increase of pH is due to the binding of the cleaved proton
from the carboxyl group by vinylypyridine in the result of
what process of protoning of the heteroatom of the ring
occurs. This is evidenced by maximums at the ratio
33%hPAA:67%hP4VP, which are corresponded to remote
interaction time of 24 h and 48 h. Minimum values of pH
are observed in the presence of only polyacid. This is due
to appearance of charged ions (H', OH") and groups (—
COO", =NH"). Maximums of pH point to the fact that the
dissociation rate of —COOH groups is lower than the
protonization rate of vinylpyridine heteroatom. This
phenomenon points to the process of ionization of the
basic polymer hydrogel. Consequently, both polymer
hydrogels are transferred into highly ionized state
undergoing mutual activation.
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Fig. 2. Dependence of specific electric conductivity on hPAA
and hP4VP hydrogels ratios in time
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Fig. 4. Dependence of hPAA swelling degree in time in the
presence of hP4VP

Dependence of swelling degree of hPAA in time in
the presence of hP4VP is presented in Fig. 4. Increase of
swelling of polymer hydrogel of polyacrylic acid occurs
for all hydrogels ratios in the intergel system hPAA-
hP4VP. With the increase of the share of poly-4-
vinylpyridine hydrogel the swelling degree slightly
increases. The highest values of the swelling degree of
PAA hydrogel are observed at the ratios 33%hPAA-
67%hP4VP and 17%hPAA-83%hP4VP. Maximum
swelling of PAA hydrogel occurs at the ratio 17%hPAA-
83%hP4VP at 48 h of remote interaction of the polymers.
Minimum values of swelling degree are observed in the
presence of only polyacid, which is due to absence of the
phenomenon of mutual activation.

Dependence of swelling degree of hP4VP in time
in the presence of hPAA is presented in Fig. 5. As seen
from the figure, there is a slight increase (due to the fact
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hPAA:hP4VP, mol:mol
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100%

Fig. 3. Dependence of pH from hPAA and hP4VP hydrogels
ratios in time
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Fig. 5. Dependence of hP4VP swelling degree in time in the
presence of hPAA

that vinylpyridine is a weak polybasis) of swelling degree
of the individual polymer hydrogel of poly-4-
vinylpyridine. Similarly to acid hydrogel (Fig. 3), the
polybasis swelling increases with the increase of the share
of the second hydrogel in the solution. Maximum swelling
of the hP4VP is observed at the ratio 83%hPAA-
17%hP4VP at 48 h.

Obtained data on specific electric conductivity, pH
and swelling degree shows that electrochemical and volume-
gravimetric properties of the PAA and P4VP hydrogels are
significantly changed during remote interaction.

3.1. Sorption of Neodymium and
Praseodymium Ions

Neodymium and praseodymium nitrates are present
in solution in dissociated state. Dissociation of the nitrate
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occurs in 3 stages, where constant of 1% stage is much
higher than constants of 2™ and 3™ ones. In this regard
intergel system binds dissociated REM ions in accordance
with different mechanisms. Nitrates of the REM formed in
first stage are bound by ionic mechanism. Products of
second and third stage are bound due to coordination. In
solution in addition to present -COO™ and H' ions there
are ions formed at three-stage lanthanum dissociation.

The following chemical reactions occur:

1) Lanthanum nitrate dissociation in parallel with
carboxyl groups dissociation;

2) Mutual activation of hydrogels due to proton
binding by poly-4-vinylpyridine;

3) Sorption of lanthanum ions by hydrogels.
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Fig. 6. Dependence of extraction degree of neodymium ions
on hPAA and hP4VP hydrogels ratios
in time

It is seen from Fig. 6, the sorption degree at 24 h of
remote interaction in the intergel pairs 83%hPAA-
17%hP4VP, 50%hPAA-50%hP4VP is 86.8 and 80.3 %,
respectively. The further increase (up to 48 h) is slight,
what points to the reaching to equilibrium state by the
intergel system. The extraction degree is 93.5 and 91.7 %
for the ratios 83%hPAA-17%hP4VP and 50%hPAA-
50%hP4VP.

Polymer chain binding degree (in relation to
neodymium ions) of the intergel system hPAA-hP4VP is
presented in Fig. 7. Share of the active links (which
participate in sorption process) is not very high in case
with individual hydrogels — at 6 h of interaction 30.4 % of
links are active for hPAA and 22.6 % are active for
hP4VP, at 48 h the share increases up to 50.2 % for hPAA
and 45.6 % for hP4VP. Mutual activation of the polymer
hydrogels in intergel pairs provides significant increase of
the parameter — at 6 h of interaction at the ratios
83%hPAA-17%hP4VP and 50%hPAA-50%hP4VP the
binding degree is 60.6 and 58.8 %, respectively. Further

3.1.1. Study of neodymium ions sorption
by intergel system hPAA-hP4VP

Fig. 6 represents dependence of extraction degree
of neodymium ions of the intergel system hPAA-hP4VP
on hydrogels molar ratios in time. There is an increase of
the parameter with time for all ratios (including individual
hydrogels of PAA and P4VP). First six hours of
interaction provide the most intense sorption of the metal.
Sorption degree for individual hPAA and hP4VP is 37.8
and 28.3 %, respectively. As seen from the data, the areas
of high ionization are the ratios 83%hPAA-17%hP4VP,
50%hPAA-50%hP4VP. At 6h of interaction sorption
degree is 74.3 and 72.5 %, respectively.
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Fig. 7. Dependence of polymer chain binding degree

(in relation to neodymium ions) of intergel system hPAA-
hP4VP on time

additional activation provides increase of the share of
active links up to 73.2% for the ratio 83%hPAA-
17%hPAVP and 709 % for the ratio 50%hPAA-
50%hP4VP.

3.1.2. Study of praseodymium ions sorption
by intergel system hPAA-hP4VP

Sorption degree (in relation to praseodymium ions)
of the intergel system hPAA-hP4VP is presented in Fig. 8.
Absence of phenomenon of mutual activation in case of
sorption of praseodymium ions by individual hydrogels
point to the fact that electrochemical equillibrium is
reached rather fast, overwhelming majority of the REM
(58.5% for hPAA and 51.7% for hP4VP) is sorbed
during 24 h of interaction, wherein most amount of it
(39.9% for hPAA and 30.4 % for hP4VP) is sorbed
during 6 h. Optimal conformation for sorption of
praseodymium is formed in the following intergel pairs:
67%hPAA-33%hP4VP and 50%hPAA-50%hP4VP. The
highest sorption of the metal is observed at these ratios.
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During 6 h 75.1 % of the metal is sorbed by 67%hPAA-
33%hP4VP and 77.7% for 50%hPAA-50%hP4VP. At
48 h of remote interaction sorption degree of neodymium
ions is 91.8 % for 67%hPAA-33%hP4VP and 93.6 % for
50%hPAA-50%hP4VP.

Fig. 9 represents polymer chain binding degree in
relation to praseodymium ions of intergel system hPAA-
hP4VP. Share of active links during sorption in case with
individual hydrogels of PAA and P4VP does not exceed
55% (52.1 % for hPAA and 48.3 % for hP4VP). The
areas of maximum ionization of links are the ratios:
67%hPAA-33%hP4VP and 50%hPAA-50%hP4VP. The
maximum values of binding degree are 72.6% for
67%hPAA-33%hPAVP and 754% for 50%hPAA-
50%hP4VP at 48 h of remote interaction. It should be
noted that at the ratio 50%hPAA-50%hP4VP the
equilibrium is almost reached at 6 h of interaction (values
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Fig. 8. Dependence of extraction degree
of praseodymium ions on hPAA and hP4VP hydrogels
ratios in time

4, Conclusions

As seen from the obtained data, there are
significant changes in electrochemical, conformational
and sorption properties of polymer hydrogels of
polyacrylic acid and poly-4-vinylpyridine as the result of
polymer macromolecules mutual activation. Such increase
is the direct result of the transition of the polymers into
highly ionized state due to the mutual activation during
their remote interaction.

Maximum extraction of neodymium occurs at the
ratio 83%hPAA-17%hP4VP, extraction degree is 93.5 %.
The highest sorption of praseodymium ions is observed at the
ratio 50%hPAA-50%hP4VP, sorption degree is 93.6 %.

The highest values of polymer chain binding
degree (in relation to neodymium ions) are observed at the

of polymer chain binding degree are: 69.1 % at 6 h;
73.7 % at 24 h and 75.4 % at 48 h).

As known, according to Periodical Table of
elements of D.I. Mendeleev destination of the elements
determines their properties. With constant charge of ion
with increase of serial number there is a decrease of ionic
radius. For the selected lanthanoids (neodymium and
praseodymium) ionic radius has the following values
(charge +3; coordination number 6): for neodymium —
0.983; for praseodymium — 0.990. As seen from the
values the difference is insignificant. Due to this fact at
the simultaneous sorption these elements will interfere
each other. Also, it should be noted that different
hydrogels ratios with the highest sorption in the intergel
system hPAA-hP4VP is due to the different main
properties of these ions (atomic radius, polarizability,
charge density).
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Fig. 9. Dependence of polymer chain binding degree (in
relation to praseodymium ions) of intergel system hPAA-
hP4VP on time

ratio 83%hPAA-17%hP4VP, binding degree is 73.2 %.
The maximum values of polymer chain binding degree (in
relation to praseodymium ions) are observed at the ratio
50%hPAA-50%hP4VP, polymer chain binding degree is
75.4 %.

The increase of the sorption properties is due to

different conformational changes in structure of polymer
macromolecules (e.g., unfolding of globe due to repulsion
of same-charged ions of internode links of macromolecule)
during hydrogels ionization. Concentration of ions in
studied intergel system is in direct dependence on swelling
rate and hydrogels concentration in water solution. Rates of
swelling and deprotonization depend on the nature of
hydrogel, crosslinking degree, dispersity and longitudinal
size of polymer hydrogels.
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AHOMAJIbHA COPBIIISA MOHIB HEOQJIMY
I TTPABEOAIMIIO IHTEPI'EJIOBOIO CUCTEMOIO
T'JIPOT'EJIb IMTOJITAKPHJIOBOI KMCJIOTH - ITOJII-
4-BIHIVIIIIPUJIUH

Anomauin. Bugueni copbuyiiuni enacmusocmi (cmynine
copbyii, cmynine 36'513y68aHHsL NONIMEPHUX TAHYIOZIE) iHMepeenbHOl
cucmemu 2iopozens noniakpunogoi kuciomu (hPAA) - ziopoeens
noni-4-gininnipuourny (hP4VP) wooo iionie neooumy ma npa-



14 Talkybek Jumadilov et al.

3e00imy. Bcmanoeneno, wo giodanena 63aemo0isi noiimepie y
Midiceenesux napax sabesnevye Cymmeei 3MIHU eleKmpPOXIMIYHUX
ma 00'emHux epasimempuynux enacmugocmeii. Busnaueno cymmese
30inbwentss cmynenss  Habyxamns hPAA npu  cniegionowienmi
17%hPAA-83%hP4VP; a hP4VP — npu cnigsionowenti 83%hPAA-
17%hP4VP. [okazano, wo cami ciopoeeni PAA ma P4VP ne
Maiomb 00CHAMHbO BUCOKUX COPOYILIHUX 6IACIMUBOCIEL — CIYNIHD
copoyii tionie HeoOumMy ma npazeodimy He nepesuwye 65 %,
CMYninb 36'13Y6aHHA NONIMEpHUX 1aHYlo2ié He nepesuuye 55 %.

Bucoxa iionizayis hPAA ma hP4VP 3ae0siku egpexmy eiooanenor

63aem00ii’ 3abe3neyye 3naune nokpaujenns (0o 30 %) copbyiinux
enacmusocmeni. Maxcumanvha copoyis  tionie  HeoOuMy ma
npazeodimy cnocmepicacmocs npu cniggionouwenti 83% hPAA-

17%hP4VP  ma  50%hPAA-50%hP4VP  (cmynino  copbyii
cmanosums 93,5 % ma 93,6 % eionogiono). Hatieuwi 3nauenms
CIyneHs 36's13Y8aHHS NONIMEPHUX TAHYIO2I8 (000 UOHIE HeoOUMY
ma npazeodimy) cnocmepizaromuca npu cniegionowenti 83%hPAA-
17%hP4VP ma 50%hPAA-50%hP4VP — cmyninb 36'513y6aHHA
cmanosums 73,2 % ma 75,4 % sionosiono. Ilokazano, wo 6idoa-
JIeHa 83AEMOOISl HAOAE MONCIUBOCI Oisl CMBOPEHHsL IHHOBAYIIHUX
copbyitinux mexnono2it ons 6UOIPKoBol copoOyii pIOKICHO3eMenbHUX
ejleMenmis.

Knwuosi cnosa: inmepzenvha cucmema, NOAAKpUIO8a

Kucnoma, noni-4-iHinnipudun, eiodanena 63acmoois, copoyis 1oHie
+ . +
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