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Features of sorption of rare-earth metals of cerium group by intergel systems
based on polyacrylic acid, polymethacrylic acid and poly-4-vinylpyridine hydrogels

The work is devoted to study of sorption process of cerium and neodymium ions by individual hydrogels of
polyacrylic acid (hPAA), polymethacrylic acid (nPMAA), poly-4-vinylpyridine (hP4VP) and intergel systems
on their bases. Obtained results show that sorption properties (sorption degree, polymer chain binding degree,
effective dynamic exchange capacity) of individual hydrogels of PAA, PMAA, P4VP are not sufficiently high:
sorption degree is not high that 65 %; polymer chain binding degree is not high than 55 %; effective dynamic
exchange capacity is not high than 4.5 mmol/g. Remote interaction of the polymer hydrogels in the intergel
systems provides significant increase (over 30 %) of the sorption properties. Sorption degree increases up to
93.50 %; polymer chain binding degree increases up to 76.50 %; effective dynamic exchange capacity grows
to 6.16 mmol/g. Such strong increase is a consequence of the mutual activation of the initial polymers in the
intergel systems during their remote interaction. Macromolecules undergo ionization with further unfolding of
the polymer globe with formation of optimal conformation for sorption of low-molecular ions.

Keywords: Intergel systems, remote interaction, polyacrylic acid, polymethacrylic acid, poly-4-vinylpyridine,
cerium ions, neodymium ions, sorption

Introduction

At present technologies of rare earth metals concentration and extraction in hydrometallurgy are based
on application of ion-exchangers [1-4]. However, ion-exchange resins do not have high extraction degree of
metals and their regeneration is a rather complicated process. The major drawback of ion-exchangers is their
regeneration, the process which is very complicated. It should be also noted that application of ion-exchangers
is directed to selective extraction of one metal. As known, industrial solutions usually contain several valuable
components. In this regard it is relevant to develop modern sorption technologies based on remote interaction
of functional macromolecules, in other words creation of selective intergel systems seems to be concerned as
the real alternative to the existing methods of sorption of rare-earth elements (mainly ion-exchangers) [5].
Remote interaction of functional polymers leads to significant changes of initial properties (conformational
and electrochemical) of the macromolecules. Also, it should be noted that there is strong increase of sorption
properties of the polymers in intergel systems due to transition into highly ionized state in result of mutual
activation of the macromolecules during remote interaction [6]. There is a formation of optimal conformation
during the process of remote interaction of rare-crosslinked polymer hydrogels in intergel systems. It was
found earlier [7-10] that rare-crosslinked polymer hydrogels in intergel systems undergo additional ionization
of the functional polymers during remote interaction. Such transfer provides significant changes in electro-
chemical, conformational and sorption properties of macromolecules [11-13].

Intergel system is a multicomponent system, which contains polybasis and polyacid. Intergel system is
presented on figure. As seen from the figure, two polymers interact with each other on the distance. The glass
filter has a pores, which are permeable for low-molecular ions and impermeable for hydrogels dispersion.
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1 — polyacid; 2 — polybasis; 3 — glass filter; 4 — solution

Figure. Schematic illustration of typical intergel system

In this regard the aim of the paper is to study extraction properties (relatively to cerium and neodymium
ions) of intergel systems based on polyacrylic acid, polymethacrylic acid and poly-4-vinylpyridine hydrogels.

Experimental

Equipment. Rare-earth metals (REM) ions concentration in solutions was determined on spectrophotom-
eters KFK-3KM (Russia).

Materials. Polyacrylic acid hydrogel (hPAA) and polymethacrylic acid hydrogel (hPMAA) were synthe-
sized in presence of crosslinker (methylenebisacrylamide) and initiator (potassium peroxodisulphate — so-
dium tiosulphate) in water medium. Synthesized hydrogels were crushed into small dispersions and washed
with distilled water until constant conductivity value of aqueous solutions was reached. Linear polymer of
poly-4-vinylpyridine of Sigma-Aldrich company was initial reactant for further synthesis of the hydrogel
(hP4VP) in presence of divinylbenzene, which was subsequently used as polybasis. Based on the obtained
polymers the following intergel pairs: hPAA-hP4VP and hPMAA-hP4VP were made. The general experiments
were carried out in the corresponding salts solutions of cerium and neodymium (nitrates hexahydrates, con-
centration 0.005 mol/L).

Determination of the rare-earth metals. Measurement of the cerium and neodymium concentration in the
solution is based on application of the complexant arsenazo 11 [14].

Calculation of degree of sorption (extraction):

nzﬁ-loo%,

Cini — concentration before sorption of Ce or Nd, g/L; Cres — concentration after sorption of Ce or Nd, g/L.
Calculation of binding degree of the polymer chain:

0=-s.100%
A%

vsry — amount of links of the polymers, which participate in the sorption process of cerium or neodymium,
mol; v — total amount of links of the polymers, mol.
Calculation of effective dynamic exchange capacity:
\%

Q: srb ,

srbt
vsrh — quantity of sorbed cerium or neodymium, mol; msw: — mass of the sorbent (polyacid or polybasis or
intergel pair), g.

Results and Discussion

Nitrates of cerium and neodymium present in solution in dissociated state. In presence of individual hy-
drogels and intergel systems the following processes take place:
1) REM (cerium or neodymium) nitrate dissociation, ionization of heteroatom (nitrogen) by binding of
cleaved proton from carboxyl groups:
ME(NO3)3'6H20 — Me?t + 3NOs; + 6H,0
~COOH < ~COO + H*
=N + H" < =NH"*
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2) REM (cerium or neodymium) ions sorption by intergel system:

3~COO + Me* — ~COOz;Me
3=N + Me* — =N*;Me
where Me — rare-earth metal (cerium or neodymium).

Cerium ions sorption.

Sorption degree (Table 1) of cerium ions of the intergel system hPAA-hP4VP and individual hydrogels
of PAA and P4VP have different values (extraction degree of hPAA and hP4VP is not very high — no more
than 65 %). It can be said, that in presence of the only polyacid or polybasis the equilibrium is almost reached
at 24 hours of interaction, at this time sorption degree is 58.33 % for hPAA and 52.67 % for hP4VP. For the
next 24 hours the parameter in this case increases very slightly and the final values (63.33 % and 56.67 %) are
reached. In intergel pairs it can be seen that the phenomenon of mutual activation provides additional ionization
of the internode links of the initial hydrogels. Maximum sorption occurs at ratio hPAA:hP4VP=17 %:83 %
hydrogels ratio, at 48 hours of interaction 92.33 % of cerium is extracted by the intergel system.

Table 1
Sorption degree of cerium ions of intergel system hPAA-hP4VP
hPAA:hP4VP, mol.% : mol.%
7, h 1000 | 8317 | 67:33 | 5050 | 3367 | 17:83 [ 0:100
n(Ce), %

0 0 0 0 0 0 0 0
0.5 11.67 13.33 14.00 16.33 17.67 21.67 6.67

1 17.67 22.33 24.67 27.33 31.67 35.67 10.33
2 26.33 30.67 35.67 40.33 44.33 52.67 18.33
6 39.00 52.00 58.00 66.67 75.33 77.00 30.00
24 58.33 75.00 77.00 82.33 85.67 88.33 52.67
48 63.33 79.67 81.67 86.00 88.67 92.33 56.67

Polymer chain binding degree shows the amount of the active (which provides sorption of cerium) links
of the individual polymer hydrogels and the intergel system. Polymer chain binding degree is presented in
Table 2. Over the half of the links of the individual polymers of PAA and P4VP take part in sorption of cerium,
binding degree at 48 hours is 52.53 and 47.00 % respectively. Formation of optimal conformation in intergel
system for sorption of cerium occurs at ratio hPAA:hP4VP = 17 %:83 %. Binding degree is 76.59 % at 48
hours of remote interaction.

Table 2
Binding degree of polymer chain (relatively to Ce* ions) of the intergel system hPAA-hP4VP

hPAA:hP4VP, mol.% : mol.%
7, h 1000 | 8317 | 67:33 | 5050 | 3367 | 17:83 | 0:100
0(Ce), %
0 0 0 0 0 0 0 0
0.5 9.68 11.06 11.61 13.55 14.65 17.97 5.53
1 14.65 18.53 20.46 22.67 26.27 29.59 8.57
2 21.84 25.44 29.59 33.46 36.77 43.69 15.21
6 32.35 43.13 48.11 55.30 62.49 63.87 24.88
24 48.39 62.21 63.87 68.29 71.06 73.27 43.69
48 5253 66.08 67.74 71.34 73.55 76.59 47.00

Effective dynamic exchange capacity (relatively to Ce®* ions) of the intergel system hPAA-hP4VP is
presented in Table 3. The overwhelming majority of cerium is sorbed by hPAA and hP4VP during 24 hours,
at this time exchange capacity is 3.89 mmol/g and 3.51 mmol/g respectively. The further increase is very slight,
the final values can be seen at 48 hours of interaction, exchange capacity is 4.22 mmol/g and 3.78 mmol/g.
The parameter’s highest values are observed at ratio hPAA:hP4VP = 17 %:83 % after 2 days, effective dy-
namic exchange capacity is 6.16 mmol/g.
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Table 3
Effective dynamic exchange capacity (relatively to Ce®* ions) of the intergel system hPAA-hP4VP

hPAA:hP4VP, mol.% : mol.%
7, h 1000 | 8317 | 67:33 | 5050 | 3367 | 17:83 [ 0:100
Q(Ce), mmol/g
0 0 0 0 0 0 0 0
0.5 0.78 0.89 0.93 1.09 1.18 1.44 0.44
1 1.18 1.49 1.64 1.82 2.11 2.38 0.69
2 1.76 2.04 2.38 2.69 2.96 3.51 1.22
6 2.60 3.47 3.87 4.44 5.02 5.13 2.00
24 3.89 5.00 5.13 5.49 5.71 5.89 3.51
48 4.22 5.31 5.44 5.73 5.91 6.16 3.78

Process of cerium ions sorption by the intergel system hPMAA-hP4VP occurs less intensive due to the
fact that ionization of the initial polymers is complicated by the presence of bulky methyl substituent. VValues
of extraction degree of cerium ions are presented in Table 4. More than half of the sorbed metal is extracted
during 6 hours after the beginning of the sorption process. The final values of the parameter in case with
individual hPMAA and hP4VP are observed at 48 hours, the values are 60.33 % and 56.67 % respectively.
The optimal conformation for cerium ions sorption is formed at ratio 50 %hPMAA-50 %hP4VP. At 48 hours
of remote interaction at this ratio sorption degree is 89.33 %.

Table 4
Sorption degree of cerium ions of intergel system hPMAA-hP4VP
hPMAA:hP4VP, mol.% : mol.%
7, h 1000 | 8317 | 67:33 | 5050 | 3367 | 17:83 | 0:100
n(Ce), %

0 0 0 0 0 0 0 0
0.5 10.00 12.67 13.33 18.33 15.00 16.33 6.67
1 15.33 18.33 21.33 28.67 25.67 26.67 10.33
2 23.67 25.67 31.00 48.00 33.67 35.33 18.33
6 35.00 48.33 51.00 72.33 55.33 59.33 30.00
24 55.67 68.33 70.67 85.00 73.67 77.33 52.67
48 60.33 76.00 79.00 89.33 81.00 83.00 56.67

As can be seen from table 5, the part of active links of the individual hydrogels of PMAA and P4VP is
over 50 %. Such low values are directly connected with the fact that equilibrium between the nitrates of the
REM and the polymer hydrogels is reached rather fast. Additional activation of the internode links of the
macromolecules leads to strong growth of binding degree. The area of maximum binding of cerium ions is
ratio 50 % hPMAA — 50 %hP4V/P, the share of active links is 74.10 %.

Table 5

Polymer chain binding degree (in relation to cerium ions) of intergel system hPMAA-hP4VP

hPMAA:hP4VP, mol.% : mol.%
7, h 2000 | 8317 [ 6733 | 5050 | 3367 | 17:83 [ 0:100
0(Ce), %
0 0 0 0 0 0 0 0
0.5 8.29 10.51 11.06 15.21 12.44 13.55 5.53
1 12.72 15.21 17.70 23.78 21.29 22.12 8.57
2 19.63 21.29 25.71 39.82 27.93 29.31 15.21
6 29.03 40.09 42.30 60.00 45.90 49.22 24.88
24 46.18 56.68 58.62 70.51 61.11 64.15 43.69
48 50.05 63.04 65.53 74.10 67.19 68.85 47.00

Table 6 represents the difference in values of effective dynamic exchange capacity in presence and ab-
sence of the phenomenon of mutual activation. As was mentioned above, the equilibrium is almost reached at
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24 hours of interaction of individual (PMAA and hP4VP with the salt solution. This is evidenced by the fact
that the further increase is very low. As seen from the table, the significant increase in the intergel pair 50 %
hPMAA - 50 % hP4VP points to the high ionization degree of the initial polymer structures. Maximum values
of the exchange capacity are observed at this ratio at 48 hours of the remote interaction, exchange capacity is
5.96 mmol/g.

Table 6

Effective dynamic exchange capacity (in relation to cerium ions) of intergel system hPMAA-hP4VP

hPMAA:hP4VP, mol.% : mol.%
7, h 1000 | 8317 | 67:33 | 5050 | 3367 | 17:83 [ 0:100
(Ce), mmol/g
0 0 0 0 0 0 0 0
0.5 0.67 0.84 0.89 1.22 1.00 1.09 0.44
1 1.02 1.22 1.42 1.91 1.71 1.78 0.69
2 1.58 1.71 2.07 3.20 2.24 2.36 1.22
6 2.33 3.22 3.40 4.82 3.69 3.96 2.00
24 3.71 4.56 4.71 5.67 4.91 5.16 3.51
48 4.02 5.07 5.27 5.96 5.40 5.53 3.78

Neodymium ions sorption.

During the sorption process of neodymium ions there is an occurrence of the areas of minimum and
maximum sorption (table 7). The lowest values of the sorption degree are observed in case when there is
presence of only polyacid or polybasis in the salt solution, extraction degree is 61.60 % for hPAA and 54.67
for hP4VP. Significant increase of the parameter is seen at hPAA:hP4VP =83 %:17 % and
hPAA:hP4AVP = 50 %:50 % ratios, sorption degree is 93.59 % and 91.74 % respectively.

Table 7
Sorption degree of neodymium ions of intergel system hPAA-hP4VP
hPAA:hP4VP, mol.% : mol.%
7, h 1000 | 8317 | 67:33 | 5050 | 3367 | 17:83 [ 0:100
n (Nd), %

0 0 0 0 0 0 0 0
0.5 10.71 20.51 13.07 16.83 12.66 11.49 5.82

1 16.35 33.85 21.70 27.11 18.43 16.71 9.41
2 25.10 51.10 29.71 46.23 28.94 25.81 16.73
6 37.84 74.37 51.68 72.56 46.77 42.12 28.34
24 56.77 86.82 74.29 80.35 70.10 66.83 49.20
48 61.60 93.59 86.74 91.74 72.32 71.44 54.67

The part of active links (which take part in the sorption process of neodymium) of the individual macro-
molecules and the intergel pairs is presented in table 8. Obtained results show that the part of the active links
of hydrogels (PAA and P4VP) is over 50 %, this is consequence of the absence of the high ionization process.
The increase of the polymer chain binding degree is the intergel system occurs from 60 % to 73 %. It should
be noted that maximum values of the parameter (73.24 %) are observed at ratio 83 % hPAA — 17 % hP4VP at
48 hours of remote interaction.

Table 8
Polymer chain binding degree (in relation to neodymium ions) of intergel system hPAA-hP4VP

hPAA:hP4VP, mol.% : mol.%
7, h 1000 | 8317 | 67:33 | 5050 | 3367 | 17:83 | 0:100
6 (Nd), %
1 2 3 4 5 6 7 8
0 0 0 0 0 0 0 0
0.5 9.18 15.22 12.64 13.31 10.34 10.07 4.84
1 13.25 24.39 18.75 20.86 17.45 16.53 7.45
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Continuation of Table 8

1 2 3 4 5 6 7 8

2 17.98 39.98 30.24 34.59 25.68 23.61 14.31
6 30.37 60.57 51.91 58.79 44.33 40.12 22.62
24 46.73 70.45 68.34 68.24 60.11 59.48 41.83
48 50.15 73.24 68.35 70.91 64.37 62.85 45.66

Table 9 represents the impact of mutual activation phenomenon on effective dynamic exchange capacity.
The most of the metal is extracted by initial polymers (PAA and P4VP respectively) during 24 hours of inter-
action, exchange capacity is 3.81 mmol/g and 3.46 mmol/g. Further increase is not so strong and the final
values (4.13 mmol/g and 3.67 mmol/g respectively) are reached at 48 hours. The significant increase (over
30 %) of the exchange capacity is due to formation of optimal conformation in the intergel pair
83 % hPAA — 17 % hP4VP for neodymium ions sorption, at 48 hours of remote interaction the parameter is
6.03 mmol/g.

Table 9

Effective dynamic exchange capacity (in relation to neodymium ions) of intergel system hPAA-hP4VP

hPAA:hP4VP, mol.% : mol.%
7, h 1000 | 8317 | 67:33 | 5050 | 3367 | 17:83 | 0:100
(Nd), mmol/g
0 0 0 0 0 0 0 0
0.5 0.73 1.33 1.02 1.11 0.85 0.77 0.41
1 1.14 2.26 1.68 2.04 1.50 1.41 0.65
2 1.69 3.39 2.55 2.73 2.24 1.96 1.17
6 2.52 5.01 4.30 4.91 3.72 3.33 1.92
24 3.81 5.77 5.31 5.59 5.05 4.96 3.46
48 4.13 6.03 5.65 5.83 5.32 5.26 3.67

Sorption degree of neodymium ions of polymers (hPMAA, hP4VP) and intergel pairs (hPMAA:hP4VP)
is presented in Table 10. Comparatively to intergel system hPAA-hP4VP (Table 7) the values of sorption
degree are lower due to complication of the ionization process during unfolding of the macromolecular globe.
The most intense sorption occurs during 6 hours of interaction with the salt solution as for the individual
hydrogels of PMAA and P4VP as for the intergel system hPMAA-hP4VP. Sorption degree of neodymium ions
of individual hPMAA and hP4VP is 57.91 % and 54.67 % respectively, while 92.41 % of the rare-earth metal
is extracted at APMAA:hP4VP = 67 %:33 % ratio.

Table 10
Sorption degree of neodymium ions of intergel system hPMAA-hP4VP
hPAA:hP4VP, mol.% : mol.%
7, h 1000 | 8317 | 67:33 | 5050 | 3367 | 17:83 [ 0:100
n (Nd), %

0 0 0 0 0 0 0 0
0.5 8.33 15.72 19.89 11.71 9.60 9.13 5.82

1 12.18 25.61 31.46 19.83 15.12 14.32 9.41
2 18.56 42.40 47.71 27.34 23.61 23.05 16.73
6 31.25 70.86 73.05 46.76 38.85 38.41 28.34
24 51.71 78.10 83.90 70.29 60.11 58.23 49.20
48 57.91 90.63 92.41 84.33 70.72 69.45 54.67

The share of the active links of the following polymer structures: individual hPMAA and hP4VP and
intergel pairs (hPMAA:hP4VP) is presented in Table 11. The part of active links in below 50 % for the indi-
vidual hydrogels of PMAA and P4VP, polymer chain binding degree at 48 hours of interaction is 47.30 % and
45.66 % respectively. High ionization of the initial polyacid and polybasis at ratio 67 % hPMAA-33 % hP4VP
provides strong increase of binding degree, it is 71.56 % after 48 hours.
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Table 11
Polymer chain binding degree (in relation to neodymium ions) of intergel system hPMAA-hP4VP

hPAA:hP4VP, mol.% : mol.%
7, h 1000 | 8317 | 67:33 | 5050 | 3367 | 17:83 [ 0:100
0 (Ce), %
0 0 0 0 0 0 0 0
0.5 6.71 12.13 14.11 11.31 10.01 8.97 4.84
1 10.97 18.87 21.69 15.49 14.42 12.33 7.45
2 16.65 27.64 36.54 24.38 22.18 19.89 14.31
6 26.84 47.44 57.58 43.56 40.86 37.98 22.62
24 43.83 61.79 68.54 58.57 55.78 52.43 41.83
48 47.30 66.33 71.56 64.81 62.35 59.99 45.66

Comparison of the effective dynamic exchange capacities (Table 12) of the individual hydrogels of
PMAA and P4VP and the intergel system hPMAA-hP4VP shows that the remote interaction provides signifi-
cant increase of the parameter in the intergel pairs. The overwhelming majority of the neodymium ions is
extracted during 24 hours of interaction, exchange capacity is 3.86 mmol/g for hPMAA, 3.67 mmol/g for
hP4VP, 5.55 mmol/g for ratio 67 % hPMAA — 33 % hP4VP. Further increase (up to 48 hours of interaction)
is slight, the final values (3.86 mmol/g for (PMAA, 3.67 mmol/g for hP4VP, 5.84 mmol/g for 67 % hPMAA —
33 % hP4VP) are observed at 48 hours of interaction.

Table 12

Effective dynamic exchange capacity (in relation to neodymium ions) of intergel system hPMAA-hP4VP

hPAA:hP4VP, mol.% : mol.%
7, h 1000 | 8317 | 67:33 | 5050 | 3367 | 17:83 | 0:100
(Nd), mmol/g
0 0 0 0 0 0 0 0
0.5 0.56 1.03 1.17 0.91 0.79 0.73 0.41
1 0.87 1.67 1.86 1.58 1.35 1.1 0.65
2 1.43 2.19 3.14 2.07 1.98 1.56 1.17
6 2.22 3.87 4.79 3.51 3.33 3.07 1.92
24 3.59 5.03 5.56 4.75 4.62 4.43 3.46
48 3.86 5.39 5.84 5.25 5.11 5.01 3.67

As seen from the tables 1-12, the individual hydrogels (PMAA and P4VP respectively) do not have
sufficiently high sorption properties (in relation to cerium and neodymium ions) due to the rather fast equilib-
rium reaching between them and the corresponding salt solution. As can be seen from the tables, high ioniza-
tion degree and change of conformation of initial polymer structures during remote interaction with consequent
mutual activation provides significant increase (over 30 %) of sorption degree, polymer chain binding degree
and effective dynamic exchange capacity comparatively with individual hydrogels.

Conclusions

Based on obtained data on sorption of cerium and neodymium ions, the following conclusions can be
made:

1. Individual hydrogels do not have high sorption properties relatively to cerium and neodymium ions.
Sorption degree of cerium ions is 63.33 % for hPAA, 60.33 % for hPMAA, 56.67 % for hP4VP. Sorption
degree of neodymium ions is 61.60 % for hPAA, 57.91 % for hPMAA, 54.67 % for hP4VP. Polymer chain
binding degree (relatively to Ce®** ions) is 52.53 % for hPAA, 50.05 % for hPMAA, 47.00 % for hP4VP; bind-
ing degree (relatively to Nd** ions) is 50.15 % for hPAA, 47.30 % for hPMAA, 45.66 % for hP4VP. Effective
dynamic exchange capacity (relatively to Ce®* ions) is 4.22 mmol/g for hPAA, 4.02 mmol/g for hPMAA, 3.78
mmol/g for hP4VP; exchange capacity (relatively to Nd®* ions) is 4.13 mmol/g for hPAA, 3.86 mmol/g for
hPMAA, 3.67 mmol/g for hP4VP.

2. Mutual activation of the initial polymers provides their transition into highly ionized state in intergel
pairs, this transition is accompanied with significant increase (up to 30 %) of the sorption properties
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comparatively with individual hydrogels. The areas of maximum sorption are the following ratios:
hPAA:hP4VP = 17 %:83 % (m = 92.33 %; 6 = 76.59 %; Q = 6.16 mmol/g) and hPMAA:hP4VP=50 %:50 %
(M=89.33%; 0=74.10%; Q=5.96 mmol/g) for Ce* ions; hPAA:hP4VP=83 %:17 % (n =93.59 %;
0=7324%; Q=6.03 mmol/g) and hPMAA: hP4VP=67%33% (n=92.41%; 6=71.56%;
Q = 5.84 mmol/g) for Nd** ions.

3. Presence of bulky methyl substituent complicates the process of ionization of hydrogel of PMAA in
intergel system hPMAA-hP4VP, due to this fact the values of the sorption properties are lower comparatively
with intergel system hPAA-hP4VP.

4. Differences of the values of the sorption parameters in dependence of the aimed ion (cerium or neo-
dymium) are due to the differences of the main properties of these ions (atomic radius, polarizability, charge
density).

5. Changing the polymer molar ratios in the developed intergel systems provides possibility to control
«selectivity» in relation to each considered rare-earth metal. Developed intergel systems may be used at crea-
tion of innovative technologies for selective extraction of REM ions from industrial solutions.

Financial support of the study was made by Science Committee of Kazakhstan (projects of grant funding
#AP05131302 and #AP05131451).
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T.K. Jumadilov, R.G. Kondaurov, A.M. Imangazy

T.K. Ixymanunos, P.I'. Konnaypos, A.M. Manra3sl

Lepuii TOObIHA KATATHIH CHPEKKEP MeTAJIAPbIH MOJUMAKPUI KbIIIKbLIBIHbIH,
NMOJMMETAKPUJ KbIIIKbLUIBIHBIH K9HE 4-BUHUJINMUPUAUHHIH THAPOreibaepine
HeTi3/1eJIreH MHTEePreIiK sKyieJepMeH copoumsiay epeKieaikTepi

Makana xekenereH ruaporenaep noaunakpui KeIksuibl (ITAKr), momaveraxpuin kpikeiis! (IIMAKT), nonum-
4-punnnnupuud (I14BI1r) sxoHe Ochl reniepIiH HeTi3iHAe KyphUIFaH HHTEPreNai Kyienep nepuil skoHe Heo-
UM MOHAAPbIH cOpOIMsay mpoueci 3eprreyre OarpitTanrad. byran neitin IIAK, IIMAK, I14BII sxexeneren
THIPOTeNIePiHiH COpOLMSIIBIK KacheTi (copOmus gapesxeci, HONMMMEpITiK Ti30eKTepIiH OaillaHbIcy Aapexeci,
acepii JUHAMUKAJBIK KOJIEeMJIK CHBIMABUIBIK) aca >KOFaphl eMec eKeHi aHBIKTaJIbl COPONIMSUIBIK AdpeKeci
65 % TeMmeH; MoIMMepITiK Ti30eKTepIiH OaiaHbICy Aapeeci 55 %-maH skoFaphl eMec; oacepili JHHAMUKAJIBIK
KOJIEMIK CHBIMBLIBIFEI 4,5 MMOJIB/T TOMeH). MHTepreni xyiieneri HoMUMepIIiK THAPOTeIAEPiH KallbIKTaH
OpeKeTTeCcyi THAPOTeNIepAiH COPOLMIIBIK KACUETIHIH aHAaFrypibIM JKorapbulaybiHa (30 %-Fa >KybIK) BIKIAT
eteni. CopOuusutsik nopexeci 93,5 %-ra peitin; nonumepiik Ti30ekTepaiH OainaHbICy nopexeci 76,5 %-ra me-
fiH; acepiti AMHAMUKAJIBIK KOJIEM/IIK CHBIMIBUIBIFGI 6,16 MMOITB/T-Fa feiiin eceni. HTepremi xyiieaeri momiu-
MEPIIK THIPOTENAEpIiH KAIBIKTaH dpeKeTTecy Ke3iHIe OJapAblH e3apa aKTHBTEHYl calgapblHaH THAPOTes-
JepliH COpOMSIIBIK KaCHeTi KOFapblIaiiiel. MakpoMosieKyiajaap HOHH3aIMsIFa YIIBIPaiIbl, apbl Kapail mom-
MepJIiK TYHiHep aifHANIBI, TOMEHMOJICKYIaabl HOHIap/Abl COPOLHSIIAY YIIiH THIMII KYPBUIBIMIAP TY3€e/i.

Kinm ce30ep: uHTEpreni xKyiienep, e3apa 9peKeTTeCy, MOJUAKPUIT KBIIIKBUIBI, MOJMMETAKPUI KBIIIKBLIBI,
MOJH-4-BUHWITUPUINH, IEPUI HOHAPHI, HEOJMM HOHIAPEI, COPOIIHS.

T.K. Ixxymanunos, P.I'. Kongaypos, A.M. manra3zel

Oco0enHocTH COPOLMH peIKO3eMeJIbHBIX METAJIOB LIEPHEBOM IPYNIIbI
HHTeprejeBbIMU CHCTEMAMHU HA OCHOBE IMporeseil MOJIHAKPUIOBOH KHCJIOTHI,
NOJTHMETAKPWIOBOH KUCJIOTHI U NMOJM-4-BUHUINMPUAUHA

Cratpsl OCBSIIIIEHa U3YYEHHUIO Ipoliecca COPOLUY HOHOB LiepHs M HEOJMMa WHIMBUTY ATbHBIMU THPOTEIISIMH
nomakpuiaoBoit  kucnotel (TITAK), mommmeraxpuinoBoit kucnotsl (TIIMAK), monu-4-BHHUIUpUITHA
(rI14BII) 1 uHTEpreneBBIMH CHCTEMaMH Ha nX ocHOBe. [TorydeHHBIe pe3yIbTaThl TOKa3ad, YTO COPOIIOHHbIE
CBOMCTBA (CTENEHb COPOINH, CTENICHB CBA3BIBAHUS MOIMMEPHOH 1enH, 3G dekTuBHAs TUHAMIYecKass OOMEH-
Hasi eMKOCTh) HHAUBUIyanbHBIX ruaporeneii [TAK, IIMAK, [14BII HenocTaTo4HO BBICOKH: CTETICHh COPOLIUH
He BBIIIE 65 %; CTeNeHb CBSI3bIBAHMS ITOJMMEPHOH 1IN He BhIIe 55 %; 3¢ deKkTHBHas AUHAMIIeCKas OOMeH-
Hasi eMKOCTb He BhIIIe 4,5 MMOJIB/T. JJucTaHIMOHHOE B3aUMOAEHCTBHE TOIUMEPHBIX THAPOTENEH B HHTEpre-
JIEBBIX CHCTEMaXx IPHBOJHUT K CyLIECTBEHHOMY yBelanueHHI0 (0koio 30 %) copOLMOHHBIX CBOHCTB. CTeneHb
copOrun Bo3pacTaeT 10 93,5 %; cTeneHpb CBA3bIBAHUS MOJIUMEPHOH 1ienu — 10 76,5 %; apdekTuBHas nuHa-
MH4ecKkas 0OOMeHHasi eMKOCTb — 10 6,16 MMoJIb/T. Takol CylIecTBEHHBII POCT SBIISIETCS CIIEACTBUEM B3aKM-
HOH aKTHBallMK UCXOAHBIX ITOJMMEPOB B MHTEPIeNIeBBIX CHCTEMax BO BPEMsl X JIUCTAHIIMOHHOTO B3aMO/ICH-
cTBUS. MaKpOMOJIEKyIIbI OABEPTAIOTCS MOHU3AIMH C ITOCIIEAYIOMNM pa3BOpadNBaHIEM ITOJIMMEPHOTO KiTyOKka
¢ oOpa3zoBaHHEeM ONTHMAIBHOI KOH(MOPMaIUH AT COPOIH HU3KOMOJIEKYIISIPHBIX HOHOB.

Knioueswvie cnosa. HUHTEPTEIIEBBIE CUCTEMBI, TUCTAHIIMOHHOEC B3aI/IMOHCI>‘ICTBPIe, TOJIMaKpuioBasg KUCJIOTa, I10-
JIMMETAKPUIJIOBasA KHUCJIOTA, HOHI/I'4-BI/IHI/IHHI/IpI/IHI/IH, WOHBI LICPpUs, NOHBI HEOAUMA, COp6III/I$[.
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