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NEW SORBENTS BASED ON TTACROWN ETHERS: PREPARATION
AND APPLICATION FOR SILBER EXTRACTION
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Abstract. The ability of crown ether compounds to effectively react with metal ions
underlies their practical use. The selectivity of compounds depends on the structure of
the ligands in the molecule, the presence of functional groups and donor atoms in it. It
is known that the high selectivity of the reagents depends not only on the nature of the
donor atoms in the ring, but also on the stability of the ring structure. The preparation of
polymers containing a thiacrown ether group is an urgent task, since such groups make
it possible to obtain selective sorbents.

The purpose of this work is the synthesis of new selective sorbents containing a
thiacrown ether group and the study of their complexing properties with respect to
silver ions. To obtain polymers for this purpose, the reaction of the interaction of a
gel and a porous copolymer of chloromethylated styrene and divinylbenzene (HMS)
with aminobenzothiacrown ethers was studied. Using various influencing factors, it was
possible to obtain sorbents with a high exchange capacity (2.5 mmol/g). When studying
the sorption of silver(I) ions from aqueous solutions by a supramolecular sorbent with a
thiacrown ether group, it was shown that the optimal pH value is 6, the contact time is 60
min. The maximum sorption capacity of the sorbent for silver (I) ions reaches 240.8 mg/g.

Keywords: thiacrown ether, sorption capacity, copolymer of styrene and
divinylbenzene, silver ions.
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Annoramusi. KpayH—s¢upmi KOCBUIBICTApABIH METaul HOHAAPBIMEH TaJFamJibl
opeKeTTeCcy KaOiJieTi, OJap/IbIH MPaKTUKaa KOJIJJaHBUTYbIHBIH HET131 OOJIbIT TaObLIAIbI.
KocbutbicTapaplH, ~— TanFaMABUIBIFBI,  MOJEKYJa  KypaMbIHAAFbl  JIMTaHITapAbIH
KYpPBUTBICBIHA, OHJIAFbl (PyHLIMOHANIBl TONTAp MEH IOHOPIBI aTOMIApIbIH OOIybIHA
OaiimaHpicThl. PeareHTTepmiH JKOFapbsl TajaFamMabl OONybl, IMKIAETT JOHOPIIBI
aTOMIapIblH TaOWFaThblHA FaHa €MeC, COJ ILHKJI KYPBUIBIMBIHBIH TYPaKThUIbIFbIHA
na Toyenai OonareiHbl Oenrini. Kypambinma ThakpayH ToObl Oap monmumepliep any
©3EKTi Macesie OOMbIN TadblIa bl, OUTKEHI OHAAN TONTap TalFamIas copOeHTep anyra
MYMKIHJIK Oepei.

JKyMBICTBIH MaKcaTbl — KypaMbIHa THAKpayH — 3Qup ToObI O6ap *KaHa CEJICKTUBTI
COpOCHTTEp CHHTE31 JKOHE ONapAblH KYMIC HOHJIApbIHA KaTbICTBI KOMIUIEKC TY3Y
KacuerTepin 3eprrey. OchlHIai MakcaTTarbl TONMMEpNep ajdy YIIiH TeNii >KoHe
KEYEeKT1 XJIOPMETHJIZICHTeH CTUPOJI JKoHEe AUBMHMIOCH301 cononumepi (XMC) wmeH
aMUHOOCH30THAKPAYH-3(HUPIICPIIIH OPEKETTECYy PEaKIUsAChl 3ePTTENIi. Ocep eTeTiH
opTYpai QakToprapAbl KOIJaHa OTBIPBIN, aiMacy ChIMBIMIBUIBIFEL SKOFapel (2,5
MMOJIB/T) COpOEHTTEp aixyFa Koi skeTKi3mik. Cynbl epiTiHAlepAeH TuakpayH-3(hup
TOOBI Oap cympamMoseKynaiblK copOenTner kyMic(l) MOHAApBIHBIH COpOIMTIaHybIH
3epTTey YIIiH OHTaiiasl pH MoHI 6 GoNaTHIHBIH KOPCETTi, )KaHacy yakbIThl 60 MUH.
Kywmic (I) monnapbeina KaTeICTBl COPOSHTTIH MakcUMalabl cOpOLMsUTbIK Kabineti 240,8
MI/T XKeTel.

Tyiiin ce3gep: THakpayH-2QUp, COPOLUMSUIBIK CHIMBIMIBUIBIK, CTHPOJN >KOHE
JUBUHWIOCH30JT CONOIMMEPi, KYMiC HOHJApPHI.
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Annoramus.  CrnocoOHOCTb  KpayH-3QHUpHBIX  COeOUHEHUH  d(P(PEKTHBHO
pearupoBaTh ¢ HOHAMH METAJIJIOB JISKUT B OCHOBE MX MPAKTHYECKOTO UCIIOIb30BAHUSL.
CelleKTHBHOCTh COEIMHEHHH 3aBHCUT OT CTPOCHHMS JIMTAHIOB B MOJIEKYJE, HAJTHIHS
B HEll (QYHKIMOHAJIBHBIX TPYNI M JOHOPHBIX aTOMOB. I3BECTHO, YTO BBICOKAS
CEJIEKTUBHOCTH PEareHTOB 3aBHCUT HE TOJBKO OT MPUPOABI JOHOPHBIX aTOMOB B LIUKJIE,
HO M OT YCTOHMYMBOCTH CTPYKTYpHl HUKIA. [lodydeHHe MOIMMEpOB, COIEpIKaIInX
THAKpayH-3(QHUPHYIO TPYIITY, SIBISIETCS aKTyaJIbHOW 3a/1adeil, TOCKOIBKY TaKHe TPYTIITBI
MO3BOJISIIOT TOJTy4YaTh CEJIEKTUBHBIE COPOCHTHI.

Lenb paboTbl — CUHTE3 HOBBIX CEJIEKTHBHBIX COPOCHTOB, COIEPKALINX THAKPAYyH-
3(UPHYIO TPy, ¥ U3yYeHHNE MX KOMIUIEKCOOOPa3yIOIIMX CBOHCTB IO OTHOIICHHIO
K noHaM cepeOpa. [l TOmydeHHs MOIMMEpPOB ISl 9TOW Ienu Obula H3ydeHa
peaxiys B3aMMOJCHCTBUS TENsT M IOPUCTOTO COTIOJIMMEpPa XJIOPMETHIMPOBAHHOTO
crupona u guBuHMIOeH30ma (MC) ¢ ammHoOGeH30THAKpayH-d¢upamu. Hcmonssys
pa3IMyHbIe BO3JCHUCTBYIOMME (AKTOPBI, YIAJIOCh TONYYHTh COPOSHTBI C BBICOKOM
oOMeHHOH eMKOCThIO (2,5 MMmomuw/T). [lpu m3ydenun copOimu moHoB cepedpa(l) ms3
BOJIHBIX PacTBOPOB CYNPaMOJICKYISIPHBIM COPOSHTOM C THAKpayH-d(OUPHOU TpyIION
OBUIO MOKa3aHo, YTO ONTHUMaJibHOE 3HadeHue pH paBHO 6, Bpems koHTakTa 60 MUH.
MaxkcumarnbsHasi COpOIIMOHHAsE €MKOCTh copOeHTa 1o noHam cepebpa (I) mocruraer
240,8 mr/t.

KiroueBsble ciioBa: TnakpayH-3(hup, COpOIIMOHHAS €MKOCTb, CONIOJIMMED CTHPOJIA U
JUBUHWIOCH30J1a, HOHBI cepedpa.

Introduction.
One of the achievements of recent decades is the use of synthetic macrocyclic
compounds (Crown esters and cryptands) and their acyclic analogues (podants) as a
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complex inhibitor for cation, anion and neutral low molecular weight substances, which
is of great interest from a scientific and practical point of view. Currently, many new
macrocyclic compounds have been synthesized, and the scope of their application is
also sharply increasing (Jonathan 2022; Zhaozhao 2022).

Sorbents based on thia-crown ethers are used to extract heavy metals from radioactive
waste solutions and to purification of aqueous solutions from metal ions Co*', Sr** etc.
They are also used for selective removal of strontium from solutions of radioactive
waste and spent nuclear fuel, for radiochemical analysis (determination of strontium in
water, soil and biological materials), for separation of strontium and yttrium isotopes
(Gromoyv, 2020).

The structure of complexes of metal ions with crown compounds is unique: metal
ions enter the internal cavities of ligand molecules, the selectivity of complex formation
in the first approximation is determined by the correspondence between the size of the
metal cation and the size of the cavity. The study of these complexes made it possible to
formulate the concept of relatively weak multicenter interactions, which contributed to
the development of receptor-substrate interaction patterns developed in supramolecular
chemistry (Steed, 2022).

The use of polymeric sorbents containing macrocyclic compounds and their open-
chain analogs for separation and preconcentration is preferable in some cases to
extraction for a number of reasons. First, they are easier to recycle and recover for reuse,
second, crown-containing sorbents are cheaper and less toxic than their monomeric
counterparts, and third, the efficiency of analyte extraction by monomeric macrocyclic
compounds is reduced in some cases due to their partial solubility in water. This problem
can be partially solved by attaching Crown compounds to a suitable matrix (Yergozhin,
et.al. 1994, Kurmanaliev, et.al. 1997; Yakshin, 1992).

Immobilization of macrocyclic compounds on a solid carrier surface can be
accomplished by the following methods (Yergozhin, et.al. 1994):

- due to the formation of a chemical bond during the reaction between the functional
groups of a Crown compound and the functional groups of an organic (polymer) or
inorganic solid carrier.

- Crown impregnation of compounds into a solid porous carrier.

This method is quite simple, but its disadvantage is the lack of chemical bonding
between the Crown compound and the solid carrier. As a result, macrocyclic compounds
from the support surface can be washed off in the sorption system. Despite this
disadvantage, porous carriers impregnated with less soluble compounds can be used in
ion fission (Yakshin, 2010; Bezhin, 2017; Bezhin, 2015; Voloshina, 2014).

Among heteroatoms in macrocycles other than oxygen, which provide stable
formation of complexes with heavy and transition metal ions, sulfur, whose atom is an
electronic analog of oxygen, is of great importance. On the other hand, the presence
of such heteroatoms in the ring structure of the molecule ensures the coincidence of
donor atoms and atoms of metals and soft acids and bases in the macrocycle (Pearson’s
concept) (Yergozhin, et.al. 2005; Gromov, 2020; Tsarkova, 2014). Nevertheless, crown-
complex polymers containing sulfur atoms in the ring are still not fully understood

171



ISSN 2224-5227 4.2024

(Abramov, 2000; Volchkova, 2013). In view of these conditions, the search for new
methods for the synthesis of polymeric thiacraun- ether compounds, the study of their
physicochemical and complexing properties is currently one of the urgent problems.

The aim of this work is to synthesize new selective supramolecular sorbents
containing thiacraun-ether group and to study their complexation properties towards
silver ions.

Experimental (Materials and methods)

Gel and macroporous chloromethylated copolymers of styrene and divinylbenzene
(HMC, 8% divinylbenzene) containing 18.2% chlorine were used. Aminbenzothiakown-
esters (Dmitrieva, et.al. 2007) were obtained using the method cited in the work:

b-X=S,Y=0, n=

c—X=S,Y=0,n=2
d-X=S,Y=0,n=3
e—X=0,Y=S,n=1

Silver nitrate was also used. To obtain high-water polymers having sorption ability
and a certain degree of swelling, yellow copolymer of chloromethylated styrene and
divinylbenzene (20 g) was placed in a three-necked flask equipped with a reflux
condenser, a thermometer and a mechanical stirrer and dimethylformamide (10-15 ml)
was added and stirred until the polymer swelled. After one hour, after swelling of the
polymer, aminobenzo-5,11-dithia-15-crown-5 was added to the flask. This mixture in
the flask was stirred at high speed for 6-8 hours at 90°C.e silver nitrate was used.

The reaction product was cooled to room temperature, filtered, washed with distilled
water, and the resulting polycraun-ether compound was dried to a stable mass.

Chemically pure silver nitrate AgNO, was used to prepare solutions of different
concentrations. Samples of solutions of Ag+ cations with specific silver concentration
from 0.1 to 2.0 mg/ml were prepared by dilution of silver nitrate solutions. Adsorption
of Ag” ions from the solutions was carried out in static mode at room temperature
(Yergozhin, et.al. 2020). For this purpose, 1 g of adsorbent was taken and 50 ml of silver
solution of known concentration of 0.1-2.0 mg/mL silver was added. The solutions were
left for twenty-four hours for equilibration at a given temperature. During this time,
exchange processes and sorption of silver ions in the sorbents took place between the
solution and the sorbent. After 0.5, 1, 2 and 24 hours, the equilibrium concentration of
silver in the solutions was determined.

172



Reports of the Academy of Sciences of the Republic of Kazakhstan

The concentration of Ag” ions in solutions was determined by the atomic adsorption
process (30-35B, Perkin Elmer, USA). IR spectra are recorded on the Vector-22 Fourier
spectrometer in KBr tablets.

Results and discussion

Polymer crown ethers is a widely used method in the field of synthesis of esters,
which is the immobilization of macrocyclic low molecular weight compounds into
carrier polymers. To obtain polymers of this purpose, the reaction of the interaction of
the gel and porous chloromethylated styrene and divinylbenzene copolymer (HMC)
and the macrocyclic compound aminobenzo-5,11-dithia-15-crown-5 (ABDT15K5) was

studied:
2 c|)/\

Len-cHmg |/\X“

_ - Y
Cﬂz_m)@ok/ 3

The properties of polymers immobilized by crown-ether functional groups will
depend mainly on how much of these functional groups are included in the composition
of polymers, i.e. the size. The degree of immobilization of the copolymer of the HMS by
crown-ether functional groups will depend on several factors. The main factors are: the
purity and relationships of monomers, the concentration of the solution, the temperature
and time of the reaction, and the nature of the solvent. The reaction results are shown in
Table 1, wherea-X=S,Y=0,n=0;b-X=8S,Y=0O,n=1;¢c-X=S,Y=0,n=2;
d-X=8S,Y=0,n=3;e-X=0,Y =S8, n=1. Using different exposure factors, we
were able to obtain sorbents with high exchange capacity. For sorbent composition b - X
=S,Y =0, n =1, the optimal conditions are as follows: transformation depth 91.2%,
CAC 2.4 mmol/g, Ag" ion sorption capacity 2.4 mmol/g.

Using various influencing factors, we managed to obtain sorbents with a high
exchange capacity.

It should be noted that the obtained sorbents with the thiacraun ether group do not
sorb alkali and alkali-earth metals.

The resulting sorbent structure was studied by IR spectroscopy. In the IR spectrum
of the sorbent, the following oscillations are observed: at 3448 cm™ — oscillation of
the NH-group, —C=0-groups — 1733 cm!, bending oscillation of the NH-group — 1641
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cm’, tensile oscillation of the —C-C- bonds of the aromatic ring — 1539 cm™, bending
oscillation —C-C- bonds in the aromatic ring - 1075-1027 cm™ (in the plane of the
aromatic ring) and 914-693 cm™! (outside the plane of the aromatic ring).

Table 1. Results of immobilization of macrocycles in polymer carriers

Aminobenzothiacrown ether |  Transformation depth, % CAC, mmol /g | Sorption capacity on
Ag'ions, mmol / g
a 92,1 2,5 1,8
b 91,2 24 2.4
¢ 90,8 2,0 1,6
d 89,0 1,8 1,4
e 92,0 2,4 1,0

The concentration of hydrogen ions (the effect of medium pH) in the liquid phase
is one of the most important factors affecting the balance of the complex formation
reaction of metal ions with sorbents. Sorption of Ag (I) ions was carried out under static
conditions of an aqueous medium, the changing parameter was only the acidity of the
medium (pH = 3-8). The same amount (50,000 mg) of sorbent was added to conical
flasks of the same capacity and shape. The total volume of the liquid phase and the
concentration of metal ions in each flask remained constant. according to the results of
azhiribe, the degree of sorption passes through a maximum of around pH 6. This can be
explained by the fact that when the pH is low, the adsorption of Ag(I) ions is low. when
the pH increases and reaches a value of 6, sorption sites will be available. Consequently,
the adsorption of silver(I) ions increases. This suggests that the mechanism of sorption
of Ag (I) ions is strongly dependent on pH. A pH value of 6 was used as the optimum
pH for further studies. Fig. 1 shows graphically the dependence of sorption capacity of
the sorbent on pH.

30

Sorption capacity, mg/g

20

10
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Figure — 1 Dependence of the sorbent’s sorption capacity on the pH of the medium; m-30 mg, V=20
ml, S =102 mol/l
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The contact time of the sorbent and the liquid medium is an important indicator that
affects the sorption and capacitance of metal ions. To study the effect of contact time,
50 mg of sorbent was added to 50 ml conical flasks. The total volume of the liquid
phase was 20 ml. The results of the experiment showed that Ag(I) sorption increases
over time. Full sorption of Ag(I) occurs in one hour under static conditions. Figure 2
graphically shows the dependence of the sorption capacity of the sorbent on the time of
contact.
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Figure — 2 Effect of contact time on sorption capacity; m-30 mg, V=20 ml, S, =10~ mol/l

The study of the kinetic characteristics of the sorbent was carried out at a temperature
of 20°C in model solutions with an initial concentration of C, = 1 mg /ml Ag".

The resulting kinetic curve has a classic type: with an increase in the process time, the
residual concentration of silver in the solution decreases. The most noticeable decrease,
corresponding to an effective course of adsorption, is observed in the first hour. The
almost linear course of the kinetic curve in this section allows us to assume the first

kinetic order of the process.
€ _ x.c
dr
where C is the concentration of silver in the solution; k is the velocity constant (min ).
The integration of this equation makes it possible to obtain a kinetic model of the
adsorption of silver ions with a sulfur sorbent based on thiacraun-ether and calculate the

velocity constant:

C=C,-e ™
k=lln&
r C
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The first order of the reaction can correspond to the diffusion and kinetic zones
of the process. However, given that the diffusion coefficients of most metal ions in
aqueous solutions are at the level of 10-10° cm?/s™, it can be assumed that the overall
adsorption rate is limited. it is through the process of diffusion of mercury ions into the
active centers of the sorbent. The high content of sulfur atoms in the sorbent ensures
the rapid course of the adsorption action along the complex-coordination mechanism.

But the formation of such a complex requires a certain geometric correspondence
between the location of sulfur atoms on the surface of a solid sorbent, which is not
always possible. It was seen that in the case of coordination of silver with a smaller
number of sulfur atoms, an effective complex is registered.

The effect of the initial concentration of Ag*. To determine the amount of metal
adsorbed by the solid phase, solutions were prepared in advance, the concentration of
Ag(]) ions of which ranged from 0.4-10- to 8.0-10- mol/l. The results of the experiment
showed that with an increase in the initial concentration of the metal, the amount of
adsorbed Ag(I) ions increases, reaching a maximum of 8.0-10-3 mol/l. A further
increase in the initial metal concentration does not result in a significant change in
the amount of adsorbed Ag(I) ions. The estimated maximum adsorption capacity of
the sorbent relative to the absorbed Ag(l) ions was 240.8 mg/g. The dependence of
the sorption capacity of the sorbent on the initial concentration of silver (I) ions is
graphically shown in Figure 3.

300 A

200 A

100 4

Sorption capacity, mg/g

Concentration, mol/1

Figure — 3 Effect of the initial concentration of ag (I) ions on the sorption capacity; m-30 mg,
V=20ml

The sorption capacity of the sorbent relative to Ag (I) ions was calculated using the
following formula:
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A=(C,-C)"V/m,

where C, C_—initial and equilibrium concentrations of metal ions, mmol/l; m - mass

of sorbent, g; V—volume of salt solutions, 1.

Effect of ionic force. The dependence of sorption capacity on the ionic strength of the
solution was studied. Silver was sorbed from solutions containing 0.1-1.4 M KCI. The
presence of KClI increased the adsorption capacity to the value p = 1.0. Further, there
was a significant decrease in metal sorption from KCl solutions with a concentration of
more than 1.0 M. All subsequent experiments were carried out in solutions with an ionic
strength of 1.0 M.

Desorption research. The ability to regenerate and reuse macrocyclic sorbents
depends on the nature of the functional groups and the stability of the complex formed
in the sorbent phase. Sorbent samples were packed in conical flasks of the same capacity
and shape. To obtain metal ions absorbed by the sorbent, mineral and organic acids
HNO,, CH,COOH of different concentrations (0.5; 1.0; 1.5; 2.0 M) were used. The
results of the experiment showed that a solution of 0.5 m HNO, has the best elucidation
properties in relation to silver (I) ions in the solid phase: the sorption capacity after
desorption changed to a value of 42.75 mg/g. For comparison, the desorption of silver
ions with a solution of CH,COOH at the same concentration (0.5 M) was 8.44 mg/g.

Conclusions

The synthesis of new selective sorbents containing thia-crawn-ether group and their
complexing properties towards silver ions have been studied. It is shown that the reaction
of gel and porous chloromethylated copolymer of styrene and divinylbenzene (HMS) and
aminobenzothiacraun-esters leads to polymers for this purpose.Gel- and macroporous
chloromethylated copolymers of 18.2% chlorinated styrene and divinylbenzene (HMS,
8% divinylbenzene) immobilized by functional groups of crown ether. The composition
of the high-ester crown-ether sorbent b - X =S, Y=0, n = 1: transformation depth 91.2
%, CAC 2.4 mmol/g, sorption capacity for Ag* ions 2.4 mmol/g.

Thus, the ability of the proposed new polymeric sorbents to form complexes depends
on the ratio of reagents, the nature of the silver-containing reagent, the size of the
macrocycle, and the dentancy of the ligand determined by the amount of sulfur in the
thiacraun ethers. The maximum sorption capacity was achieved with a 15-membered
crown ether.

To study the sorption of silver(I) ions from aqueous solutions by a supramolecular
sorbent containing a synthetic thiacraun-ether group, it was shown that the optimum
pH value was 6 and the contact time was 60 min. With respect to silver (I) ions, the
maximum sorption capacity of the sorbent reaches 240.8 mg/g.
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