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Tetrahydroxythiacalixarene tetraphosponates were synthesized and chemically linked to
chloromethylated polystyrene (Merrifield resin) surface via the Williamson reaction. In
order to evaluate the effect of thiacalixarene platform structure on the properties of
sorbents, phosphorylated resins with P=0O groups attached to the polymer surface via
methylene spacers were synthesized by the Arbuzov reaction of the iodomethylpolysterene
with trialkylphosphites. Composition and structure of the obtained materials was estab-
lished by elemental analysis and IR spectroscopy. The sorbents obtained remove up to
99 % of Eu(lll) ions from aqueous solutions of average mineralization level at pH of 5.5-6.
The optimum contact time was established to be 2 h. Due to cooperative (macrocyclic)
effect of P=0O binding groups pre-organized at the upper rim of the thiacalixarene plat-
form the resins exhibit better uptake parameters than the resins modified with para-un-
substituded, para-tert-butylsubstituted thiacalixarenes or the resins bearing the phosphon-
ate groups directly bound to the Merrifield resin surface. Europium distribution coeffi-
cient for the best sorbents obtained was equal to 11.3.

Keywords: supramolecular chemistry, thiacalixarenes, phosphonates, Merrifield resin,
lanthanides, sorption, radioactive wastes.

CUHTEe3UpOBAHBI TeTParugpoKCUTHaAKATINKcapeH-TeTpadochoHaThl, CIOCOOHbIe K XUMHUUec-
KOMY CBASBIBAHUIO € TMOBEPXHOCTHIO XJOPMETUJIMPOBAHHOTO TMoJucTUposa (cMoabl Meppu-
¢dunga) mpy TOMONIM peaKiinu Buiabamcona. [[na ONeHKW BAMAHUA CTPYKTYPHI THAKAJIUKCA-
peHa Ha cBoicTBa COPOEHTOB, ¢ TOMOIILIO peakIuu ApbOysoBa MeKJay MOAMETUJIOIUCTUPO-
JoM u TpuadkuiadgocoHaTaMy CHHTE3UPOBAHLI (ocopuanpoBannLie cMoanl ¢ P=0
TPYIIIaMHU, CBASAHHBIMHU € MOBEPXHOCTBLIO TMOJUMEpa TOCPEACTBOM METHUJIEHOBBIX MOCTHUKOB.
CocTaB U CTPYKTYypa MOJYUYEHHBLIX COpPOEHTOB OXapaKTepe30BaHbl MPU IMOMOIIXA 3JIeMEeHTHOI'O
amamusa n HK-cmexkrpockonuu. Ilonydennnie copGeHTHI IO3BOJSIOT M3BaeKaTh A0 99 %
nouoB Eu(lll) us BogHBIX pacTBOpoB cpexHeil mmHepanusanuu npu pH 5,5-6. OnrumansHoe
BpeMsd KOHTAaKTa copOeHTa ¢ pacTBOopoM — 2 yaca. Biaaromaps KOoIepaTHBHOMY (KaJauKcape-
Hopomy) shdexry P=0 rpymnm, KoTopble HAXOZATCA HA BepxXHeM 000[1e¢ THAKAJIUKCAPEHOB,
OIS CMOJ, MOAUMPUIMPOBAHHBIX THAKAJIUKCAPEHAMMU IIOJYYeHBI JIy4IINe [IapaMeTphbl CO-
pouMK, YemM AJA HOJIMMEPOB, MOAN(PUIIMPOBAHHLIX (hocOHATHBIMU rpyinamMu. Koshduimesr
pacopegeHns MOHOB €BPOIUS AJIA Jy4nuxX obpasios copGeHTOB cocraBaser 11.3 u/r.
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Cmoana Mepudiaga moaudikoBaHa TeTparigpokcurtiakajikcapeH-rerpadocdoHaramm:
CUHTE3, BJIACTUROCTI Ta copOuia iowie eBpomiro. M.C.Jlyrawosea, K.M.Benixos, K.JO.Bpu-
avosa, C.I' Xapuenro, C.I Buwnescvruil, B.I.Kanvuernio.

CuHTe30BaHO TeTparifpoKcuTiakamikcapeH-terpadochonaTu, sxaTui g0 ximiumoro 3B’da-
3yBaHHSA 3 TOBEPXHEI XJOPOMETHUJILOBAHOTO ToJgicTupeny (cmoau Meppudinnga) s3a pe-
aknieo Binbamcona. [ OIiHKY BIJIMBY CTPYKTYPHU TiaKaliKcapeHOBUX IIaTdoOpM Ha Bjac-
TUBOCTI copOiifinmx MaTepianiB, 3a peakiieio ApbysoBa MiMK igoMeTuaTIONiCTUPEHOM Ta
Tpuankindocdouaramu orpumano dochopunaboBani moaimepu 3 P=0 rpymamu, mpuepnami
METUJEHOBUMH TpynamMu jgo mojJiMepHol moBepxHi. CKJIaJg Ta CTPYKTYPY OTPUMaHUX MarTe-
piamiB BCTaHOBJIEHO 3a AOTOMOTON eJeMeHTHOTo aHawaizy Ta IY-cmexTpockomii. Orpumani
copbenTn mo3BOosATL BHayuaru a0 99 % iomis Eu(lll) 3 Bogaux posumuis cepemuboi miHe-
paxisanii npu pH 5,5—6. OnrumanbHuii yac KOHTAKTYy COPGEHTY 3 POSUMHOM — 2 TIO.
SaBaAKu KooneparueHoMy (Kanikcapenosomy) ederry P=0 rpym, mo sHaxomATbCA HA BepPX-
HBOMY o00Oomi TiakamixkcapeniB, maa cmoia, MoamdixoBaHMX TiakalikcapeHaMu, OTPUMAaHO
Kpaii mapamerpu copOiii, HiX misg moaimepis, momudikoBaHuX (GocPOoHATHUMU IPYHAMH.
KoedimienT posmoxiny iouis eBpomioo mia xpamux 3paskis copbenris cramosuts 11.3 a/r.

1. Introduction

Development of nuclear energetics re-
sulted in accumulation of large amounts of
medium and high activity radioactive liquid
wastes, which require effective methods of
processing and safe storage [1, 2]. Long-
lived actinides and lanthanides, including
americium, plutonium and europium, are
the most hazardous constituents of wastes
[3, 4].

Selective separation of actinides and lan-
thanides from spent nuclear fuel, contain-
ing considerable amounts of metal ions, is a
challenging scientific and technical prob-
lem. Industrial processes of actinide and
lanthanide extraction use monodentate
phosphororganic ligands like tributhylphos-
phate, trialkylphosphine oxides, di-2-ethyl-
hexylphosphoric acid and bidentate car-
bamoylphosphine oxides [5]. However, low
extraction efficiency and poor selectivity
are sufficient drawbacks of these com-
pounds.

Calixarenes and thiacalixarenes, funec-
tionalized with receptor moieties of the

2. R=i-Pr
3.R=Bu

a)

aforementioned ligands, are known to be
highly selective macrocyclic extracting
agents [6—8]. In the modified calixarenes,
P=0 groups are pre-organized to provide co-
operative binding of actinide or lanthanide
in the presence of coexisting metals [9, 10].
For the radionuclides removal various
extraction [11, 12] and sorption [13, 14]
techniques are proposed. Although sorption
technology is advantageous over extraction
schemes in hardware implementation, fabri-
cation of highly selective porous sorbents
with developed surface, high chemical and
radiochemical stability, mechanical strength
and reuse potential is a complicated issue.
The present work reports the method for
chemical modification of Merrifield resin
with tetrahydroxythiacalixarene tetraphos-
phonates 1—3, exhibiting effective binding
of actinide and lanthanide ions via coopera-
tive effect of P=0O groups on the upper rim
or via chelating the ions by spatially close
sulfur and oxygen atoms on the lower rim
[15] (Fig. 1). The modified resins were
shown to be effective sorption material for

b)

Fig. 1. Molecular structure of tetrahydroxythiacalix[4]arene tetraphosphonates 1-3 and schematic
representation (a) their complexes with spherical lanthanide or actinide ions (b).
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Scheme 1. Synthesis of tetrahydroxythiacalix[4]arene-tetraphosphonates 1-3.

Eu(lll) recovery from natural waters with
the average mineralization level.

2. Experimental

Materials and reagents

Tetrahydroxythiacalixarenes 5, 6 were
prepared according to the published proce-
dures [15]. Chloromethyltetrahydroxythia-
calixarene 4 was synthesized as described
earlier [16]. Merrifield resin (200-
400 mesh) with active chlorine content of
2.0 mmol/g was purchased from Polymer
Labs. Dichloromethane was distilled over
phosphorus pentoxide, DMF was distilled
over calcium hydride. All reactions were
carried out under dry argon.

TH and 3P NMR spectra were recorded
on a Varian VXR spectrometer operating at
300 MHz and 121.5 MHz, respectively.
Chemical shifts are reported using internal
tetramethylsilane and external 85 % H3PQO,
as references. IR spectra were recorded in KBr
tablets using Spectrum One (Perkin Elmer)
spectrometer. Melting points were determined
on a Boetius apparatus and are uncorrected.

For adsorption experiments, Eu(lll) stand-
ard solution, prepared from Eu,0; (Merck
KGaA, Germany), was used. Ammonia solu-
tion (25 vol. %), nitric acid and hydrochloric
acid were used for pH adjustment. Model so-
lutions were prepared using deionized water.
In the experiments with natural waters,
groundwater containing (mg/L) 100 Ca2*, 30
Mg2*, 120 Na*, 11 K*, 1 Sr¢*, 0.1 Fe(total),
44 CI, 12 NO5~, 144 SO,42-, 420 HCO5~ was
used.

Eu(lll) concentration in solutions was
monitored by method of inductively-coupled
plasma atomic emission spectrometry (ICP-
AES) using Trace Scan Advantage spec-
trometer (Thermo Jarrell Ash, USA). Bulk
phase pH was measured by pH-150 instru-
ment (Belarus). The surface morphology of
sorbent particles was studied using MC-50
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Micros optical microscope fitted with CAM
V-200 video camera (Austria).

Determination of active chlorine content
in the Merrifield resin

When exposed to moist air, active chlo-
romethyl groups of Merrifield resins are hy-
drolyzed. So, quality control of the resin is
needed before experiments. In the view of
this, we suggested facile method for active
chlorine determination, which was shown to
be more convenient as compared to pre-
viously described techniques. The procedure
includes treatment of the Merrifield resin
with potassium iodide in absolute DMF at
70-80°C during 1 h followed by hydrolysis
with sodium hydroxide for 4 h. Iodide con-
centration in the resulting mixture was de-
termined by the Folgard method and recal-
culated into active chlorine.

Thiacalix[4]arene tetraphosphonates 1-3
were obtained with the yield of 70-90 % by
the Arbuzov reaction between chlo-
romethylthiacalixarene 4 and trialkylphos-
pites (Scheme 1) [16].

Phosphorus-containing thiacalixarenes
1-3 were precipitated from reaction mix-
ture by hexane or pentane as colorless pow-
ders. Phosphorylated derivatives 1-3 are
well soluble in chlorophorm, dichlo-
romethane, benzene, toluene, chlorobenzene,
trifluoroacetic acid and weakly soluble in al-
cohols, acetonitrile, hexane, pentene and pe-
troleum benzene. Composition and structure
of phosphorylated thiacalixarenes 1—3 were
studied by elemental analysis and NMR spec-
troscopy. The presence of the signal attrib-
uted to OH groups of tetrahydroxythia-
calixarenes 1—3 in a rather weak field (8
9.39) confirms the cone conformation, stabi-
lized by a circular system of intramolecular
hydrogen bonds at the lower rim [16].

The general procedure for the synthesis
of thiacalixarenephosphonates 1-3
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At the first step, phosphorylation agent
such as triethylphosphite, triisopropyl-
phosphite, tributhylphosphite (32.1 mmol)
was added under stirring to the suspension
of chloromethyltetrahydroxythiacalix[4]-
arene 4 (5.0 g, 7.3 mmol) in dry dichlo-
romethane (750 mL). The reaction mixture
was stirred at ambient temperature for 4 h.
Then the solvent was evaporated under vac-
uum at room temperature. Further, hexane
(150 mL) was added into the residual mix-
ture. The obtained precipitate was quickly
filtered off and washed with hexane
(2x200 mL) under vigorous stirring. The
synthesized products (colorless crystals)
were dried under vacuum (0.01 mm Hg) at
50°C for 2 h.

5,11,17,23-Tetrakis-(diethoxyphosphon
ylmethyl)-25,26,27,28-tetrahydroxythiacal
ix[4]arene 1.

6.7 g, 85 %. M.p. 117-120°C. 'TH NMR
(300 MHz, CDCl3): & 1.24 (¢, 24H, J =
7.0 Hz, CHj3), 2.92 (d, 8H, J = 21.3 Hz,
CH,—P), 4.01 (m, 16H, CH,-0), 7.55 (s, 8H,
H-ar.), 9.38 (s, 4H, OH); 13C NMR (75 MHz,
CDCl3): 6 16.39 (d, J = 5.0 Hz, P-O-CH,—
CH3), 382.30 (d, J = 140 Hz, P-CH,), 62.29
(d, J = 6.4 Hz, P-O-CH,), 120.86 (s, C-ar.),
125.21 (d, J = 8.9 Hz, C-ar.), 140.35 (d, J
= 5.6 Hz, C-ar.), 156.86 (s, C-ar.); 3P NMR
(121 MHz, CDCl;): & 25.7. Cale. for
C44H60016P4S4’ % : C, 4:8.17; H, 5.51; P,
11.29; S, 11.69. Found, %: C, 47.90; H,
5.31; P, 11.26; S, 11.48.

5,11,17,23-Tetrakis-(diisopropoxyphosp
honylmethyl)-25,26,27,28-tetrahydroxythi
acalix[4]arene 2.

8.0 g, 90 %. M.p. 107-110°C. 'TH NMR
(300 MHz, CDCl3): § 1.12 and 1.25 (two d,
48H, J = 6.3 Hz), 2.88 (d, 8H, J = 21.3 Hz,
CH,—P), 4.55 (m, 8H, CH-0), 7.55 (d, 8H, J
= 2.6 Hz, H-ar.), 9.30 (s, 4H, OH); 3'P NMR

(121 MHz, CDCl;): & 28.7. Cale. for
C52H76016P4S4’0/0 :C, 51.65; H, 6.33; P,
10.25; S, 10.61. Found, %: C, 51.40; H,

6.17; P, 10.06; S, 10.50.

5,11,17,23-Tetrakis-(dibutoxyphosphon
ylmethyl)-25,26,27,28-tetrahydroxythiacal
ix[4]arene 3.

6.91 g, 72 %. M.p. 101-105°C. 'TH NMR
(300 MHz, CDCl3): elta 0.80 (t, 24H, J =
6.8 Hz, CH3), 1.830 (m, 16H, CH,—CHy),
1.54 (m, 16H, CH,—CH,-CHy), 2.95 (d, 8H,
J = 21.8 Hz, CH,-P), 3.95 (m, 16H, CH?_
0), 7.56 (s, 8H, H-ar.), 9.41 (s, 4H, OH). 3Tp
NMR (121 MHz, CDCl3): § 25.9. Cale. for
C60H92016P4S4’ % : C, 54.53; H, 7.02; P,
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9.88; S, 9.71. Found, %: C, 54.23; H, 6.97;
P, 9.26; S, 9.70.

The general procedure for modification of
the Merrifield resin with tetrahydroxythia-
calixarenes

The Merrifield resin (1.00 g) was sus-
pended in absolute DMF (20 ml) and potas-
sium iodide (0.32 g, 2.0 mmol) was added
into the suspension. The mixture was
stirred at 70-80°C for 1 h. The resulting
iodomethylpolystyrene was reacted with so-
lution of tetrahydroxythiacalixarene 1—
3,5,6 sodium salts, which were obtained by
treatment of the corresponding tetrahy-
droxythiacalixarene (1.5 mmol) with sodium
hydride (0.144 g, 6.0 mmol) in DMF
(15 mL). The reaction mixture was stirred
at 70-80°C for 72 h. The modified resin
was filtered off, successively washed with
DMF (x10 mL), 2 % hydrochloric acid solu-
tion (3x10 mL), distilled water (3x20 mL)
and methanol (8x15 mL), dried under vac-
uum at 0.1 mm Hg to constant weight. Con-
tent of the thiacalixarene, covalently at-
tached to the polymer matrix, was deter-
mined by elemental analysis.

The general procedure for phosphoryla-
tion of the Merrifield resin

Potassium iodide (0.30 g, 2.0 mmol) was
added to suspension of the Merrifield resin
(1.00 g) in absolute DMF (20 mL) and the
mixture was stirred at 70—-80°C for 1 h. The
polymer was filtered off and dried under
vacuum at 0.1 mm Hg to constant weight.
The phosphorylation agent (triethyl-
phosphite, trisopropylphosphite, tributyl-
phosphite) (50 mmol) was added to the ob-
tained polymer. The resulting suspension
was heated under argon atmosphere at 125—
150°C for 48 h. The synthesized resin was
filtered off and successively washed with
DMF (3x10 mL), 2 % hydrochloric acid so-
lution (3x10 mL), distilled water (3x20 mL)
and methanol (8x15 mL), dried under vac-
uum at 0.1 mm Hg to constant weight. The
content of grafted phosphonate groups was
determined by elemental analysis.

The sorption study

The study of sorption properties of the
obtained materials towards Eu(lll) ions was
undertaken in batch mode in both single-
component model solutions and spiked natu-
ral waters. For the experiment, the pre-
pared sorbent was put in contact with
20 mL of feed solution with Eu(lll) concen-
tration of 10 mg/L. The required pH values
were adjusted by adding nitric acid or am-
monia solutions. Eu(lll) concentration was

Functional materials, 23, 1, 2016
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hpd =

OH OH gH HO
1-3,5,6

hopa

7-11

Scheme 2. Synthesis of thiacalixarene-containing Merrifield resins 7—11.

measured in both initial and supernatant
solutions. The equilibration time was estab-
lished to be 3 h. The sorption recovery
value was estimated according to Eq. 1:

C,—-C 1
R=—_"¢ 100, ()
Co
where C; — ion concentration in the initial
solution, C, — equilibrium concentration.

The sorption kinetics was studied in
model solutions. In the experiments, 0.1 g
of the sorbent was contacted with 20 mL of
single-component solution with Eu(lll) con-
centration of 10 mg/L. The study was un-
dertaken at determined optimum pH level of
bulk phase.

The dependence of recovery rate on con-
tact time of the modified sorbent with the
feed solution was simulated by second order
equation (2):

d
L= hylge ~ 0%, =

where ¢ — amount of the ions adsorbed per
mass of the sorbent at time ¢, mg/g; g, —
amount of the adsorbed ions per mass of
the sorbent at equilibrium, mg/g; ¢ — con-
tact time, min; k5 — the second order sorp-
tion rate constant, g-mg l-min~1.
Eq. 2 is linearized to Eq. 8 to give values
of g, and k9 from dependence of t/q on t:
t _t + 1 &)

9 qo ke
To determine sorption capacity value,

Eu(lll) concentration was varied within the
range of 10-250 mg/L at constant pH of

Functional materials, 23, 1, 2016

5.5-5.6. The experimental data were treated
by Langmuir isotherm equation written in
linear form (4):

c_ 1 C @

AT KA A

where C — ion concentration in solution at
equilibrium, mg/L; A — equilibrium sorp-
tion capacity, mg/g; A., — maximum sorp-
tion capacity, mg/g; K; — Langmuir con-
stant, L/mg.

The distribution coefficient values were
calculated according Eq. 3:

p-Y GG (5)
m C,

where D — distribution coefficient, L/g; C,
— ion initial concentration, mg/L; C, — ion
concentration at equilibrium, mg/L; V — feed
solution volume, L; m — sorbent weight, g.

3. Results and discussion

Peculiarities of synthesis and charac-
terization

Porous silica gels and Merrifield resins,
possessing developed surface with chemi-
cally active functional groups, are the most
widely used substrates for synthesis of thia-
calixarene-containing sorbents [17-20].
Thus, it was shown that chlorine atoms of
CH,CI groups on the surface of Merrifield
resin react with hydroxyl groups of p-teri-
butyltetrahydroxythiacalixarene 6 via Wil-
liamson reaction in the presence of base and
sodium iodide as an activator [21]. This re-
action results in formation of strong chemi-
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Table 1. Characterization of thiacalixarene-containing Merrifield resins 7—11.

Resin Calixarene Elemental analysis Thiacalixarene |Bands in IR spectra, cm™!
functional group c H S conj;r}fél;nrrrigl/g Vo Vpoo
7 CH,P(O)(OEY), 78.6 6.9 2.1 1.10 0.16 3375 1248
8 CH,P(O)(OPr-i), | 86.4 7.2 0.9 0.12 3358 1249
9 CH,P(O)(OBu), | 77.5 7.3 2.7 0.18 3363 1251
10 H 85.2 6.8 4.5 0.30 3296 -
11 t-Bu 84.9 8.2 9.7 0.28 3339 -

b)

Fig. 2. Microphotography of the modified Merrifield resins 11 (a) and 14 (b) (magnified 150 times).

cal bonding Ar—-O-CH, between matrix and
lower rim of thiacalixarene.

An attempt to use this method for modi-
fication of Merrifield resin with phospho-
rous-containing thiacalixarenes 1—3 has
turned out to be unsuccessful. However,
thiacalixarenes 1—3 as well as p-unsubsti-
tuted and p-tert-butyl substituted tetrahy-
droxythiacalixarenes 5 and 6 react easily
when potassium iodide is used as an activa-
tor to substitute chlorine atom in CH,CI
group by active iodine atom.

Modification of the Merrifield resin was
undertaken by successive addition of potas-
sium iodide and sodium salt of tetrahy-
droxythiacalixarene 1-3,5,6 obtained by
treatment with sodium hydride. The reac-
tions were performed in DMF at 70-80°C
for 72 h (Scheme 2).

Composition and structure of thia-
calixarene-containing resins 7—11 was con-
firmed by elemental analysis, IR-spectros-
copy and microscopy (Table 1 and Fig. 2a).

According to elemental analysis data, the
content of thiacalixarenes 1-3,5,6 in ob-
tained resins 7—11 is within the range of
0.12-0.30 mmol/g (Table 1). Phosphorylated
thiacalixarenes 1—3 exhibit somewhat lower
affinity to the resin surface as compared to
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thiacalixarenes 5,6 bearing hydrogen atoms
or tert-butyl groups in p-position.

In the IR spectra of obtained materials
7—11 the shift of hydroxyl groups v,..(OH)
absorption band toward higher frequencies
by 59 ecm~1 (83280 ecm1) as compared to the
spectra of tetrahydroxythiacalixarenes 1—
3,5,6 was observed. This shift indicates vio-
lation in circulation system of intramolecu-
lar bonds formed by OH groups, as a result
of partial alkylation of hydroxyl moieties on
the lower rim of the macrocycle. Also, a
weak absorption bands attributed to ether
groups V(ArOCH,) and sulfide bond of the
macrocycle V(Ar-S—-Ar) are observed at
1025 em™! and 702 em™l, respectively. In
the IR spectra of phosphorous—containing
materials 7—9 the P=0O group characteristic
band is present at 1250 ecm™L.

In order to evaluate the effect of thia-
calixarene platform structure on sorption
properties of materials 7—11 we synthesized
Merrifield resins 12—14 with P=0 groups
attached to +the polymer surface via
methylene spacers.

Phosphorylated resins 12—14 (Scheme 3
and Fig. 2b) were synthesized by the Ar-
buzov reaction of the iodomethylpolysterene
with trialkylphosphites. The reaction is per-
formed at 125°C with an excess of the phos-

Functional materials, 23, 1, 2016
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Scheme 3. Synthesis of phosphorylated Merrifield resins 12—14.
Table 2. Characterization of phosphorylated Merrifield resins 12—14.
Resin Calixarene Elemental analysis P=0 content, | IR spectra
functional mmol/g of Vp-g, cm!
group c H P polymer P=0
12 Et 72.6 5.9 5.4 1.2 1248
13 Pr-i 70.5 6.3 6.1 1.6 1249
14 Bu 73.5 4.9 4.6 1.0 1251
1007 ) 1001 9 et
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Fig. 3. Effect of pH on sorption of Eu(lll) ions from model solutions (a) and natural water (b) by
thiacalixarene-containing Merrifield resins 7—11.

phorylation agent. Composition and struec-
ture of the obtained materials was estab-
lished by elemental analysis and IR spec-
troscopy method (Table 2). According to the
elemental analysis results, content of P=0O

groups in the resin is within the range of Resin 8 (13)
1.0-1.6 mmol/g. In the IR spectra of com- r2 0.99 0.97
pounds 12—14 the characteristic vW(P=0) q,, mg/g 43 25
band is observed at 1120 cm™1. . 0.01 0.04
Sorption properties of the modified resins k%, gmg” ‘min i i

Sorption efficiency of the prepared resins
towards Eu(lll) ions was studied at different
pH and Eu(lll) concentration. It was shown
that Eu(lll) uptake achieves maximum at pH
5.56—6 giving a values of 96-99 % in both
model solutions (Fig. 3a) and natural waters
(Fig. 3b) for thiacalixarene-containing Mer-
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Table 8. Sorption kinetics of Eu(lll) ions by
the Merrifield resins modified with thia-
calixarene-tetraphosphonate (8) or phos-
phonate (13) moieties as treated by pseudo-
second order model.

rifield resins 7—11 and 96—-98 % in the case
of phosphorylated Merrifield resins 12—14
(Fig. 4). As it is seen from Fig. 3 and Fig.
4, there is notable difference between thia-
calixarene-modified Merrifield resin and the
P=0-capped polymer uptake behavior. Obvi-
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Fig. 4. Effect of pH on sorption of Eu(lll) ions
phosphorylated Merrifield resins 12—14.

ously, this trend indicates strong coopera-
tive effect of thiacalixarene moieties at-
tached to the surface of Merrifield resin.

A series of sorption kinetic experiments
were also performed. The optimum contact
time was established to be 2 h (Fig. 5). The
data obtained are summarized in Table 3.
As it can be seen, the sorption kinetics is
well described by pseudo-second order model
(2). It can be assumed that the sorption
process occurs in two steps. First, a rapid
Eu(lll) ions complexation by calixarene re-
ceptor molecules takes place on the sorbent
surface, while the second step involves
physical adsorption by polymeric support.
However, the isolated contributions of the
steps cannot be determined.

Equilibrium sorption capacity A, correla-
tion coefficients r2 and europium distribu-
tion coefficients D for Merrifield resins 7—
14 are presented in Table 4. The obtained
sorption isotherm shows good correlation
with Langmuir theory. Evidently, sorption
process occurs via formation of ion mono-
layer on the sorbent surface at energetically
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Fig. 5. Sorption kinetics of Eu(lll) ions by the
Merrifield resins modified with thia-
calixarene-tetraphosphonate (8) or phosphon-
ate (13) moieties.

equivalent sorption sites. As it can be seen,
the 7—9 modified with thia-
calixarene-phosphonates 1—3 exhibit better
sorption performance comparing to resins
10, 11, modified with p-unsubstituted or
with p-tert-butyl substituted thiacalixarenes

resins

Table 4. Equilibrium sorption capacity A and europium distribution coefficients D for Merrifield

resins 7—14.

Resin Ca.lixarene Single-component solution Natural water
functional group 2 Ay saguns ok D> L/g 2 A, mg/g | D, L/g
, Mg/g

7 CH,P(O)(OEY), 0.95 37.2 5.1 0.97 41.4 4.4
8 CH,P(O)(OPr-i), 0.98 71.4 11.3 0.99 76.9 4.6
9 CH,P(0O)(OBu), 0.89 31.3 11.3 0.91 37.3 5.3
10 H 0.98 24.8 2.3 0.95 26.0 5.5
11 t-Bu 0.96 37.0 7.1 0.99 17.5 3.6
12 Et 0.92 25.0 5.1 0.98 23.8 1

13 Pr-i 0.97 35.5 0.8 0.99 33.5 3.4
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5, 6 with polymer 8 having superior sorp-
tion performance among the tested materi-
als. In model solutions, resin 11 exhibits
sorption characteristics, comparable to
those obtained for polymers 7 and 9. How-
ever, in the natural water, the values of
Ay and D decrease substantially, pointing
out poor specificity of butyl-substituted
calixarenes in scavenging Eu(lll) ions. The
resins 12—14 possessing phosphonyl groups
directly attached to the polymer surface
were shown to be less effective as compar-
ing with resins 7—9. This trend can be ex-
plained in terms of the cooperative binding
of europium cation with four P=0 groups
preorganized on the thiacalixarene macrocy-
clic platform.

Estimation of the P=O/Eu ratio in resins
7-9 and 12—14 turned out to be impossible
in the view of additional Eu(lll) sorption by
polystyrene matrix.

4. Conclusions

Merrifield resins, possessing chemically
linked tetrahydroxythiacalixarene phos-
phonate moieties were shown to be effective
sorbents for selective removal of Eu(lll)
from aqueous solutions with average miner-
alization level at pH 5.5—6. Due to coopera-
tive (macrocyclic) effect of the upper rim
P=0O groups the thiacalixarene tetraphos-
phonate resins exhibit better uptake pa-
rameters than the resins chemically modi-
fied with p-unsubstituded or p-tert-butylsub-
stituted thiacalixarenes or the resin bearing
the phosphonate groups directly bound to
the polymer surface.
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