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The sorption properties of the Na-form of Transcarpathian clinoptilolite towards trace
amounts of Ce(lIl) under dynamic conditions were investigated . The optimal conditions for Ce(I1l)
sorption were determined depending on the pH of the solution, concentration of cerium salt, and the
thermal treatment of the sorbent. The sorption capacity of the Na-form of clinoptilolite towards
Ce(lI1) under optimal conditions is 34.5 mg cerium per 1 g of sorbent.
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1. Introduction

Cerium is the most common rare earth element. Its content in the Earth’s crust is
6.8:10"° % [1]. Cerium, along with other lanthanides, is widely used in many modern high-
tech industries, such as nuclear energy, metallurgy, electronics, optics, and medicine, due to
its unique magnetic, catalytic, electrical, and optical properties [2, 3]. Due to the increasing
use of rare earth elements in industry, significant amounts of them end up in the
environment. When analyzing natural objects and technological solutions for Ce content, it
is usually necessary to preconcentrate, separate, and extract this lanthanide. There is also
the problem of removing Ce from technological solutions. For such purposes, the solid-
phase extraction method can be used, therefore, the search for effective sorbents for trace
amounts of Ce is relevant. This method has a number of advantages over liquid extraction
and other concentration methods: high enrichment and extraction factors, rapid phase
separation, no or minimal use of toxic organic solvents, possibility of combining with
various methods of determining REE, low cost, possibility of automating sample
preparation, and ease of operation. Natural zeolites are promising sorbents for lanthanides [3—
6]. In particular, methods for concentrating many rare earth elements have been developed
based on the most common natural zeolite — Transcarpathian clinoptilolite [7-13]. Compared
to activated carbon and ion exchange resins, clinoptilolite is ~2000 and ~5000 times
cheaper, respectively [14].
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The advantage of natural zeolites lies not only in the low cost of the material, but
also in their high efficiency and selective sorption.

To improve the physicochemical and analytical properties of zeolites, they are often
subjected to chemical modification, which involves increasing the size of internal cavities
and channels or creating adsorption-active centers on the surface. Modification can be
carried out using various inorganic and organic substances [15-20]. It is known that the Na-
form of Transcarpathian clinoptilolite differs significantly in its sorption properties from
the natural form and usually has a higher sorption capacity for heavy metal ions [21-24].

Previously, we investigated the sorption properties of natural [25] and
acid-modified [26] forms of Transcarpathian clinoptilolite with respect to Ce(lll). Based on
the natural form of Transcarpathian clinoptilolite, a selective sorption-luminescence method
for determining trace amounts of Ce(l11) has been developed [27].

The purpose of our article was to study the sorption properties of the Na-form of
Transcarpathian clinoptilolite towards trace amounts of Ce(ll1) in aqueous solutions and to
investigate the potential possibility of using this sorbent, obtained on the basis of natural
aluminosilicate, in the solid-phase extraction method during sample preparation for analysis
and the removal of Ce(l11) from solutions.

2. Materials and methods

The clinoptilolite from the deposit in the village of Sokyrnytsia, situated in the
Zakarpattia region of Ukraine contained 85-90 % (mass fraction) of the main component.
Its specific surface area, determined by water sorption, was equal to 59 m*.g™ [28]. The
clinoptilolite formula in the oxide form (mass fraction) is as follows: SiO,, 67.29; Al,Os;,
12.32; TiO,, 0.26; Fe,03, 1.26; FeO, 0.25; MgO, 0.99; CaO, 3.01; Na,0, 0.66; K,0, 2.76;
H,0, 10.90 [29].

The selected batch of natural clinoptilolite was ground in a ball mill and sieved
through a sieve with a grain diameter of 0.20-0.31 mm. Zeolite with the appropriate grain
size was washed with distilled water and dried at room temperature to an air-dry state. The
Na-form of clinoptilolite was obtained according to [24] as follows: clinoptilolite grains
were pretreated with a 0.25 M HNO3 solution for 4 hours at room temperature. Then, the
zeolite fraction was separated, washed with distilled water to remove traces of acid, and
treated with a 1 M NaNOj; solution for 1-1.5 hours (repeated 7-8 times). The obtained
Na-form of clinoptilolite was dried at room temperature. Thermogravimetric studies
showed that the TG and DTG curves of uncalcined samples of natural clinoptilolite and its
Na-form are practically identical [21]. However, Na-modified clinoptilolite has a more
developed specific surface area (65 m®g™), which is occupied by physically and
chemisorbed molecular water [23].

The Na-clinoptilolite samples were calcined at appropriate temperatures for
2.5hours in a WSU 200 drying oven (Germany) or SNOL 7.2/1100 muffle furnace
(Lithuania), and then cooled in a desiccator.

All reagents were of analytical grade. Standard aqueous solutions of cerium nitrate
(concentration: 1.0 mg'mL™ ) were prepared by dissolving the metallic cerium
(99.9 % purity) in the nitric acid solution (1:1). The working solutions of Ce(lll) were
prepared by the appropriate dilution of the standard solution. The 0.05 % solution of
sulfarsazene was prepared using 0.05 M aqueous solution of Na,B40;. Solutions of all other
reagents were prepared by dissolving weights in distilled water.
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The sorption characteristics of Na-clinoptilolite were studied under dynamic
conditions in solid-phase extraction mode. For this purpose, a peristaltic pump of the
NP-101 brand (Ukraine) was used, to which a sorption cartridge was connected. To
determine the dynamic sorption capacity, solutions of Ce(lll) of various concentrations
were passed through a sorption cartridge filled with 0.60 g of sorbent at a rate of
5.0 mL-min™ using a peristaltic pump. The passage point of cerium(lll) was registered
spectrophotometrically using the reaction that leads to a formation of orange complex of
cerium(I11) with sulfarsazene. Sulfarsazene changes its color from yellow to orange starting
from the cerium(l11) concentration of 100 ng-mL™. The passage moment of Ce(lll) was
determined using a DR/4000V spectrophotometer (HACH) at 540 nm.

The sorption processes were studied at 20 £ 1 °C.

3. Results and Discussion

The sorption capacity of clinoptilolite may vary when solutions with different initial
concentrations of Ce(l1l) ions are passed through it. To study the dependence of sorption on
the concentration of Ce(lll) ions on the Na-form of clinoptilolite, solutions with
concentrations of 0.5 pgrmL™, 1.0 pg'mL™, and 2.0 pg'mL™*were used. The results are
shown in the table.

Dependence of the sorption capacity of Na-clinoptilolite on concentration of Ce(III), pH 8.0

Concentration of Ce(IIl), pgmL™ Sorption capacity, pg-g™
0.5 34500
1.0 24 670
2.0 13700

The data show that the sorption of lower concentrations of Ce(l1l) ions is much more
efficient. This dependence is very important in the sorption of microguantities of elements
and is observed both in natural [25] and H-form clinoptilolite with respect to Ce(lll)
ions [26].

Probably, the different sorption capacity of Na-clinoptilolite with respect to low and
high concentrations of Ce(lll) is associated with the different ability to form aqua- and
hydroxocomplexes. As the concentration of Ce(lll) in the solution increases, polynuclear
cationic hydroxocomplexes of the composition Ces(OH)s** and Ce,(OH),** are formed.
Since the sizes of polynuclear hydroxocomplexes are larger than those of conventional
hydroxocomplexes, their access to zeolite pores is difficult, which decreases the sorption
capacity of the Na-form of clinoptilolite.

One of the important stages in selecting the optimal conditions for concentrating
Ce(111) on the Na-form of clinoptilolite is to study the dependence of the sorption capacity
of zeolite on the acidity of the aqueous solution. The required pH value of Ce(lll) salt
solutions was created by adding 0.1 M NaOH or HNO3. The results of the study are shown
in Fig. 1.
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Fig. 1. Dependence of the sorption capacity of Na-modified clinoptilolite
towards Ce(III) on the pH value of the agueous solution (Cceqmy= 1.0 pg'mL™)

The results obtained indicate that the sorption of Ce(lll) ions on Na-clinoptilolite is
most effective in a weakly alkaline medium. In the pH range from 4.0 to 7.5, the sorption
capacity of zeolite gradually increases. With a further increase in pH to 8.0, the sorption
properties increase sharply and reach their maximum value at pH 8.0. At higher pH values
of the solution, there is a gradual decrease in the sorption of Ce(lll) ions.

It is known [18, 30] that the adsorption-active centers of Transcarpathian
clinoptilolite with respect to metal ions are mainly OH-groups. Therefore, we believe that
the nature of the sorption process of Na-clinoptilolite with respect to Ce(lll) ions is
determined both by the peculiarities of the chemistry of the zeolite surface and the forms of
Ce(I1) in aqueous solutions at different pH. At low pH values, the dissociation of hydroxyl
groups with H* eliminatoin on the surface of mineral grains, primarily responsible for the
sorption of heavy metals from solutions, is almost completely suppressed, which
determines the low adsorption capacity of Na-clinoptilolite with respect to Ce(lll) ions at
pH < 6. At low pH values, a competing reaction of ion exchange for protons also occurs. As
the pH increases, the dissociation of surface groups increases, while sorption increases
simultaneously. Also, with an increase in pH, the form of existence of Ce(lll) in solution
changes. In particular, with a decrease in the content of cationic forms of aquacomplexes
[Ce(H,0)s]**, an increase in the proportion of cationic aquahydroxocomplexes
[Ce(OH)(H,0)s]**, [Ce(OH),(H,0);]" is observed. We assume that under optimal sorption
conditions (pH = 8.0), the Na-form of clinoptilolite most effectively sorbs cationic forms of
aqua and aquahydroxocomplexes of Ce(lll). With an increase in the pH of the medium
(pH > 8.0), a decrease in sorption capacity is observed, since anionic complexes prevail in
an alkaline medium, and, as is known, these complexes are not sorbed on zeolites.

To ensure pH stability, it is advisable to use a buffer solution. This improves the
metrological characteristics of concentration and also reduces the influence of various
impurities on the concentration process, as it ensures a stable ionic strength of the solution.
We tested Tris buffer solution and urotropin buffer solution with a pH of 8.0. When using a
Tris buffer solution (Cpurer = 4:10* M), the sorption capacity of Na-clinoptilolite is
5.33 mg-g™, which is 4.6 times less than the sorption capacity of Na-clinoptilolite with
respect to Ce(l11) without using a buffer solution. When using urotropin buffer solution, the
sorption capacity of Na-clinoptilolite was ~20 % lower compared to Tris buffer solution.
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The sorption properties of Transcarpathian clinoptilolite and its modified forms
significantly depend on their preliminary heat treatment [7-13, 16-19, 21-28]. The
Na-clinoptilolite was heat treated for 2.5 hours at different temperatures and, after cooling
in a desiccator, its sorption capacity with respect to Ce(lll) ions was determined. The
results of this study are shown in Fig. 2.

Fig. 2 shows that preliminary calcination of Na-clinoptilolite to 250 °C leads to a
decrease in sorption capacity, while further calcination of zeolite to 500 °C results in a
significant increase in sorption efficiency. According to source [30], physically adsorbed
and ligand water are released by clinoptilolite in this temperature range. It is known that
during the dehydration of zeolites, exchange cations are displaced, which affects the cross-
section of the channels. Perhaps such blocking leads to a weakening of the sorption
properties of Na-clinoptilolite with respect to large Ce(lll) hydroxocomplexes, which is
observed in the temperature range from 20 to 250 °C in Fig. 2.
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Fig. 2. Dependence of the sorption capacity of Na-clinoptilolite towards Ce(III)
on thermal treatment (pH 8.0; Ccequy= 1.0 pgrmL™)

In the range from 250 °C to 500 °C, the sorption capacity increases sharply and
reaches its maximum at 500 °C. Since the sorption-active centers of Transcarpathian
clinoptilolite and its modified forms with respect to rare earth elements are mainly surface
OH-groups, the increase in the sorption efficiency of Na-clinoptilolite samples in this area
is probably associated with an increase in the surface OH-groups of zeolite water
molecules, as well as surface silanol groups (Si—-OH).

A significant decrease in the sorption properties of zeolite with respect to Ce(ll)
ions at temperatures > 500 °C is explained by the processes of deep dehydroxylation of the
zeolite surface and its amorphization. It is under such conditions that the Na-form of
clinoptilolite begins to break down.

As shown in Fig. 2, samples of uncalcined Na-form clinoptilolite demonstrate the
highest sorption capacity.

Based on the generalized research results, we see that the maximum sorption
capacity of the Na-form of Transcarpathian clinoptilolite with respect to Ce(lll)
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is 34.5mg-g™ (see table), which exceeds the sorption capacity of natural [25] and H-
form [26] of this zeolite by 5.4 and 5.9 times, respectively.

4. Conclusions

The sorption properties of the Na-form of Transcarpathian clinoptilolite with regard
to trace amounts of Ce(l1l) under dynamic conditions have been investigated. The optimal
sorption conditions are as follows: pH 8.0; flow rate of Ce(lll) solution with a
concentration of 0.5 ug'rmL™ — 5 mL-min™*; sorbent grain diameter — 0.20-0.31 mm. When
using Tris buffer and urotropin buffer solutions (pH 8.0), the sorption capacity of the
Na-form of clinoptilolite is significantly decreased. The maximum sorption capacity is
found in uncalcined samples of Na-clinoptilolite with respect to Ce(lll) — 34.5 mg-g™,
which exceeds the sorption capacity of the natural and H-forms of this zeolite by 5.4 and
5.9 times, respectively.

The ability of the Na-form of Transcarpathian clinoptilolite to sorb both low and
high concentrations, its high sorption capacity give reason to propose this sorbent for the
concentration of Ce(lll) ions in solid-phase extraction mode at the stage of water
preparation for analysis, as well as for the removal of Ce(lll) ions from technological
solutions.
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Metoan  BH3HAYEHHS  PiOKICHO3EMEIBHHUX  EIIEMEHTIB  31e0uIhIIoro  moTpeOyroTh

HOTIEPeIHBOT MTiITOTOBKHK 3pa3KiB, siKa OXOILTIOE KOHILCHTPYBaHHSI, PO3/IIJICHHS Ta BUIyYCHHS METaliB
3 TNPUPOJHMX OO €KTIB 1 TEXHONOriYHMX po3uuHiB. OmHUM i3 CIOcoOiB BHpIMIEHHS NpoOiIeM
MirOTOBKK 3pa3KiB Ul aHalizy € MeToh TBepAoda3HOi eKCTpakiil 3 BHKOPHCTAHHAM DPi3HHUX
COpOeHTIB, 30KpeMa MPHUPOAHUX IieouiTiB. HalimommupeHinmM 13 MPUPOAHUX IICOJITIB €
3aKapHaTChbKUil KIMHOMTHIIOMNIT.
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Jocnimpkeno copOmiiHi BractuBocTi Na-hopMu 3akapnaTcbKOro KIMHONTHIONITY CTOCOBHO
crnigoBux kinpkocreit Ce(lll) y nuHamiuanx ymoBax. BusnadeHo onrtumanbHi ymoBu cop6uii Ce(l11)
3aJIe)KHO BiJ KOHIEHTpamii comi nepiro, pH po3unny Ta TemrepaTypu monepeHboro NpoxXapioBaHHs
copbenry. Jlns 3abesmedeHHs ctanocti pH momimbHO 3actocoByBatu OydepHuit posumH. Lle
MOJIMIIYE METPOJIOTIYHI XapaKTePUCTHKH KOHIEHTPYBAaHHS, a TaKOX 3MEHIIYEe BIUIUB PIi3HUX
JOMIIIOK Ha MpOLEC KOHLEHTPYBAHHS, OCKUIBKM 3a0e3leuye cTaly WHOHHY CHIY pPO3YMHY.
AmnpoboBaHo Tpuc-OydepHuil po3unH Ta ypoTtpomiHoBui Oydepuuii pozums 3 pH 8,0. Onmak
BUKOPUCTaHHS IMX OydepHMX pO3YMHIB TIPHU3BENIO JO 3HIWKEHHSA CcOpOLiHHOI 3JaTHOCTI
Na-kmunontiiosity crocopHo Ce(ll1).

OntumaneHi ymoBu copObuii Taki: pH 8,0; mBuakicte mpomyckanHs posuuny Ce(II) 3
KoHIeHTpamniero 0,5 Mxr/min — 5 mi/xB; giameTp 3epeH copbenty — 0,20-0,31 mm. MakcumasbHe
3HAYCHHS COpPOMIMHOI €MHOCTI NHPOSIBISIOTH HEMpOXapeHi 3pasku Na-KIMHONTHIONITY CTOCOBHO
Ce(lll) — 34,5 Mr/r, WO NEpEBHILYE 3HAYEHHS COPOILIHHOI eMHOCTI mpupoaHoi Ta H-popmu 1mporo
neomity B 5,4 Ta B 5,9 pasu, BiImoBiaHO.

3natHicTh Na-popMu 3akapmaTchbKOTO KIMHONTHIIONITY COpOYBaTH SIK HHU3BKi, TaKk i BHCOKI
KOHIICHTpaIlii, HOoro BHCOKa COpOIliifHa €MHICTh NAlOTh MiJCTaBy MPOIOHYBATH I COPOCHT s
koHnentpyBanHs ioHiB Ce(Ill) B pexxumi TBeprodazoBoi ekcrpamii Ha cTajil MATOTOBKH BOJX IO
aHanizy, a Takox U1 BuutydeHHs ioHiB Ce(11I) 3 TeXHOIOTTYHNX pO3YHHIB.

Kniouosi  cnosa: copbuist, Na-kmuHonTmnomit, TtBepaodazoBa ekcrpakmig, nepii(Ill),
mpoOOMiArOTOBKA.
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