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The spectrophotometric method using thoron was optimized to determine the breakthrough
point of lithium during its sorption on Transcarpathian clinoptilolite. The selectivity of this method
towards zeolite cations was investigated. The results show that Na*, K*, Mg®*, Ca®*, AI**, and Fe**
ions which are present in clinoptilolite do not interfere with Li+ determination in the analyzed model
solutions.

The sorption properties of natural Transcarpathian clinoptilolite towards trace amounts of
lithium in aqueous solutions were studied. The findings indicate that this natural aluminosilicate can
be used as a sorbent in solid-phase extraction. The most effective sorption occurs from solutions at
pH 6.5 using pre-fired at 350 °C clinoptilolite samples. Under optimal conditions, the sorption
capacity of clinoptilolite towards lithium is 538 pg/g.
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1. Introduction

Lithium is a typical alkali metal with a wide range of applications. Primarily, it is
used in industry as a chemical power source in lithium-ion batteries, notably in electric
vehicles [1-4]. Additionally, lithium is used in the production of specialized glass,
ceramics, refrigerants, chemical reagents [5-9], and psychotropic drugs [10].

To meet the growing demand for lithium, an increment of production is necessary.
Lithium is primarily extracted from natural sources, including ores (lepidolite, spodumene,
petalite, amblygonite) [7], brine from salt lakes, seawater, and geothermal waters [5].
Lithium extraction from aqueous sources is generally more environmentally sustainable and
cost-effective compared to mineral extraction. However, the range of selective methods for
determining trace amounts of lithium remains relatively limited. Given the low
concentrations of lithium in natural waters and most industrial solutions, developing
efficient methods for concentrating lithium and recovery is essential.

In lithium analytical chemistry, various types of sorbents are utilized for sorption. For
instance, manganese oxide with a spinel structure is commonly employed for the efficient
extraction of lithium from seawater and brine. Manganese oxide-based materials exhibit high
selectivity for lithium and significant adsorption capacity in a weakly alkaline environment (pH
of seawater ~8), in the presence of alkali and alkaline earth metal ions [5, 7, 11-17].
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Additionally, specially designed resins, aluminum composites, and inorganic ion
exchangers [7, 18], as well as synthesized sorbents based on tin, antimony, dioxides based
on titanium and zirconium [19], mixed oxides of titanium, and iron, titanium and
chromium, arsenate of titanium and magnesium and thorium [20], along with synthetic
zeolites [1, 21, 22], can also effectively serve this purpose.

Natural zeolites are effective sorbents for alkali metals in aqueous solutions [23-26];
however, their sorption properties towards lithium remain poorly studied. The processes of
Li* cation sorption (via ion exchange) on natural phillipsite and its Na-form have been
investigated. It was found that Li* in the phillipsite matrix is coordinated with two
structural oxygen atoms and two water molecules [27]. The authors of [23] studied ion
exchange equilibria involving Li* ions on Na-forms of clinoptilolite. It was shown that the
sodium form of clinoptilolite, a sodium-potassium mineral in its natural state, exhibits
increased selectivity for Li* cations. Acid-modified clinoptilolite has been used to extract
Li* ions from aqueous solutions of its salts (LiCl, LiNO;, CH;COOLIi) [24]. Polish
scientists [1] studied the sorption properties of Transcarpathian clinoptilolite toward high
concentrations of Li* (10 mg/ml) under static conditions. It was found that clinoptilolite
sorbs Li* ions most effectively from neutral solutions. The possibility of using natural
clinoptilolite in combination with polyacrylic acid for lithium extraction from geothermal
water has also been demonstrated.

The goal of our research is to investigate the sorption properties of natural
Transcarpathian clinoptilolite to trace amounts of lithium in aqueous solutions and to explore the
potential of using this natural aluminosilicate as a sorbent in solid-phase extraction.

2. Materials and experimental procedures

The clinoptilolite employed was from the deposit near the village of Sokyrnytsa in
the Ukrainian Transcarpathian region. Analysis showed that the main component was
present to the extent of 85-90 %. The specific surface area of this clinoptilolite has already
been established as 59.0 m? [28]. The chemical composition of this zeolite in the oxide
form was found to be (in %): SiO,, 67.29; TiO,, 0.26; Al,0s3, 12.32; Fe,03, 1.26; FeO, 0.25;
MgO, 0.99; Ca0, 3.01; Na,0, 0.66; K,0, 2.76; H,0, 10.90 [29].

All solutions were prepared using double distilled water and high-purity reagents.

A standard Li(I) salt solution with Cy;; = 1.0 mg/ml was prepared by dissolving a
portion of lithium sulfate in water. A working solution of Li(I) with Cy;i) = 0.5 pg/ml was
prepared by diluting the standard.

The pH of Li(l) solutions was adjusted to the desired value by adding 0.1 M NaOH
and 0.1 M H,SO, solutions. The pH was monitored using a pH meter 150 M with a silver
chloride reference electrode, accurate to + 0.05 pH units.

The sorption properties of clinoptilolite for Li(l) ions were studied under dynamic
conditions in solid-phase extraction mode. A peristaltic pump was used to pass the Li(l)
solution through a concentrating cartridge filled with the sorbent at a flow rate of 3 ml/min.
The sorbent had a granule diameter of 0.200-0.315 mm. The research method under
dynamic conditions is described in detail in [30].

Most of the existing spectrophotometric methods lack the analytical characteristics
required to accurately determine the lithium breakthrough point. One of the most sensitive
methods for lithium determination is the spectrophotometric method using thoron, which
enables the detection of this rare alkali metal at concentrations as low as 0.05 pg/ml [31, 32].
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However, when studying the sorption properties of clinoptilolite under dynamic
conditions, the method used to determine the breakthrough point must be selective for
zeolite cations Na*, K*, Mg?*, Ca®*, AI**, and Fe** ions, as these ions can leach from the
zeolite matrix and interfere with the analytical signal. Therefore, the selectivity of lithium
determination using thoron was investigated towards alkali and alkaline earth metal cations,
and AI** and Fe" cations. During these studies, the concentration of interfering metal ions
gradually was changed until a relative error of Li* determination did not exceed 10 %,
based on the optical density value. The results of the selectivity study are presented in the
table.

Maximum permissible concentrations of excess foreign metal ions for spectrophotometric
determination of Li(l) using Thoron (T i) = 0.2 pg/ml, Trperon = 560 pg/ml, 1=1.0 cm,
Amax = 490 nm, 2-propanone = 70 vol %)

Metal Cwve/C Metal Metal
. . Cwme/Cli . Cme/Cli
ion Li ion ion
Na* 20 Mg 30 Al 30
K* 20 ca®* 20 Fe® 15

The obtained results show that Na*, K*, Mg®*, Ca?*, AI**, and Fe*" ions, which are
present in clinoptilolite, do not interfere with the determination of Li+ in the analyzed
model solutions. Since the permissible concentrations of these ions in the mother liquors
obtained during the sorption of Li* ions do not exceed the values presented in the table, the
highly sensitive spectrophotometric method for lithium determination can be used to
determine the breakthrough point of this alkali metal.

Li(1) determination method

In a 25 ml flask, add 0.5 ml of a 20 % potassium hydroxide solution, 17.5 ml of
propanone, 0.7 ml of a 0.2 % thoron solution, and the Li(l) solution. Bring the volume to
25 ml with water. Measure the optical density of the solution at Ay, = 490 nm against a
reference solution (path length = 1.0 cm) using a ULAB-102 spectrophotometer. For
selectivity studies, add standard solutions of Li(l) and a foreign metal ion to achieve the
desired concentration of the foreign metal ion, and bring the volume to 25 ml with water.

3. Results and discussion

The results of the study on the sorption of Li(l) ions onto clinoptilolite in solutions
of varying acidity are presented in Fig. 1.

The results demonstrate that Li* ion sorption occurs in the pH range from weakly
acidic, neutral, and weakly alkaline conditions, with the maximum sorption capacity being
achieved at pH 6.5. A noticeable increase in the sorption efficiency of clinoptilolite is
observed with an increasing pH of weakly acidic solutions. This trend is closely correlated
with the noticeable increase in the negative zeta potential of Transcarpathian clinoptilolite
with an increasing pH of weakly acidic suspensions of this natural aluminosilicate [33].
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Fig. 1. The dependence of the sorption capacity of natural clinoptilolite on the pH
of the Li(l) salt solution (Cyjjy = 0.5 pg/g; clinoptilolite grain diameter 0.200-0.315 mm)

The surface charge of zeolites is usually the result of protonation or deprotonation of
hydroxyl groups, since pH controls the surface charge of the particle, and, therefore, the
zeta potential, through such mechanisms [34]:

SIOH; = SiOH & SiO",
+H" +H?
AIOH; & AIOH & AlO".
+H" +H"

It is known that the surface OH-groups of clinoptilolite are sorption-active centers of
metal ions [26, 28, 33, 35-40]. Usually, metal cations are sorbed more efficiently from
solutions in which the dissociation of hydroxyl groups occurs with the elimination of H™ on
the surface of the mineral grains. However, the zeta potential of zeolites depends not only
on the pH but also on the ionic strength of the suspension and the Al content in the
framework [34, 35]. Increasing the concentration of Al atoms shifts the isoelectric point to
lower pH values, which is explained by the higher acidity of Al [34]. Another possible
explanation for this effect is that the bridging hydroxyl groups (Si—-OH-AI) on the zeolite
surface can be easily deprotonated with the formation of Si—O" in a wide pH range, which
makes the surface more negatively charged. Decreasing the Si/Al ratio counteracts the
protonation of silanol groups in acidic solutions, leading to an isoelectric point shift to
lower pH values [34]. In the pH range from 2 to 13, the clinoptilolite surface remains
negatively charged due to the dissociation of hydroxyl groups [35]. Therefore, clinoptilolite
can sorb metal ions even in a solution with a low pH value. Since Transcarpathian
clinoptilolite belongs to the calcium low-silicon variety of clinoptilolites (Si/Al = 4.4) [26],
in which the Al content is relatively higher compared to high-silicon varieties of
clinoptilolite, the sorption of cations of individual metals, including Li* cations, on this
domestic natural zeolite can occur in solutions with increased acidity. The authors [1] also
attribute the increased sorption capacity of Transcarpathian clinoptilolite towards Li* ions
under static conditions in weakly acidic and neutral solutions, with increasing pH, to the
increase in the content of negatively charged groups on the zeolite surface.

Figure 1 shows that the sorption capacity of clinoptilolite decreases in neutral and
weak alkaline solutions with increasing pH. According to [33], the negative zeta potential of
Transcarpathian clinoptilolite remains practically unchanged in neutral and weakly alkaline
solutions. However, in weakly alkaline and alkaline solutions, compound LiOH is formed.
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Since lithium hydroxide (K, = 6.8:107, pK, = 0.17) is a weaker base compared to
hydroxides of other alkali metals, a significant portion of lithium exists in the undissociated
molecular form, LiOH, in alkaline solutions. Given that the coordination number of Li*
ions is 4, hydrated Li(H,0,)" cations predominate in weakly acidic solutions. This means
that at the same total concentration of dissolved lithium, the fraction of lithium in the ionic
form is significantly lower in alkaline solutions compared to acidic solutions. It is known
[1, 23-25, 27] that the sorption of Li(l) by natural zeolites occurs via a cation exchange
mechanism. In alkaline solutions, a significant portion of Li(l) exists in the molecular form
of LiOH, which cannot be sorbed by ion exchange, likely leading to a decrease in the
sorption efficiency of clinoptilolite for Li(l) in solutions with pH > 7.

Thus, it is clear that Li(l) sorption occurs within a narrow pH range in weakly acidic
solutions, with the maximum sorption capacity achieved at pH 6.5. Therefore, for further
studies, a Li(I) solution with pH 6.5 was used.

The sorption properties of Transcarpathian clinoptilolite are significantly influenced
by its preliminary thermal treatment [28, 33, 35-38]. Therefore, clinoptilolite samples,
washed with distilled water, were subjected to thermal treatment for 2.5 hours at various
temperatures. After cooling in a desiccator, their sorption capacities towards Li(l) were
determined under dynamic conditions. The results are presented in Fig. 2.
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Fig 2. The dependence of the sorption capacity of clinoptilolite on the temperature of the previous
treatment (Cpiq) = 0.5 png/g; pH 6.5; diameter of sorbent grains — 0.200-0.310 mm)

Figure 2 demonstrates that clinoptilolite samples pre-calcined at 350 °C exhibit the
highest sorption capacity for Li* ions, reaching 538 ug/g. We attribute this to the fact that
samples of Transcarpathian clinoptilolite calcined at this temperature have the highest
specific surface area (86 m?/g) [38]. A slight change in the sorption capacity is observed for
clinoptilolite samples calcined in the low-temperature region. In the process of thermal
desorption of water from the surface of Transcarpathian clinoptilolite during low-
temperature calcination, three stages are distinguished [37].

The first stage involves the removal (evaporation) of the surface film of liquid water.
The temperature range of this stage is limited to temperatures < 100 °C. In this range, a
small fraction of moisture bound to the zeolite is released (within 1-2 %). The second
stage, whose temperature range is 80 (100)-180 °C, makes a decisive contribution to the
thermal desorption process. This stage is associated with the removal of capillary-bound
water from mesopores and capillaries. At this stage, 73—75 % of zeolite water is released.
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The third stage of the thermal desorption process, which corresponds to the temperature
range > 180 °C, is associated with the removal of water adsorbed with active centers of the
zeolite surface [37]. During dehydration, cations of the clinoptilolite exchange complex
migrate along cationic positions and, probably, also affect the sorption properties of the
zeolite [40].

We attribute the decrease in the sorption capacity of clinoptilolite calcined at
temperatures > 400 °C not only to the decrease in its specific surface area but also to the
processes of amorphization of this zeolite. At such temperatures, the natural form of
Transcarpathian clinoptilolite begins to amorphized [35]. The lack of Li(l) sorption by
clinoptilolite samples calcined at 600 °C is probably due to both the amorphization of the
zeolite and the processes of deep surface dehydroxylation at such high temperatures, as
mentioned in [35].

4. Conclusions

The method of determining the slip moment for assessing the sorption properties of
Transcarpathian clinoptilolite for Li(l) was optimized, and its selectivity was studied.

The sorption properties of natural Transcarpathian clinoptilolite for trace amounts of
lithium in aqueous solutions were investigated and it was found that this natural
aluminosilicate can be used as a sorbent in the solid-phase extraction method. The most
effective sorption occurs at pH 6.5 and a pre-calcination temperature of zeolite 350 °C and
is 538 pg/g.

Si(IV) ue BruuBae Ha edektuBHicTh copouii Sc(Ill). Ile cBiguuTh mpo Te, 1O 3
TaKAX PO3YMHIB MOXXKHAa KOHIEHTPYBATH 1 BmiydatH cmigoBi kimbkocti Sc(Ill) i,
BignoBigHo, posgumita Sc(Ill) Ta Si(IV). 3a Bumux BwmictiB Si(IV) B pozumHax
YHEMOJKJIMBITIOBABCS TIporiec Qikcamii MomeHTy npockakyBaHHs Sc(I1I).
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COPBLIA IOHIB JITIIO 3 BOJHHUX PO3YHNHIB
HA 3AKAPITATCBKOMY KJIIMHOITUJIOJITI
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OpepsxaHHs JITIFO 3 BOJHHUX PECYPCIB € EKOJOTIYHO W EKOHOMIYHO JOITBHIIINM, SKIIO
HopiBHIOBaTH 3 MiHepatamu. OJHaK iCHye OOMeXeHa KiTbKICTh CEJCKTHBHUX METOMIB BH3HAYCHHS
CJIiZIOBUX KiNbKOCTEH JiTito. OCKIJIBKM B MPUPOJHUX BOJAAX Ta OLIBIIOCTI TEXHOJOTIYHUX PO3UHMHAX
JITIA MICTHTBCS Y HE3HAYHUX KUTBKOCTSAX, aKTYaJIbHAM € PO3POOJICHHSI METOIB KOHLIEHTPYBaHHS Ta
BUITyY€HHS IIbOTO METaIy.

OnTHMi30BaHO CIIEKTPOPOTOMETPHIHY METOIUKY 3 BUKOPHCTAHHSIM TOPOHY AJIS BH3HAUCHHS
MOMEHTY MPOCKAaKyBaHHS JIITiIO IiJ] Yac fioro copOuii Ha 3aKaprnaTchbKOMY KJIMHONITHIIONITI.

JlocmipKkeHo CeNeKTHBHICTh Ii€]l METOAWKH CTOCOBHO KaTiOHIB, IIO MOXKYTh BUMHBATHCS 3
IIEOJTITHOI MATPHIIi 1, BiJIIIOBIIHO, BIUIMBATH HA aHATITHYHUN CUTHAI. Pe3ynbTaTu CBiI4aTh, 110 10HU
Na*, K*, Mg2+, Ca2+, A|3+, Fe3*, SIKi MICTATBCS Y KIIMHOITHIIONITI, HE 3aBAYKAIOTh BH3HAYCHHIO Li* B
aHaNI30BaHUX MOJCIBHHUX PO3UMHAX.

BuBueHo copOwWiiiHi BIAaCTUBOCTI HPHPOIHOTO 3aKapHaTChbKOTro KIMHONTHIONITY IIOA0
CIIOBUX KUTBKOCTEH JITiI0 Y BOJHHX PO3YMHAX Ta 3°SICOBAHO, IO LEH MPUPOIHUN aTFOMOCHIIIKAT
MOXKHa BHKOPHCTOBYBAaTH K COpOGHT y MeTohi TBepaoda3oBoi ekcrpakmii. HaiiedekruBHime
copOuis BinOyBaeThes 3 po3umHiB 3a pH 6,5 3pazkamu KIIMHONTHIIONITY, TTONIEPETHBO MPOKAPEHUMHU
3a temrepatypu 350 °C. 3a onTEMaNBFHIX YMOBaX cOpOIiifHa €eMHICTh KIMHONITHJIONITY CTOBHO JIITiO
CTaHOBHTH 538 MKI/T.

Kiouoei cnoea: copbuis, TBepaoda3oBa EKCTPAKILs, JiTi, NPUPOTHHUN KIMHOITHIONIT.
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