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Abstract
Sorptive properties of Transcarpathian clinoptilolite towards trace amounts of Lu(III) were studied under dynamic con-
ditions. It is shown that this lanthanide is sorbed from the weakly alkaline solution (рН 10) most efficiently. The sorption 
capacity of clinoptilolite under the optimal conditions is equal to 9.37 mg g–1. The distribution of various species of  
Lu(III) in aqueous solutions at various total concentration of the lanthanide in the pH range from 4 to 13 was calculated. 
The best desorbent of Lu(III) is the 1 mol L–1 solution of NaCl, preacidified with the solution of HCl to a value of рН 
4.0. This desorbent enables 95–100% of Lu(ІІІ) removal. The method of Lu(III) trace amounts preconcentration from 
aqueous samples in a solid phase extraction mode with the further determination of this rare earth element via the 
spectrophotometric method using arsenazo III was developed. The linearity of the proposed method was observed in the 
range of 1–12 ng mL–1 with the detection limit of 0.4 ng mL–1.
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1. Introduction
Nowadays lanthanides (Ln) are widely used in many 

innovative industrial processes: for the preparation of con-
stant magnets, catalysts, powerful lasers, magnetic alloys, 
and also in machine engineering, radioelectronics, chemi-
cal industry, nuclear power, cosmetology, and medicine.1–6 
That is why the wastes of these metals cause a danger of 
natural waters contamination, which can lead to a poten-
tial risk for the whole environment.

Unlike many other heavy metals, Ln are not consid-
ered the priority environmental contaminants. However, it 
is known that they cause negative consequences for the 
human health.7 That is why the determination of Ln in 
natural waters is important not only from the point of view 
of analytical chemistry, but also geochemistry, oceanogra-
phy, and natural science.8–12

Ln are present in natural objects in small quantities, 
so often the preliminary treatment of samples is applied 
for their determination, which in particular includes pre-
concentration, separation, and exclusion.13–16

The sufficient number of highly sensitive and selec-
tive methods of analysis for the detection and quantitative 
determination of Ln is not available. Among the available 
methods the sorption should be highlighted due to its sim-
plicity, high efficiency, and low cost. But in the last years 
the solid phase extraction method with the application of 
different sorbents has been widely used. This method is in 
demand even during the sample analysis with such selec-
tive and highly sensitive methods as atomic absorption 
and inductively coupled plasma.17

There are papers in which the sorption capacity of 
various nanomaterials (namely metallic, metallic and 
mixed oxide, magnetic, carbonaceous, silicon, and poly-
mer-based nanomaterials) as efficient sorbents for the 
preparation of samples before the bioanalysis was investi-
gated,18 as well as the hybrid nanoadsorbents based on 
SiO2 and highly stable nanoparticles γ-Fe2O3-SiO2, that do 
not behave as adsorptive materials, but function as crystal-
lization nuclei for rare earth elements (REEs) in the form 
of hydroxides.19
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Authors20 presented the results of Lu(III) accumula-
tion by the Gram-negative bacteria, and in paper21 the ad-
sorption of REE with the application of biosorbents was 
studied.

Natural zeolites are the perspective sorbents for the 
preconcentration of heavy metals.22–28 They are the oxide 
nanomaterials with the ordered structure,29–30 which can 
sorb trace quantities of substances, possess high sorption 
capacity and selectivity and are resistant to aggressive me-
dia.

The goal of this work is to study the sorptive proper-
ties of Transcarpathian clinoptilolite towards trace amou
nts of lutetium in aqueous solutions and to investigate the 
possibility of this natural sorbent application in a solid 
phase extraction method.

2. Materials and Methods
The clinoptilolite from the deposit in the village of 

Sokyrnytsia in Ukrainian Transcarpathia that contains 
85–90 % (mass fraction) of the main component was used 
for the analysis. Its specific surface area, determined by 
water sorption, is equal to 59 m2 g–1.31 The clinoptilolite 
formula in the oxide form (mass fraction) is as follows: 
SiO2 – 67.29%; Al2O3 – 12.32%; TiO2 – 0.26%; Fe2O3 – 
1.26%; FeO – 0.25%; MgO – 0.99%; CaO – 3.01%; Na2O – 
0.66%; K2O – 2.76%; H2O – 10.90%.32 According to litera-
ture33, the pattern of natural Transcarpathian clinoptilolite 
samples was indexed in a monoclinic lattice (space group 
C2/m) with the lattice parameters a=17.64 Å, b=17.90 Å, 
c=7.40 Å, β= 116.5°. Clinoptilolite samples are character-
ized with rather broad distribution of pores size with the 
radii values in the range of 1–18 nm with the clearly ex-
pressed maximum in the 2.2–2.4 nm range. The energy 
distribution function of water thermodesorption from the 
Transcarpathian clinoptilolite surface is described by an 
asymmetric curve with the maximum near 35 kJ mol–1.34 
The difference between the numeric values of sorption 
characteristics of specific clinoptilolite samples taken from 
the same batch of sorbent was between 2–3%. If the zeolite 
samples were used from different batches, then the results 
of sorption investigations differed less then by 5%. During 
the implementation of the experimental part of this article 
the zeolite samples from the same batch were applied.

All reagents were of analytical grade. Standard aque-
ous solutions of lutetium nitrate (concentration was 1.0 
mg mL–1) were prepared by dissolving the metallic luteti-
um (99.9% purity) in nitric acid (1:1). The working solu-
tions of Lu(III) were prepared by the dilution of the stand-
ard solution. The 0.05 % solution of Sulfarsazene was pre-
pared using 0.05 mol L–1 aqueous solution of Na2B4O7, all 
other reagent solutions – using bidistillate.

The sorption properties of clinoptilolite towards 
Lu(III) were studied with the dynamic method in a solid 
phase extraction mode. The solution of Lu(III) salt was 

passed through a cartridge for preconcentration filled with 
the sorbent using the peristaltic pump at a flow rate of 5 
mL min–1. The clinoptilolite with a grain size of 0.20–0.31 
mm was used. The investigation techniques under dynam-
ic conditions are described in detail in paper.35 The pas-
sage point of lutetium(III) was registered spectrophoto-
metrically using the reaction that leads to a formation of 
orange complex of lutetium(III) with Sulfarsazene. Sulfar-
sazene changes its color from yellow to orange starting 
from the lutetium(III) concentration of 100 ng mL–1. This 
gave the opportunity to determine the passage moment of 
Lu(III) using the DR/4000V (HACH) spectrophotometer 
at 540 nm.

The desorption of Lu(III) preconcentrated on clinop-
tilolite was carried out by passing 10 mL of a desorbent 
solution through the preconcentration cartridge with a 
flow rate of 0.5 mL min–1. The eluate was collected in a 10 
mL volumetric flask. As preacidified solutions of alkali 
metals are the efficient desorbents of Lu(III) from clinop-
tilolite, then the solutions obtained after the desorption of 
Lu(III) contain much higher concentration of metals that 
are constituents of the sorbent than the matrix solutions 
obtained after Lu(III) sorption on clinoptilolite. That is 
why the selectivity of Lu(III) spectrophotometric determi-
nation with Sulfarsazene proved to be not enough during 
the analysis of eluates obtained after the desorption of 
Lu(III). So, in order to determine the content of desorbed 
Lu(III) in a solution, the spectrophotometric technique 
based on arsenazo III was applied that despite being less 
sensitive is much more selective than the technique with 
the application of Sulfarsazene. In order to eliminate the 
interfering influence of metal ions that are washed from 
the zeolite by the desorbent, the Rochelle salt (С4Н4О6K-
Na × 4H2O), ascorbic acid, and sulfosalicylic acid were 
additionally added to the system. The solutions absorb-
ance was measured at λ  =  650 nm on the DR/4000 V 
(HACH) spectrophotometer.

2. 1. �Method of Lu(ІІІ) Spectrophotometric 
Determination with Arsenazo III
2 mL of just-prepared 1% solution of ascorbic acid 

were added to 10 mL of the investigated solution (рН~1). 
After 2 min 4 mL of 5 % sulfosalicilic acid solution, 1 mL 
of 0.05 mol L–1 EDTA solution, 2 mL of 5% potasium-so-
dium tartrate solution, 1 mL of the formic buffer solution 
with рН 3.5, 4 mL of 0.05% arsenazo ІІІ solution were 
mixed and the pH value was adjusted to 2.6  ±  0.1, then 
transferred to a 25.0 mL volumetric flask, mixed and the 
absorbance of the colored solution was measured at 
λ = 650 nm. As a blank the solution was used that contains 
all components except Lu(III) (the solution of „idle” ex-
periment).

In order to build the calibration graph a certain 
amount of Lu(III) standard solution was poured instead of 
the investigated solution considering that concentrations 
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of Lu(III) in final solutions are equal to 0.1; 0.2; 0.4; 0.6; 
0.8; 1.0; 2.0 µg mL–1.

The sorption and desorption studies were conducted 
at a temperature of 20±1°С. Sorbent for the preconcentra-
tion cartridge was prepared as follows: the natural Tran-
scarpathian clinoptilolite was grained in a ball-mill; a zeo-
lite fraction with a grain size of 0.20–0.30 mm was taken, 
washed with distilled water and dried at room temperature 
to air-dry condition. To prepare the preconcentration car-
tridge the amount of the prepared sorbent of 0.6  g was 
used. Clinoptilolite samples were calcinated at the respec-
tive temperature for 2.5 h in a drying oven WSU 200 (Ger-
many) and muffle furnace SNOL 7.2/1100 (Lithuania). 
The sorbent was cooled in a desiccator.

3. Results and Discussion
The sorption of Lu(III) on clinoptilolite depending 

on the solution acidity was studied (Fig. 1). The necessary 
pH values of lutetium salt solutions were adjusted by add-
ing the diluted solutions of NaOH or НNO3. The results 
obtained prove that Lu(ІІІ) is sorbed most efficiently from 
the weakly alkaline solutions. On the curve showing this 
dependence a clear maximum at pH 10.0 is observed.

Fig 1. Dependence of sorption capacity of clinoptilolite towards 
Lu3+ ions on the pH value of the aqueous solution under dynamic 
conditions. С(Lu3+) = 1.0 µg mL–1.

It was established that the sorption capacity of Tran-
scarpathian clinoptilolite depends on the concentration of 
Lu(III) in the solution (Table 1). Probably, different sorp-
tive capability of the zeolite towards low and high concen-
trations of Lu(III) is due to the different ability to form 
hydroxo-complexes at low and high concentrations.

It is known26, 31, 33 that mainly the surface OH-groups 
of Transcarpathian clinoptilolite are the sorption-active 
centers towards heavy metal ions. In our opinion, such 
mode of Lu(III) sorption process is caused by the chemical 
peculiarities of clinoptilolite surface and by existing forms 

Table 1. Dependence of the sorption capacity of clinoptilolite to-
wards Lu(III) on the concentration (clinoptilolite thermally activat-
ed at 50 °C; time of heat treatment – 2.5 h; pH of Lu(III) solutions = 
10.0)

	 Concentration of	 Sorption capacity of clinoptilolite
	 Lu(III), µg mL–1	 towards Lu(III), µg g–1

	 0.25	 6395
	 0.5	 6545
	 1.0	 9365
	 2.0	 6915
	 5.0	 2750
	 10.0	 1400

of Lu(III) in aqueous solutions at different pH. The disso-
ciation of surface hydroxo-groups of the sorbent that first 
of all are responsible for heavy metals sorption from solu-
tions, is almost completely inhibited at low pH values, 
which is the reason for the small value of clinoptilolite 
sorption capacity towards Lu(III). It is known that anionic 
forms are not sorbed on the zeolite, that is why the sorp-
tion capacity of clinoptilolite at high pH values is low. At 
the same time, on increasing pH from 3.0 to 10.0 the dis-
sociation of surface OH-groups enhances and at the same 
time the sorption value increases and Lu(ІІІ) species in the 
solution changes too.

Nowadays the hydrolysis of Lu(III) is studied poorly. 
We have calculated the distribution of Lu(III) in aqueous 
solutions in the рН range from 4 to 13 at different total 
concentrations of the metal ion (Fig. 2, 3; Tables 2, 3).

The system of equations that describes equilibria of 
Lu(III) hydrolysis is the following:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

During the calculations it was assumed that total neu-
tral hydroxide Lu(OH)3 (if it is actually formed) exists in a 
solution and the formation of a solid phase is not observed.
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As it was not clear if the formation of Lu(OH)3 takes 
place or not (is the Ks condition fulfilled), then the solu-
tion of equations system was carried out in two stages.

At first it was assumed that the condition of Lu(OH)3 
formation is not fulfilled, so the equilibrium state was cal-
culated assuming that [Lu(OH)3]  =  0. At this stage the 
equilibrium concentration of Lu3+ form were found for 
each pH value. Then the condition of the neutral hydrox-
ide formation ([Lu3+]∙[OH–]3 ≥ Ks) was checked for each 
pH value. If the condition was fulfilled, the solution of 
equations system was carried out taking into considera-
tion the expression for Ks and the equilibrium concentra-
tion of Lu(OH)3 was also determined. The averaged values 
of constants found at low ionic strength of the solution 
were used for this purpose.36–40

Fig 2. Dependence of the Lu(III) species fraction on pH, concentra-
tion of Lu(III) is 1.43∙10–6  mol  L–1: 1 – Lu3+, 2 – LuOH2+, 3 – 
Lu(OH)2

+, 4 – Lu(OH)3, 5 – Lu(OH)4
–

Table 2. Dependence of the Lu(III) species fraction on pH, concen-
tration of Lu(III) is 1.43∙10–6 mol L–1

Fraction	 рН ranges*	 рНmax	 Wmax, %

Lu3+	 ... – 8.64  	 <4.66	 100
LuOH2+	 5.30 – 9.31	 7.85	 43.6
Lu(OH)2

+	 6.79 – 10.40	 8.40	 66.0
Lu(OH)3	 8.41 – ...	 10.25–11.56 (>99 %)	 99.6
Lu(OH)4

–	 11.00 – ...	 13.0	 25.9
Lu(OH)5

2–	 12.00 – ...	 13.0	 0.554
Lu(OH)6

3–	 12.34 – ...	 13.0	 1.03 ∙ 10–2

* – extreme рН values correspond to 1% of species maximum

Summarizing the obtained results regarding the for-
mation and distribution of Lu(III) forms, the following 
conclusions can be made:

1.	 The рН range where the neutral form Lu(OH)3 
dominates depends significantly on the total concentra-
tion of a metal – the higher it is the wider are the limits of 
its occurence (Fig. 4).

Fig 4. Dependence of the fraction of Lu(OH)3 on pH, 1 – CM = 1.43 
· 10–6 mol L–1, рН > 8.41; 2 – CM = 5.71 · 10–6 M, рН > 8.03

2.	 Among the anionic forms only the species 
Lu(OH)4

– is formed. The contribution of other ions into 
the pH-distribution of the metal (Lu(OH)5

2–, Lu(OH)6
3–) 

is negligible.

Fig 3. Dependence of the Lu(III) species fraction on pH; concentra-
tion of Lu(III) is 5.71∙10–6 mol  L–1: 1  – Lu3+, 2 – LuOH2+, 3 – 
Lu(OH)2+, 4 – Lu(OH)3, 5 – Lu(OH)4

–.

Table 3.  Dependence of the Lu(III) species fraction on pH; concen-
tration of Lu(III) is 5.71 ∙ 10–6 mol L–1

Fraction	 рН *	 рНmax	 Wmax, %

Lu3+	 ... – 8.44  	 <4,66	 100
LuOH2+	 5.30 – 9.01	 7.85	 43.6
Lu(OH)2

+	 6.67 – 10.02	 8.02	 39.9
Lu(OH)3	 8.03 – ...	 9.64–12.18 (>99 %)	 99.9
Lu(OH)4

–	 11.00 – ...	 13.0	 6.49
Lu(OH)5

2–	 12.00 – ...	 13.0	 0.139
Lu(OH)6

3–	 12.34 – ...	 13.0	 2.59 ∙ 10–3

* – extreme рН values correspond to 1 % of species maximum
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3.	 Till рН 4.66 metal remains in the form Lu3+. 
Then its fraction decreases drastically and after рН 8.44–
8.64 (depending on СM) this form disappears.

4.	 рН-dependencies of other cathionic forms 
(LuOH2+, Lu(OH)2

+) have a shape with a pronounced 
peak. рН ranges of this species are narrower in compari-
son with the others. pH values that correspond to the max-
ima of these species are close.

Under the optimal sorption conditions (pH 10.0) 
trace amounts of Lu(III) usually exist in the soluble hy-
drolyzed form Lu(OH)3 (Fig. 2, 3). So, the sorption of 
Lu(III) on Transcarpathian clinoptilolite takes place un-
der such conditions through the adsorption of the solu-
ble neutral Lu(III) hydroxide on the aluminosilicate sur-
face. Under the optimal conditions of sorption (рН 10.0) 
trace amounts of Lu(III) mainly exist in the hydrolyzed 
form Lu(OH)3 (Fig. 2, 3; Tables 2, 3). So, the sorption of 
Lu(III) on Transcarpathian clinoptilolite under such 
conditions mainly takes place through the adsorption of 
the soluble neutral Lu(III) hydroxide on the aluminosili-
cate surface.

In the solutions with pH in the range 8–10 trace 
amounts of Lu(III) remain in a soluble hydrolyzed form 
Lu(OH)3, as well as in cationic forms Lu3+, LuOH2+ and 
Lu(OH)2

+ (Fig.  2, 3; Tables 2, 3). That is why Lu(III) is 
sorbed from such solutions on clinoptilolite either via the 
adsorption of soluble neutral Lu(III) hydroxide on the 
clinoptilolite surface or via the ion-exchange mechanism.

The weakly alkaline (pH 8), neutral and weakly acid-
ic solutions of Lu(III) trace amounts do not contain the 
hydrolyzed form Lu(OH)3. In such solutions Lu(III) exists 
only in the cationic forms (Fig. 2, 3; Tables 2, 3). That is 
why the sorption of Lu(III) on clinoptilolite from such 
solutions is carried out through the ion-exchange mecha-
nism. However the sorption capacity of clinoptilolite to-
wards Lu(III) under such conditions is considerably lower 
in comparison with the optimal conditions, that is when 

the sorption of Lu(III) is carried out from solutions with 
pH 10.0 (Fig. 1).

It is known, that sorptive properties of Transcar-
pathian clinoptilolite depend significantly on its prelimi-
nary thermal treatment.22–26, 31, 33, 41

Natural clinoptilolite samples washed with distilled 
water were heated at different temperatures for 2.5 h, and 
after cooling in a desiccator their sorption capacity to-
wards Lu(III) ions was determined. The obtained results 
are presented on Fig. 5, where it can be seen that the pre-
liminary calcination of the clinoptilolite natural form in 
the temperature range 50–150  °С causes the increase of 
sorption capacity towards Lu(III). According to40 in this 
temperature range the elimination of the physically ad-
sorbed water from the clinoptilolite surface takes place.

Authors41 indicated that in the hydrated zeolite the 
water molecules can form cyclic hexamers using hydrogen 
bonds which are stabilized with oxygen atoms of the zeo-
lite frame. That is why in such form the molecules of water 
do not have free OH-groups. At temperature³ 200 °C dur-
ing the beginning of ligand water desorption the partial 
destruction of hydrogen bonds takes place, that is the de-
struction of the cyclic hexamer, and because of that the 
free ОН-groups appear in that part of destructed hexamer, 
which remain bonded with the zeolite frame. In paper43 it 
was investigated, that at 300 °C the partial transformation 
of clinoptilolite takes place at which the number of OH-
groups in the structure of the zeolite increases according 
to the scheme:

The increase of sorption efficiency of clinoptilolite 
samples calcinated in the temperature range 200–400 °С 
(Fig. 5) is due to the increase of surface ОН-groups of wa-
ter molecules, and also silanol groups (Si–OH). The sorp-
tive properties decrease in clinoptilolite calcinated at tem-
peratures ³500 ºС, in our opinion, can be explained by the 
processes of deep dehydroxylation of the zeolite surface 
and its amorphization at these temperatures, which was 
shown in paper.33

An important stage of the work was the search of ef-
fective desorbents for lutetium. For this purpose the acidi-
fied solutions of alkali metal salts and mineral acid solu-
tions were tested. The desorption results are given in Table 
4, testifying that the best desorbents of lutetium are the 
alkali metal solutions, acidified to рН 4.0.

Fig 5. Dependence of the sorption capacity of clinoptilolite towards 
lutetium(III) on thermal treatment
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Table 4. Desorption effectiveness of Lu(III) from clinoptilolite

	 Desorbent	 Desorption,
		   %

	1 mol L–1 RbNO3 (preacidified with HNO3 to рН 4.0)	 100
	1 mol L–1 NaCl (preacidified with HCl to рН 4.0)	 100
	1 mol L–1 KCl (preacidified with HCl to рН 4.0)	   98
	1 mol L–1 NaNO3 (preacidified with HNO3 to рН 4.0)	   75
	2.0 mol L–1 HNO3	   60
	2.0 mol L–1 HCl	   50

100  % desorption of Lu from clinoptilolite is 
achieved with the application of 1 mol  L–1 solution of 
RbNO3 and 1 mol L–1 NaCl preacidified to рН 4.0. These 
data confirm that Lu(III) sorption on Transcarpathian 
clinoptilolite takes place because of the adsorption of the 
hydrolyzed forms of Lu(III) on the zeolite surface. For the 
efficient desorption of lutetium sorbed on the zeolite sur-
face under optimal conditions the preliminary dissolution 
of its hydrolyzed forms with the transformation into the 
cationic form Lu3+ with further desorption mainly 
through the ion-exchange mechanism is needed. Such 
process is supplied by the acidified solutions of alkali met-
al salts (Table 4).

The influence of common ions from natural and 
waste waters on the preconcentration of lutetium(III) with 
clinoptilolite was investigated (Table 5). It is shown that 
the sorption of Lu(ІІІ) trace amounts on this natural sorb-
ent takes place on the background of main macrocompo-
nents of waters. Such contents of these cations do not in-
fluence on the maximum sorption capacity of clinoptilo-
lite towards Lu(III):

Table 5. The influence of common ions on the maximal sorption 
capacity of clinoptilolite towards Lu(ІІІ) (СLu(ІІІ)=1.0 μg mL–1)

	 Added ion	 Maximal ratio Сion/СLu(ІІІ)

	 Na+	 100
	 K+	   80
	 NH4

+	   30
	 Mg2+	      3
	 Ca2+	      3

So, the optimal conditions for Lu(III) sorption are as 
follows: temperature of the preliminary thermal treatment 
– 50  °С; zeolite grains size of 0.20–0.31 mm; pH – 10.0; 
flow rate of Lu(III) solution with the concentration of 
1.0 μg mL–1 – 5 mL min–1. The maximal sorption capacity 
of clinoptilolite towards Lu(III) is equal to 9.37 mg g–1.

The ability of Transcarpathian clinoptilolite to sorb 
trace amounts of Lu(III), its high sorption capacity, the 
presence of the efficient desorbent give a reason to propose 
this sorbent for the removal of Lu(III) ions from aqueous 
solutions and for the preconcentration of Lu(III) during 
the stage of waters preparation for the analysis.

The method of Lu(III) trace amounts preconcentra-
tion in a solid phase extraction mode with further deter-
mination of this REE by using the spectrophotometric 
method was proposed.

3. 1. Preconcentration Method
The sorbent was prepared as follows: the sample of 

natural Transcarpathian clinoptilolite was grained in a 
ball-mill; a zeolite fraction with a grain size of 0.20–
0.30 mm was taken and washed with distilled water. The 
dried clinoptilolite at room temperature was calcinated in 
a drying oven at 50 °С for 2.5 h. The sorbent was cooled in 
a desiccator. 0.25 – 2.0 L of the investigated water was acid-
ified with nitric acid to рН~1 and heated on the sand bath 
for 1 h, then filtered through the dense paper filter „blue 
ribbon”. The solution of NaOH was added to the filtrate to 
рН~10. Then this solution was passed through the precon-
centration cartridge filled with 0.6 g of the sorbent using 
the peristaltic pump with the flow rate of 5 mL min–1. Af-
ter that 50 mL of bidistilled water were passed through the 
cartridge with the same flow rate. The desorption of Lu(ІІІ) 
was carried out in such a way: 10 mL of 1.0 mol L–1 NaCl 
solution, acidified with HCl to рН 4.0, were passed through 
the cartridge with a flow rate of 1 mL min–1. The eluate was 
collected in the 10.0 mL volumetric flask. The Lu(III) con-
tent in the solution was determined using the spectropho-
tometric method with arsenazo III which is described in 
detail in “Materials and Methods” section. The linearity of 
the proposed method was observed in the range of 
1–12 ng mL–1 with the detection limit of 0.4 ng mL–1.

Table 6. Determination of lutetium(III) ions in the tap water with an additional introduction of Lu(III) after ions 
preconcentration with clinoptilolite (n = 3, P = 0.95)

Volume of	 Enrichment	 Concentration of Lu (III), µg mL–1	 Recovery, %	 RSD, %
tap water, mL	 factora 	 Added	  Found		

250	   25	 1.00	 0.86 ± 0.02	 86	 0.83
250	   25	 0.50	 0.48 ± 0.03	 97	 2.20
500	   50	 0.50	 0.49 ± 0.02	 98	 1.82
500	   50	 0.25	 0.25 ± 0.01	 100	 1.72
1000	 100	 0.25	 0.24 ± 0.017	 96	 2.80
1500	 150	 0.1	 0.095 ± 0.007	 95	 2.95
2000	 200	 0.05	 0.046 ± 0.004	 92	 3.06
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The proposed method of Lu(III) preconcentration 
was tested with the analysis of a tap water from the Chem-
ical Department of Ivan Franko National University of 
Lviv with the additional introduction of Lu(III) ions. The 
results of the analysis are given in Table 6.

The results of analysis confirm the effectiveness of 
the proposed method of Lu(III) preconcentration in the 
sample preparation stage during the analysis of water, be-
cause macrocomponents practically do not influence on 
the removal completeness of trace amount of lutetium that 
was introduced into the water.

4. Conclusions
Sorptive properties of Transcarpathian clinoptilolite 

towards trace amounts of Lu(III) were studied under dy-
namic conditions. The optimal conditions of Lu(ІІІ) sorp-
tion are as follows: temperature of preliminary thermal 
treatment of the zeolite – 50  °С; the flow rate of Lu(ІІІ) 
solution with the concentration of 1.0 μg mL–1 through the 
sorbent – 5 mL min–1; grain size of the zeolite 0.20–0.31 
mm; рН 10.0. The maximal value of Transcarpathian 
clinoptilolite sorption capacity towards Lu(ІІІ) under this 
conditions is equal to 9.37 mg g–1. The efficient desorbent 
of lutetium is the 1 mol L–1 solution of NaCl preacidified 
with НCl solution to рН 4. Using this desorbent 96–100 % 
of lutetium preconcentrated on the zeolite can be removed.

The ability of Transcarpathian clinoptilolite to sorb 
either low or high concentrations, its high sorption capac-
ity, availability of efficient desorbents give a reason to pro-
pose this common natural sorbent for the removal of 
Lu(ІІІ) ions from waters in technological solutions, and 
also for the preconcentration of Lu(ІІІ) ions in the stage of 
water preparation for the analysis.

The method of Lu(III) trace amounts preconcentra-
tion in a solid phase extraction mode during the spectro-
photometric analysis of waters was proposed.

Authors′ Note: The paper “Preconcentration of lute-
tium from aqueous solution by Transcarpathian clinop-
tilolite” was partially presented at the “XVI Polish-Ukrain-
ian Symposium on Theoretical and Experimental Studies 
of Interfacial Phenomena and Their Technological Appli-
cations, Lublin, Poland, 28–31 August 2018”.
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Povzetek
Pod dinamičnimi pogoji smo preučevali sorpcijske lastnosti transkarpatskega klinoptilolita za Lu(III) v sledovih. Poka-
zali smo, da se ta lantanid najbolj učinkovito sorbira iz šibko alkalnih raztopin (рН 10). Sorpcijska kapaciteta klinop-
tilolita pri optimalnih pogojih je enaka 9,37 mg g–1. Izračunali smo porazdelitev različnih zvrsti Lu(III) v vodni raztopini 
pri različni skupni koncentraciji lantanida v pH območju 4 do 13. Najboljši desorbent za Lu(III) je 1 mol L–1 raztopina 
NaCl, nakisana z raztopino HCl do рН 4,0. Ta desorbent omogoča 95–100 % odstranitev Lu(ІІІ). Razvili smo tudi meto-
do za predkoncentracijo Lu(III) v sledovih iz vodnih vzorcev v načinu ekstrakcije na trdno fazo z nadaljnjo določitvijo 
tega redkozemeljskega elementa s spektrofotometrijsko metodo ob uporabi reagenta arsenazo III. Linearnost predlagane 
metode smo pokazali v območju 1–12 ng mL–1 z mejo zaznave 0,4 ng mL–1.
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