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Atomic emission spectrometry has been shown to be one of the most effective methods
for determining cesium content in table salt and brines after preconcentration by
coprecipitation. The most efficient collectors for cesium coprecipitation are ferrocyanides
with the general formula Me',Fe(CN), (Me=Cu, Co, Ni). It was found that using copper
ferrocyanide enables the extraction of up to 92% of cesium from solution. However, in
water, brines, and salt solutions, cesium often exists in forms that cannot be coprecipitated
(in more than 50% of cases). Therefore, organic cesium compounds (humic and fulvic
acids) must be destroyed. The effect of ultrasound on highly mineralized waters, brines,
and salt solutions to convert cesium compounds into coprecipitable forms was studied.
It was established that the main factors contributing to the intensifying effect of ultrasound
are the occurrence of sonochemical reactions, as well as the mixing and dispersing
actions of ultrasound. An express method for determining cesium in table salt and brines
was developed, involving the destruction of organic impurities and the coprecipitation
of cesium with Cu,Fe(CN), under ultrasonic intensification. The detection limit for
cesium is 2-107% wt.%.
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Introduction

The development of analytical chemistry is one
of the most important conditions for the creation of
new technologies, improving product quality and
environmental protection. Atomic emission
spectrometry is referred to the most sensitive methods
of analytical chemistry for the determination of alkali
metals. It is characterized by high selectivity and
expressiveness [1].

Table salt is the most important food product
and raw material for industry [2]. In addition to the
main substance, sodium chloride, it contains
macroimpurities, such as salts of calcium, magnesium,
potassium, sulfates, carbonates, hydrocarbonates, as
well as microimpurities — cesium, copper, cadmium,

lead, arsenic, mercury etc. [2]. In the light of the
accident at the Chernobyl nuclear power plant, it is
necessary to control the content of ’Cs and total Cs
in the environment [2]. According to sanitary and
anti-epidemic rules and norms, the content of total
Cs in table salt should be less than 2-107> wt.%.

Table salt and brines are very difficult objects
for analysis due to significant matrix influence that
makes it impossible to obtain reliable results [1,2]. In
this regard, extraction, coprecipitation and sorption
are used for the separation of a matrix [2].

One of the promising means of increasing the
selectivity and sensitivity of the atomic emission
method is its combination with pre-concentration of
the impurities by sorption or coprecipitation [1,3].
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The use of sorption on synthetic ion exchangers
requires a significant concentration of ion exchangers
(about 7—10 g-dm™3) and the degree of extraction of
cesium does not exceed 80% [2]. Coprecipitation on
ferrocyanides is considered to be more effective for
the extraction of cesium from mineralized waters [4].

The direct determination of cesium in table salt
using such a sensitive method of analysis as atomic
emission spectrometry is not possible due to low
contents and significant matrix effects; which
necessitates the use of the concentrating. Among the
most effective methods of concentrating cesium
combined with atomic emission spectrometry are
extraction, coprecipitation, sorption [2]. Methods based
on chemical oxidation of organic substances are the
most widespread for the destruction of organic
compounds [5].

Thus, the Codex Standard for table salt
commands the preliminary destruction of organic
matter by boiling with ammonium persulfate in acidic
medium for 30—40 min. The oxidation by chlorine,
ozone, hydrogen peroxide, and boiling with mineral
acids and with potassium permanganate in an acidic
media are also used [6]. However, the chemical
methods of destruction of organic substances are long-
term (more than 6.5 h) and cause the contamination
of the analyzed solutions with impurities from the
used reagents. In this regard, physical methods of
destruction of organic substances are also used:
ultraviolet (UV) irradiation, photochemical oxidation,
electrochemical oxidation, irradiation with a stream
of ionizing radiation, etc. [7—9]. The applications of
UV irradiation and photochemical oxidation have been
most fully studied [8,9]. When water and brines are
treated with UV radiation of a mercury lamp with a
power of 250—500 W for 3—12 h, the almost complete
(more than 95%) destruction of organic compounds
is observed [9].

UV irradiation with additional introduction of
chemical oxidizing reagents gives the possibility to
reduce the duration of organic substance destruction
to 15—25 min and promotes the removal of dissolved
oxygen from the analyzed samples that accelerates
the voltammetric analysis [8]. However, the additional
introduction of chemical reagents causes the
contamination of the analyzed samples.
Electrochemical oxidation is also used to destroy
organic substances in the analyzed solutions [7], but
in solutions containing a significant amount of chloride
ions its use is impractical due to the saturation of the
sample with chlorine [8]. The use of radiolysis for
the destruction of organic matter has not become
widespread due to the high potential for radiation
damage to laboratory personnel; the absorbed dose of

10 Gy-s™! is required for complete destruction of
organic matter [10]. Microwave irradiation is used to
intensify sample preparation: dissolution, destruction
of organic compounds, and mineralization of food.
The restraining factor is the rather significant price of
the equipment [10]. It was shown that the use of
ultrasound to intensify analytical processes has a
number of advantages over the use of other physical
methods of exposure [7]. Yurchenko et al. [11] first
proposed to use the effect of ultrasonic vibrations for
the destruction of organic compounds in the analysis
of salt and brines. The appearance of cavitation bubbles
in the ultrasound field, their growth, pulsation and
collapse is an effective mechanism of local energy
concentration leading to the formation of large
amounts of radicals (10*—10°¢ at the rupture of each
cavitation bubble), which have high reactivity [12].

The purpose of this work was to develop the
method for the determination of cesium in table salt
with ultrasound intensification of the process resulting
in improved metrological characteristics.

Experimental

An atomic absorption spectrometer AAS-3 with
the electrothermal atomizer EA-3 (Germany),
analytical scales ONAUS RA 64 (65/0.0001 g),
pH-meter rn-150 MI, the device for shaking of
AlIU 6s, standard aqueous solution of cesium of
10 mg-ml~!, argon and helium of high purity, distilled
water, measuring utensils were used. The high cesium
contents were determined by the atomic emission
method in an «acetylene-air» flame at a wavelength
of 852 nm. '¥’Cs was determined on a beta radiometer
Rub-01P with a detector BDZHB-06P. Ultrasound
treatment of solutions was performed using an upgraded
ultrasound dispergator UZDN-1M with a set of
magnetostrictive emitters that permits to treat the
solutions by ultrasound of 15—47 kHz frequency and
intensity from 0.5 to 25 W-cm™2. A T-23 centrifuge
(6000 rpm) was used to separate the precipitate from
the solution. The experiments were performed in a
reactor with a water jacket at the temperature of
(20£1)°C. Double-distilled water and reagents were
of chemical grade. The intensity of ultrasound was
determined by calculation and experimental methods.

Results and discussion

To establish the optimal concentration conditions,
the concentration of NaCl, the duration of contact of
the precipitate with the solution, the amount of collector
(mmol-dm™), temperature, and the amount of Cs
were changed by the precipitation. For this purpose,
1 dm? of NaCl solution (40—200 g-dm™3) was placed
in chemical beakers and certain amounts of MgCl,,
sulfates, K,Fe(CN),, HNO;, cesium solution, and
copper, cobalt or nickel chloride were added to it.
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The resulting mixture was stirred for selected time.
The precipitate was separated from the solution by
siphoning and centrifugation. Then the precipitate
was dried, weighed and transferred to a cuvette of beta
radiometer to determine the content of 7Cs. To
determine the high cesium contents, the precipitate
was dissolved in 12 ml of diluted hydrochloric acid
(1:1) under heating. Then 3.0 ml of sodium chloride
solution (200 g-dm™3) diluted with double-distilled
water to 20 ml was added. Cesium was determined in
the resulting concentrate with atomic emission method
at a wavelength of 852 nm in «acetylene-air» flame.
NaCl was administered to increase the sensitivity of
cesium according to [13].

The experiments showed that NaCl does not
affect the degree of coprecipitation of cesium to
concentrations of 100, 75, and 60 g-dm™, respectively,
at the use of Me,Fe(CN), collectors (Me=Cu, Co,
and Ni) (Tables 1—3). The amount of a collector
should be at least 6, 5 and 7 mmol-dm™, respectively.
The time of contact of the precipitate with the solution
should be at least 10, 12 and 12 min and the pH of
the solution was within 3—8 for Cu,Fe(CN), and
Co,Fe(CN), and 3—7 for Ni,Fe(CN),. In the absence
of mixing, the degree of coprecipitation of cesium
rises with the increase of the solution temperature
(Tables 1—3).

Table 1

Effect of NaCl concentration, amount of collector (AC), solution pH, contact time (CT) of the collector with the
solution, and temperature (t) on the degree of Cs coprecipitation (CC) using Cu,Fe(CN), as the collector

Concentration

of NaCl, g-dm™ AC, mmol-dm”

pH

CT, min t,°C CC, %

40
50
70
100 6
110
120
150

N | N[~ |W([N

—_
(=

D[N || N

—_
(=]

100

92
92
92
92
90
88
85
55
69
78
10 85
92
92
92
85
92
92
91
91
92
87

20

70

84

2
4 75
6
8

88

10 92

12 92

14 92

40 41
50 59
60 65
3 70 75
80 85
90 88
100 92
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Thus, the best collector is Cu,Fe(CN), under
the following conditions: the amount of NaCl is less
than 100 g-dm™3, the amount of collector is not less
than 6 mmol-dm3, the solution pH is 3—8, and the
contact time of the precipitate with the solution is not
less than 10 min.

It should be noted that the order of mixing and
the ratio of reagents significantly influence the degree
of coprecipitation. The maximum possible degree of
coprecipitation is achieved by introducing a small
excess of K,Fe(CN), added to the CuCl, solution.

These conditions correspond to those described in
ref. [14]. As follows from Table 4, change in Cs
concentration to 150 ug-dm™ does not affect the degree
of coprecipitation. With a further increase of the amount
of cesium over 150 ug-dm™3, the degree of
coprecipitation decreases. This indicates the adsorption
nature of the coprecipitation process. Thus, the
possibility of quantitative (more than 90%)
concentration of cesium from highly mineralized
waters, brines and table salt on Cu,Fe(CN), collector
is shown.

Table 2

Effect of NaCl concentration, amount of collector (AC), solution pH, contact time (CT) of the collector with the
solution, and temperature (t) on the degree of Cs coprecipitation (CC) using Co,Fe(CN), as the collector

Concentration

of NaCl, g-dm™ AC, mmol-dm”

pH

CT, min t, °C CC, %

40
50
75
80 5
100
120
150

N[N | bW

—_
=]

(ol Ko R RV, | IS ROUS R | \O)

—_
(=]

75

92
92
91
88
85
82
60
62
75
85
12 91
91
91
91
88
90
91
91
91
90
&9

20

68

74

N

80

8 88

10 90

12 91

14 91

40 37
50 55
60 68
20 70 74
80 83
90 87
100 91
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In solutions of table salt, brines and highly
mineralized waters cesium is bounded with humic
and fulvic acids, which complicates its quantitative
concentration by coprecipitation (Table 5) [1].

To convert metals into ionic forms, boiling of
sample solutions for 40 min with strong oxidants
(H,SO,+(NH,),S,05, HNO;, H,SO,+KMnO,) is
used that prolongs and complicates the analysis,
increases the risk of contamination of sample solutions
with Cs impurities. As can be seen from Table 5, the
positive effect was observed for the process performed
in the presence of all the above oxidants. It is established

that the optimal parameters of ultrasound are as follows:
frequency of 18—44 kHz, intensity of more than
7 W-cm™2, and time of more than 3 min (Table 6).
However, in the analysis of table salt with a
radioprotector (the content of Fe,[Fe(CN)]; is 1 wt.%),
the transfer of Cs to forms coprecipitated by ultrasound
alone could not be achieved even with an intensity of
15 W-cm™2 (Table 5). In this regard, the process in
the presence of oxidants has been studied. The effects
of nitric acid, hydrogen peroxide (30%), a mixture of
hydrogen peroxide and nitric acid (1:1) and a mixture
of nitric and hydrochloric acids (1:3), recommended

Table 3

Effect of NaCl concentration, amount of collector (AC), solution pH, contact time (CT) of the collector with the
solution, and temperature (t) on the degree of Cs coprecipitation (CC) using Ni,Fe(CN), as the collector

Concentration

of NaCl, g-dm™ AC, mmol-dm”

pH

CT, min t, °C CC, %

40
50
60
70 7
100
120
150

N[N |~ |W N

—_
=]

R[N | |jwWN

—_
(=]

91
90
90
85
75
64
42
42
51
70
12 79
88
90
90
86
89
90
90
90
88
84

20

60

64

78

2
4 71
6
8

85

10 89

12 90

14 90

40 36
50 53
60 63
3 70 72
80 84
90 87
100 90
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for the intensification of sample preparation by
microwave irradiation, were studied as oxidants [13].

In this case, the quantitative extraction of cesium
requires 1 dm? of the sample solution and at least
10 ml of HNO; solution or 5 ml of H,0, solution or
the same amount of a mixture of H,0, and HNO; or
a mixture of HNO; and HCI. Thus, the introduction
of hydrogen peroxide seems optimal. The use of
ultrasound in the presence of hydrogen peroxide allows
quantitatively converting cesium into molds. Coexisting
and improving the metrological characteristics of the
analysis, while the intensity of ultrasound can be
reduced from 7 to 2 W-cm™? (Table 5). Under the
optimal conditions, the degree of coprecipitation of
cesium reaches 92% and cannot be increased by
increasing the amount of collector and the contact
time of the precipitate with the solution. To increase
the degree of coprecipitation, the influence of ultrasound

Table 4
Dependence of the coprecipitation degree of Cs on
Cu,Fe(CN), on the amount of microcomponent

was used. Ultrasound parameters (frequency of
20—44 kHz, intensity of 2 W.-cm™2, and exposure
time of 30 s) were determined experimentally
(Table 7). At these conditions, the degree of
coprecipitation increases to 98—99%. The number of
collectors can be reduced by 5 times. The presented
data show the importance of ultrasound action on the
process in the impossibility of sound-chemical reactions
(saturation of the sample with CQO,) at a constant
temperature.

The main factors of intensifying action of
ultrasound on transfer of Cs to the forms exposed to
the coprecipitation in the course of sound-chemical
reactions are summarized in Table 8.

Thus, the use of the ultrasound treatment of
samples to determine cesium in highly mineralized
water, brines and salt allows increasing the
expressiveness, reducing the detection limit and
improving the metrological characteristics of the
analysis. The detection limit of cesium in highly
mineralized waters, brines and table salt by the
procedure developed in this work is 2-1078%.

- — Conclusions
A t of s C tat . e e . . .
frounto stmm oprecipt 2 on Cesium coprecipitation with Cu", Co' and Ni"
pg-dm degree, % . X
5 ) ferrocyanides was studied. It was shown that when
25 0 the most efficient collector, Cu,Fe(CN),, is used under
50 0 optimal conditions, the degree of Cs deposition was
1350 ) 92%. It was established that more than 50% of Cs is
155 90 found in waters, brines and salt solutions in forms
170 2 that cannot be coprecipitated. The use of ultrasound
200 66 in the determination of Cs for the conversion of its
250 5 compounds into forms that can be coprecipitated, as
well as for the intensification of concentration by
Table 5
Results of cesium determination in different natural brines* (P=0.95, n=6)
. Injected Found out Cs, x107, %/S,
Object N f Cs, ><107, without with treatment
analysis o
% treatment 1 2 3 4 5
Artemsil table 0 - - - - - -
salt 2.00 2.07/0.03 1.76/0.09 1.86/0.06 1.90/0.05 1.87/0.07 2.06/0.05
Heroic salt 0 4.26/0.03 8.97/0.08 9.26/0.05 9.31/0.05 4.29/0.06 5.31/0.05
fa"“’;ayhtable 2.00 6.11/0.04 | 10.450.09 | 11.19/0.06 | 11.26/0.06 | 6.19/0.06 | 7.27/0.06
Heroic salt 0 4.26/0.03 8.76/0.08 4.35/0.05 9.31/0.05 4.29/0.06 5.31/0.05
fa"t‘;ztﬁable 2.00 6.11/0.04 | 10.580.09 | 6.29/0.06 | 11.29/0.06 | 6.19/0.06 | 7.27/0.06
Brine of 0 3.81/0.04 9.43/0.09 9.66/0.06 9.68/0.06 3.96/0.06 5.76/0.06
Slagj?;rl; salt |5 00 5.75/0.03 | 11.550.08 | 11.70/0.07 | 11.73/0.07 | 6.01/0.07 | 7.88/0.07
Brine of 0 1.88/0.05 6.04/0.09 6.34/0.06 6.46/0.06 2.06/0.06 2.27/0.06
Syvash 2.00 4.01/0.04 7.85/0.09 8.43/0.07 8.59/0.07 3.09/0.07 4.81/0.07

Notes: @ — the results of six experiments are averaged (n=6); ® — the experiments were performed without stirring the solution with

exposure for 12 min.
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coprecipitation with Cu,Fe(CN), has been studied.
The developed express method for the determination
of cesium involves the destruction of organic impurities
and coprecipitation of cesium with Cu,Fe(CN), under
ultrasonic intensification of the process. The detection
limit of cesium is 2-107%%.
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ATOMHO-EMICIFIHE BU3HAYEHHA HLE3IIO0 V¥V
KYXOHHIM COJII TA PO3COJIAX

O.1. IOpuenko, T.B. Yepnoyxcyx, O.H. bakaanos,
M.B. Hixoaenxo, B.JI. Yepeuneup, O.JI. Pebpos

B po6oTi mokaszaHo, 110 aTOMHO-EMiCiiiHa CIIEKTPOCKO-
ISl BiMHOCUTBHCS O HAWKpallMX METOMIB BM3HAYEHHSI BMICTY
1Ie3il0 B KyXOHHIi COJIi Ta poO3Cojax Iicjis MOMepeIHbOro
criiBocakeHHs1. Halikpalmmuy KoJeKTopaMu JUTsl CIiBOCAIKEeH-
Hsl € (eporrianinu 3araabHoi Gopmynn Me'',Fe(CN) (Me=Cu,
Co, Ni). BcranosneHo, 1110 BUKOPUCTaHHS hepoiliaHiny Mii
JIA€ MOXJIMBICTb ekcTparyBatu 10 92% 1uesito 3 po3uuny. [1po-
Te y BOJi, pO3CoJiaxX i pO3UuMHAX COJi 1e3iii 3HAXOOUThCSA Yy
dbopmax, 3 skux He Moxe OyTu criBocamxeHuM (Ginbiie 50%
BUTANKIB), TOMY IIi OpraHiuHi CMOJyKu (TYMiHOBIi i (iTbBOBI
KHMCJIOTH) MOBUHHI OyTu 3pyiiHOoBaHi. Byno BuBYeHO niio
yAbTPa3BYKy Ha BUCOKOMiHEepaji3oBaHi BOAM, PO3COJIM i
PO3UMHU COJIi JJIsI TIePETBOPEHHS CIOJYK 11e3il0 y ¢dopMu 3
SIKUX BiH MoXe OyTH cHiBocamXeHWU. BcraHoBieHo, IO
OCHOBHMMHU (paKTOpaMu, SKi OOYMOBIIOIOTH iHTEHCUDIKYyIOUy
Ii10 yIBTPA3BYKY Ha TIEpPEeBEICHHS 11e3i0 Y (hopMu, 3 SIKUX BiH
MOXe OyTM CHiBOCAaIKeHMM, € COHOXIMIUHI peakiiii, mepemi-
LIyo4Ya i po3Milllyroda Iisl yabTpa3ByKy. Po3pobieHo excmpec-
MeTOH BM3HAUYEHHS 1Ie3il0 B KYXOHHIN COJIi i po3coiax, SKWii
MOJISITA€ B pYHHYBaHHI OpPraHiYHUX AOMIIIOK Yy pO3YMHAX i
cmiBocamxenHi 1e3ito 3 Cu,Fe(CN)y mig miero yabTpa3ByKy.
Huxns mexa Bu3HaYeHHS 1ie3it0 gopiBHIOE 2-107° mac.%.

KurouoBi ciioBa: aToMHO-eMiciliHa CTIEKTPOCKOITist, 1E3iid,
CHiBOCaIKEHHsI, BUCOKOMiHEpali3oBaHi BOAM, KYXOHHA CiJib,
PO3COJIM, YAbTPa3BYK, METPOJIOTIYHI XapaKTepUCTUKHU.

ATOMIC EMISSION DETERMINATION OF CESIUM
IN TABLE SALT AND BRINES

O.1. Yurchenko = *, T.V. Chernozhuk °, A.N. Baklanov °,
M.V. Nikolenko ®, V.L. Cherginets <, A.L. Rebroy ¢

* V.N. Karazin Kharkiv National University, Kharkiv, Ukraine

b Ukrainian State University of Science and Technologies,
Dnipro, Ukraine

¢ Institute for Scintillation Materials of the National Academy
of Sciences of Ukraine, Kharkiv, Ukraine

* e-mail: yurchenko@karazin.ua

Atomic emission spectrometry has been shown to be one
of the most effective methods for determining cesium content in
table salt and brines after preconcentration by coprecipitation.
The most efficient collectors for cesium coprecipitation are
ferrocyanides with the general formula Me'',;Fe(CN), (Me=Cu,
Co, Ni). It was found that using copper ferrocyanide enables the
extraction of up to 92% of cesium from solution. However, in
water, brines, and salt solutions, cesium often exists in forms
that cannot be coprecipitated (in more than 50% of cases).
Therefore, organic cesium compounds (humic and fulvic acids)
must be destroyed. The effect of ultrasound on highly mineralized
waters, brines, and salt solutions to convert cesium compounds
into coprecipitable forms was studied. It was established that the
main factors contributing to the intensifying effect of ultrasound
are the occurrence of sonochemical reactions, as well as the mixing
and dispersing actions of ultrasound. An express method for
determining cesium in table salt and brines was developed, involving
the destruction of organic impurities and the coprecipitation of
cesium with Cu,Fe(CN)¢ under ultrasonic intensification. The
detection limit for cesium is 2-107% wt.%.

Keywords: atomic emission spectrometry; cesium,;
coprecipitation; highly mineralized waters; table salt; brines;
ultrasound; metrological characteristics.
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