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HIGHLY SENSITIVE METHODS
FOR DETERMINING TRACE AMOUNTS OF MERCURY
IN THE ENVIRONMENTAL OBJECTS

Abstract. The studies for the development of highly sensitive methods for determining heavy metals in the
environmental objects have been carried out, using the example of determining mercury by the inversion voltam-
metry method, based on the investigation of the regularities of mercury electro-deposition and electro-oxidation on a
solid electrode.
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An increased interest to the problem of determining mercury in the environmental objects is caused
by the wide occurrence of this element, its greater toxicity in comparison with the other heavy metals, and
its ability to bioconcentration [1]. The major part of mercury, reaching the environment, is of a techno-
logy-related character [2]. Maximum permissible concentrations (MPC) of elemental mercury in the
atmospheric air are standardized at the level of 0.3 pg/m’, in water bodies — at the level of 0.0005 mg/l,
and in soils — at the level of 2.1 mg/kg, and MPC of the alkyl derivatives of mercury, most dangerous by
their physiological effect, make up 00.1 pg/l in water bodies [3].

The issues of global environmental monitoring include monitoring the pollution levels not only in the
industrial, but also in the relatively environmentally clean areas for detecting the so-called natural
background [4]. The concentration of mercury in the atmosphere varies from 0.005 to 50 ng/m’, and in
waters from 2 ng to 2-3 pg/l. In the contaminated rocks, sand and soil an average content of mercury is
0.1-0.5 mg/kg [5].

The data of analytical control alone may offer people a thread to managing the environmental purity
and indicate the moment of the required intervention to protect it from the accumulation of toxic
substances and environmental poisons, whereto heavy metals and mercury, in particular, are directly
related.

Procedure for carrying out an electrochemical analysis. Voltammetric measurements were carried
out on a PI-50.1.1 potentiostat, which made it possible to work in the mode of cyclic and inversion
voltammetry with different potential sweep rates [6]. An analysis was carried out in a three-electrode cell
upon stirring the solution (V = 25 ml) due to the electrode rotation at the rate of 900-960 rpm. Nickel
electrode and mercury-film, nickel-based electrode, with a visible surface area from 0.03 to 0.013 cm’,
served as working electrodes.

Voltammograms were recorded on a two-coordinate self-recording potentiometer UI-21 with a
potential sweep rate of 100-200 mV/s. A silver-chloride electrode EVL-1M3.1, the potential of which in
relation to the saturated hydrogen electrode in a saturated solution of KC1 at 20 °C was equal to 0.237 V.
Pt - wire was used as an auxiliary electrode. Removal of oxygen from the solution was achieved by pur-
ging with argon for 15 min. The studied solutions were prepared from the salts of CP and AR grades. The
solutions of lower concentrations were obtained by diluting the initial solutions with the background
electrolytes.
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For increasing the efficiency of the study and optimizing the process through the implementation of
the step-by-step principle, moving towards the optimum, the Box-Wilson mathematical planning method
(the steepest ascent method) was applied [7].

Experimental. Mercury is one of the most toxic elements, widely used in various fields of science
and technology. A great interest in the issue of determining mercury is caused by its wide occurrence in
the environmental objects, its greater toxicity in comparison with the other metals, its ability to accumu-
late in living organisms and migration in the environmental objects.

High toxicity of mercury stipulates its low MPC value, which requires using the sensitive methods of
analytical chemistry. One of the methods, meeting the requirements for determining the detection limit
and concentration range is inversion voltammetry. A large number of works are devoted to mercury
determination by the inversion voltammetry method.

Most of the published works are mainly related to the development of procedures for quantitative
determination of mercury on various ¢lectrodes. The physical and chemical regularities of the process of
mercury electro-deposition are insufficiently studied, and the results of the conducted studies do not
provide a complete picture of the initial stages of electrochemical isolation of mercury on the electrode.
The most promising and modern methods of analysis are electrochemical ones (inversion voltammetry),
the value and significance of which are characterized by rapidity of chemical analysis, high sensitivity and
good reproducibility of the results, which is determined by the quality of the indicating microelectrodes
used.

With the purpose of further developing mercury inversion voltammetry, a more detailed study of the
regularities of the electro-deposition and electro-oxidation of mercury is required.

The developed indicating microelectrodes, which may be safely attributed to the new means for
controlling toxic substances, were proposed as means for controlling heavy metals [8].

The physical and chemical characteristics of these electrodes and the mechanism of the processes,
taking place at the electrode-solution interface at the stages of preparing their surface and subsequent
amalgamation, were studied. The optimal parameters of their functioning were determined. The factors
influencing the sensitivity and resolution of the film microelectrode were studied. As noted in [9], when
carrying out an electrochemical analysis of the compounds of toxic metals, the nature of the indicating
clectrode matrix, the background composition and the presence of other components produce a great
influence upon the cathode-anodic processes. The factors influencing the sensitivity and resolution of the
film electrode were studied. The prospects of using new ¢lectrodes, made of refractory materials, in an
electrochemical analysis for controlling toxic and heavy metals in the technology-related and mineral raw
materials of Kazakhstan were shown.

The indicated circumstances determine the necessity to solve a complex problem - the development
of highly sensitive methods for the determination of heavy metals, using inexpensive and available
materials with the valuable physical, chemical and electrochemical properties. Metals of iron series may
be related to such materials.

We studied the processes of Hg reduction and oxidation on the nickel electrode, determined the clear
maxima of the cathodic (Eg, =+ 0.29 V) and anodic (Eg, =+ 0.76 V) peaks. As it can be seen from Figu-
re 1, the recovery of Hg (II) on the nickel electrode begins at a potential of -0.25 V with the formation of a
single cathode wave, reaching a value of the limiting current of 0.925, 0.65 and 0.35 for the concentrations
of 10™, 10” and 10°° mol/l, respectively.

At the polarization curves of mercury oxidation two waves are expressed: at E = +0.60 V and
E =+0.85 V. This testifies to the complex character of the process of mercury oxidation. In our opinion,
the effect of a possible formation in the process of cathodic reduction of mercury of oversaturated amal-
gams, containing cluster forms of nickel compounds with mercury of non-equilibrium composition, with
an increased electrochemical activity, upon the course of the anodic polarization curves, is not excluded. It
is also seen from the curves of figure 1, that a concentration dependence of the cathode waves is observed,
which may be used for the quantitative determination of bivalent mercury in the solution.

As for the anodic curves, in view of their complex nature, for quantitative accurate analysis it is better
to use the cathodic reduction waves (figure 2). However, in case of a less accurate analysis and with the
very low mercury content in the analyzed objects, the anode currents may be also used, since they surpass
by their value the cathode currents.
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Figure 1 — Cathode-anodic voltammograms of mercury on a nickel electrode horizontal axis:
potential (E), V; vertical axis: current strength (I), uA; Cygqry, mol./1: 1 - 10%2-10%3-10"
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Figure 2 — Calibration chart for determining mercury on a nickel electrode horizontal axis: concentration (C), mol/l,
vertical axis: current strength (1), pA

With the purpose of finding the optimal conditions for the determination of low mercury contents by
the method of inversion voltammetry, the method of mathematical planning of the experiment (the Box —
Wilson method) was used [7].

The study of the single-factor dependencies of the completeness of mercury isolation upon a number
of factors (the concentration of ME, the nature and concentration of the background eclectrolyte, the
surface arca of the film and solid electrodes, the solution volume and rate of mixing) showed, that the
most significant factors were the concentrations of Me and the background electrolyte, the surface arca of
the indicating electrode, and the remaining factors were insignificant and stabilized subsequently .

Therefore, when determining mercury by the inversion voltammetry method, the planning matrix 2°
was used. The results of the experiment, related to choosing the optimal conditions for mercury deter-
mination by the inversion voltammetry method are presented in table.
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Experiment planning matrix 2 for mercury determination

Factors C,(Hg") Cu(H1,S0,) Sussr

Dimension mol/l mol/l cm?

Basic level 107 0.75 0.09

Varying interval 107 025 0.04

Upper level 10 1.0 0.13

Lower level 10°° 0.5 0.05

Code X X, X5 Y Y s’ y y?
80.7

Experiment 1 10° 0.5 0.05 82.0 814 0.43 80.5 0.80
81.5
834

Experiment 2 10 0.5 0.05 87.0 83.5 0.43 82.65 0.72
83.0
834

Experiment 3 10° 1.0 0.05 83.7 83.5 0.43 82.65 0.72
84.4
90.2

Experiment 4 10 1.0 0.05 91.0 90.2 0.56 91.2 1.00
89.5
83.6

Experiment 5 10° 0.5 0.13 84.8 84.0 0.52 844 0.16
83.5
93.5

Experiment 6 10 0.5 0.13 93.0 932 0.37 92.95 0.06
93.1
853

Experiment 7 10° 1.0 0.13 85.0 85.1 0.03 86.55 2.10
85.2
97.0

Experiment 8 10 1.0 0.13 96.8 96.6 0.28 95.1 121
96.0

Step 0.09 0.03

Supposed experiments 1 10° 0.84 0.12

Implemented experiments 2 10° 0.93 0.15 853

Supposed experiments 3 10° 1.02 0.18

Implemented experiments 4 10°° 1.11 021 977

Implemented experiments 5 10° 1.20 0.24 98.8

Implemented experiments 6 10° 1029 027 972

Supposed experiments 7 10° 1.38 0.30

Optimum 10°° 12 0.29

The calculated regression coefficients for mercury determination have the following values:

b, =87.8

b, =4.275
b,=1.075
b3 =195

The regression equation is as follows:

Y =87.8+4275X;,+ 1.075X,+ 1.95X;
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Checking:

1. reproducibility of the experiment

S* {y} =Y S /N =2.75/8 + 0.34

2. dispersion homogeneity

G=8".YS" =0.565/2.75 = 0.205

Gtable =0.51at f1 =2 and f2 =8

Gabie>Gexp. - dispersion is homogeneous

3. the values of the regression coefficients:

S? {bj} = S* {y}/ N =0.34/8 = 0.0425

bj} =V §%{bj} =0.0425 = 0.206

Ab=+t-{bj} =2.12:0.206 = 0.44

Ab= 0.44

0.44 <3.26 (1.53; 2.76) — all coefficients are valuable.

4. adequacy of the model:

S’ = Xy

Ay =yi-»

fi=N-(k+1)=8-(3+1)=4

S%a= 1,695/4 = 0.42

F (fi; £) = S%a/S*{y} = 0.42/0.34 + 1.25

Fiple = 3.0 at f; =4 and =16,

where f,= N(n-1) = 8(3-1) =16.

Fexp. < Fupie— the model is adequate

The calculations testify to the fact, that the dispersion of the optimization parameter is homogeneous,
the model is adequate, i.c. the steepest ascent method can be applied. The component gradients were
calculated by regression. Moving to the optimum was performed by adding the factors, constituting
the gradient, to the basic level. Since the determination of small mercury quantities of the order of
10°-10”7 mol/l on the surface of the film and solid electrodes is of a practical interest, so while calculating
the step-by-step procedure, moving to the optimum, we stabilized the mercury concentration by the lower
level of the factor (10°M), and we carried out the step-by-step procedure by only two factors: the
concentration of the background solution and the electrode surface area.

From the implemented experiments of the step-by-step procedure the optimal conditions were
established for the quantitative determination of low mercury concentrations on the film electrode:

1 — the concentration of mercury at 10° mol/l;

2 — the concentration of the background solution — 1.2 M;

3 — the electrode surface — 0.24 cm”.

Thus, as a result of the conducted studies, the methods for analytical control of mercury in the
technology-related raw materials were developed by the inversion voltammetry method on the nickel
indicating microelectrode in the concentration range of 10°—10"° mol/l, ensuring the selectivity of metal
determination.

A, C. Mycuna, I. ¥. Baiiramesa, H. O. MsIp3axmeToBa,
M. A. Koamaraaberora, J. M. Hmanora, A, A. Capraesa

"Kas3ak MEMIICKETTIK KBI3JAp MCAATOTHKABIK YHUBEpCHTETI, AmMmarsl, Kazakcran

KOPIIAFAH OPTA OBLEKTLIEPTHAEI'T CBIHATI KAJIIBIKTAPLIH AHBIKTA Y ABIH,
YKOFAPBI CE3IMTAJI QJICTEPI

Annoranus., CblHANTEI HHBCPCHOHABI BOJTBTAMICPMCTPHS OICIMCH OHBIH KATTHI 3JICKTPOATA TYHOAra TYCY
JKOHE TOTBIFY 3aHIBUIBIKTAPBIH 3€PTTEY HETI3IHIAEC KOPIIAFAH OPTAAarbl OOBEKTUICPACTI aybIp METANIAPAbI AHBIK-
TayIBIH JKOFAPHI CC3IMTa OMICTCPIH AHBIKTAYFA ApPHAJIFAH 3CPTTCYJICP JKYPTi3LATCH.

Tyiiin ce3aep: yBITTHI 3aTTap, CHIHAIL, HHANKATOPIBIK ICKTPOATAP, HHBEPCHS BOJLTAMETP, KOPIIAFAH OPTAa.
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A, C. Mycuna, I. ¥. Baiiramesa, H. O. MsIp3axmeToBa,
M. A. KosmaranGerora, J. M. Hmanora, A, A, Capraera

Xenckuit rocyrapcTBeHHBIN neaarorudaeckuit yausepeuter PK, Anvarsl, Kazaxcran

BbBICOKOYYBCTBUTEJBHBIE METO/1bI
ONPEAEJEHHA CIEJOBBIX KOJIHYECTB PTYTH
B OBBEKTAX OKPYXAIOIIEHN CPEJIbI

AHHOTaHI/Iﬂ. HpOBeI[eHBI HCCIACAOBAHUA IIO paspa60TI<e BBICOKOTYBCTBUTCIBHBIX MCTOA0B ONMPCACTICHUA TA-
JKEJIBIX MCTAIUIOB B 00BCKTAX OKPYIKAFOIICH CPE/IbI HA IIPUMEPE OIMPEACICHIST PTYTH METO0M HHBEPCHOHHOM BOJIBT-
AMOCPOMETPHH HA OCHOBAHHH H3yUYCHHS 3AKOHOMCPHOCTSH €€ DIICKTPOOCAKICHHUS H ICKTPOOKHUCIICHIS HA TBEPAOM
JMEKTPOIC.

K/moueBnie ¢J10BA: TOKCHUHBIE BCIICCTBA, PTYTh, HHAUKATOPHBIC 3JICKTPOAbI, HHBCPCHOHHBIC BOJIBTAMIICPO-
METPHS, OKPYIKAOIIAS Cpeaa.

Information about authors:

Mussina A.S., Doctor of Technical Sciences, Professor, The Kazakh State Women’s Teacher Training
University of the Republic of Kazakhstan; mussina as@mail.ru; https://orcid.org/0000-0002-4140-4816

Baitasheva G.U., candidate of agricultural sciences, Acting Professor, Head of the Department of Science, The
Kazakh State Women’s Teacher Training University of the Republic of Kazakhstan; Gauhar75e@mail.ru;
https://orcid.org/0000-0002-1299-4896

Myrzakhmetova N.O., candidate of chemical sciences, Head of the Chair of Chemistry, The Kazakh State
Women’s Teacher Training University of the Republic of Kazakhstan, nmyrzahmetova64@mail.ru;
https://orcid.org/0000-0001-6589-1578

Zholmaganbetova M. A, Doctoral student of the Chair of Chemistry, The Kazakh State Women’s Teacher
Training University of the Republic of Kazakhstan; marzhan.zholmaganbetova.75@mail.ru; https://orcid.org/0000-
0002-7057-3969

Hmanosa 3. M., The Kazakh State Women’s Teacher Training University of the Republic of Kazakhstan

Capracsa A. A., The Kazakh State Women’s Teacher Training University of the Republic of Kazakhstan

REFERENCES

[1] Simonova L.N. Concentration of mercury upon its determination in the environmental objects // Journal of Analytical
Chemistry. 1989. 44.4. P. 581-584.

[2] Gvardzhanchich I, Kosta L., Zelenko V. A Simplified method for determining methylmercury in the biological objects,
using gas chromatography // Journal of Analytical Chemistry. 1978. 33.4. P. 812-815.

[3] Environmental protection. Directory. L.: Shipbuilding, 1978. P. 204.

[4] Andreyev T., Sametov D. Problems of background monitoring of the state of natural resources. 1985. 3. P. 44.

[5] Simonova L.I., Bruskina LI., Ivanov VI. Concentrating mercury upon its determination in the environmental objects //
Journal of Analytical Chemistry. 1981. 45.4. P. 581-596.

[6] Brainina Kh.Z, Neiman E.Ya., Slepushkin V.V. Inversion electroanalytical methods. M.: Khimiya, 1988. P. 239.

[7] Adler Yu.P. Planning an experiment upon searching for the optimal conditions. M., 1972. P. 152.

[8] Mussina A.S. Theoretical and technological bases for creating liquid metal reed relays and indicating electrodes from
new materials. Almaty, 2003. P. 256.

[9] Musina E.S., Mussina A.S., Baitasheva G.U., Kalmenova A., Kuansheva Zh. Control of next amounts of metals in the
environmental objects with the use of mercury-film indicating microelectrodes // News of the Ministry of Education and Science
of the Republic of Kazakhstan. Geology and Engineering Sciences Series. 2018. N 4(430). P. 195-200. (Scopus). SSN 2518-170X
(Online). ISSN 2224-5278 (Print).

— 132 ——



