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KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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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.

Key words: toxic substances, mercury, indicating electrodes, inversion voltammetry, environment.

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/I,
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 electrodes. 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
electrode 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 electrodes, 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 (Ey, = + 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 10,107 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./I: 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 (I), 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 electrolyte, the
surface area 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 area 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 Cu(Hg?) C(H80,) Selcetr.

Dimension mol/l mol/l cm’

Basic level 10° 0.75 0.09

Varying interval 10" 0.25 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 81.4 0.43 80.5 0.80
81.5
83.4

Experiment 2 10 0.5 0.05 87.0 83.5 0.43 82.65 0.72
88.0
83.4

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 84.4 0.16
83.5
93.5

Experiment 6 10 0.5 0.13 93.0 93.2 0.37 92.95 0.06
93.1
85.3

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 1.21
96.0

Step 0.09 0.03

Supposed experiments 1 10 0.84 0.12

Implemented experiments 2 10° 0.93 0.15 85.3

Supposed experiments 3 10° 1.02 0.18

Implemented experiments 4 10° 1.11 0.21 97.7

Implemented experiments 5 10 1.20 0.24 98.8

Implemented experiments 6 10° 1029 0.27 97.2

Supposed experiments 7 10° 1.38 0.30

Optimum 10° 1.2 0.29

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

bo =87.8

b] :4275
b,=1.075
b;=1.95

The regression equation is as follows:

Y =87.8+4.275X,+ 1.075X,+ 1.95X,
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Checking:

1. reproducibility of the experiment

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

2. dispersion homogeneity

G = S$"nY.S” = 0.565/2.75 = 0.205

Gtable =0.51 at fl =2 and fz =8

Guabie>Gexp. - dispersion is homogeneous

3. the values of the regression coefficients:

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

bj} =V S?{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:

Szad. = Zyz/ fy

Ay =yi=yi

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

S*a=1,695/4 = 0.42

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

Fipie = 3.0 at f; =4 and £,=16,

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

Fexp. < Franie— the model is adequate

The calculations testify to the fact, that the dispersion of the optimization parameter is homogeneous,
the model is adequate, i.e. 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°-107 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. V. BaiitameBa, H. O. MbIp3axmeToBa,
M. A. Konmaran6eroBa, J. M. ImanoBa, A. A. CapraeBa

'Ka3a1< MEMJICKETTIK KbI3J1ap MeIaroruKajblK YHUBEpcuTeTi, Anmatel, Kasakcran

KOPIIAFAH OPTA OBBEKTIJIEPIHAEI'T CBIHAII KAJIABIKTAPBIH AHBIKTAY IbIH
7KOFAPBI CE3IMTAJI 9 AICTEPI

Annotanusi. ChIHaNThl WHBEPCHOHIBI BOJIBTAMIIEPMETPUS SIICIMEH OHBIH KATTHI AJIEKTPOATA TyHOara Tycy
’KOHE TOTBIFY 3aHJBUIBIKTApBIH 3€pPTTEY HETri3iHAe KOpIIaraH OpTajarbl OObEKTLIEpIeri ayblp MeTalaapbl aHBIK-
TayZIbIH KOFaphl CE31IMTall 9[IICTEpPiH aHBIKTayFa apHaJIFaH 3epTTeyJiep KYpri3iireH.

Tyiiin ce3aep: yBITTHI 3aTTap, ChIHAI, HHANKATOPIIBIK AJIEKTPOATAP, MHBEPCHUS BOJIBTaMETp, KOPIIaFraH opTa.
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BBICOKOYYBCTBUTEJIBHBIE METO/bI
ONPEIEJEHUA CIIEJOBBLIX KOJIMYECTB PTYTH
B OBBEKTAX OKPYXXAIOHIEU CPEJIbI

AnHoTanus. [IpoBeJeHbl HUCCIIENOBaHUS 10 pa3paboTKe BHICOKOYYBCTBHUTEIBHBIX METOIOB ONpPEACIICHUS Tsi-
JKEJIBIX METAJUIOB B 00BEKTAX OKPY’KAIOIIEH Cpebl Ha MPUMEPE OMPEACIICHUS] PTYTH METOI0M HHBEPCHOHHOMN BOJIBT-
aMIIepOMETPUH Ha OCHOBAHHHU M3YyUYCHUsI 3aKOHOMEPHOCTEH €€ MEeKTPOOCaXKICHUS U IEKTPOOKUCICHHS Ha TBEPIOM
ANEKTPOJE.

KnioueBble cji0Ba: TOKCHYHBIC BEIIECTBA, PTYTh, HHIMKATOPHBIC 3JICKTPOJbI, HHBEPCHOHHBIE BOJBTAMIICPO-
MEeTpHsl, OKpy KaroIas cpena.
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