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The methods of making solid-phase ion-selective electrodes, as primary converters for controlling the concentration of harmful
substances during environmental monitoring of natural and technological waters, have been analyzed. The algorithm of the method
of creating an ion-selective electrode with a sulfide function (IESF) is developed. The results of processes of anodic polarization of
an electrode-active substance on the surface of an ion-selective electrode are given. The dependences of the time of application of the
electrode-active material Ag2S at a constant current density of 6, 10, 20, 30, 40 pA/mm? are obtained. The mathematical models of
creation of the IESF with the help of one-parametric regression analysis are developed. Key words: ecological safety, ion-selective
electrode, anodic polarization, regression analysis, model.

Kpurepii BuGopy napamerpiB npouecy aHOAHOI MoJsipu3auii pe4yoBHH HA IOBEPXHi iOH-CeJIEKTHBHUX eJeKTPOAiB.
TuukoB B.B., Tpem6oBennka P.B., lanbuenko B.S1. [IpoananizoBaHi MeTOIM BUTOTOBIICHHS TBEPIO(DA3HIX 10H-CEIICKTHBHUX €JICK-
TPOJIB SIK MEPBUHHUX MEPETBOPIOBAYIB JUIsl KOHTPOJIST KOHIICHTPAMIi IIKi[UIMBUX PEYOBHH IIPU EKOJIOTIYHOMY MOHITOPUHTY IPHUPOJ-
HOI Ta TEXHOJOT1YHOI BomU. PO3po0ieHmii anropuT™ METOy BUTOTOBICHHS 10H-CEIEKTHBHOTO €JIEKTPOAY 3 CyiabdigHoo (yHKIiEIO
(ICEC®). HagenieHO pe3ysbTaTé MPOIECiB aHOMAHOT MOJSIPU3AIlii €lIeKTPOIHO-aKTUBHOT PEUOBUHHU HA TIOBEPXHIO 10H-CEICKTUBHOTO
enexTpoy. OTpHMaHi 3aJIeKHOCTI Yacy HaHECEHHsI eJIeKTPOAHO-aKTHBHOTO Matepiainy Ag2S npu mocTiiHii mitsHOCTI cTpymy 6, 10,
20, 30, 40 MmxA/Mm?. Po3pobiieni maremarnuni mozeri creoperns [CEC®D 3a 10moMororo oHonapaMeTpHIHOTO PErpeciiiHoro aHamisy.
Knouoei cnosa: exonoriuHa 0e3neka, i0H-CeNeKTUBHUM eJIEKTPO], aHOIHA MOJISIPH3allis, perpeciiiHuii aHami3, MOJENb.

Kpurtepuu BbIGOpa mapamMeTpoB mpolecca aHOAHOW MOJISPH3ANMH BelleCTB HA MOBEPXHOCTH HOH-CEJIEKTHBHBIX JIEKT-
ponos. TerukoB B.B., TpemooBeukas P.B., I'aabuenko B.S1. [IpoananmsupoBaHbl METOIBI M3rOTOBICHHUS TBEPAO(pa3HBIX HOH-CE-
JICKTUBHBIX J3JICKTPOAOB KaK INEPBUYHBIX npeoGpa3OBaTenef/i KOHTPOJIA KOHUEHTpALUU BPEAHBIX BELICCTB ITPU SKOJIOI'MYE€CKOM MOHHU-
TOPUHIC MPHUPOIHON U TEXHOJIOTHMYCCKOW BOIbI. Pa3paboTaHHbIH aqropuTM METOJIa W3TOTOBJICHHUS MOH-CEJICKTHBHOTO JJICKTPOAA C
cynbpunnont pynkuueit (MCEC®D). [IpuBeneHs! pe3ynbraTsl POLECCOB aHOIHOM MOJSIPU3AINH IEKTPOTHO-AKTUBHOTO BEIIECTBA Ha
MMOBEPXHOCTH HOH-CENIEKTUBHOTO 371eKTpoaa. [loimydeHsl 3aBUCHMOCTH BPEMEHH HAaHECEHHUS 3JIEKTPOIHO-aKTUBHOTO MaTepuana Ag2S
IIPH MIOCTOSIHHOM TI0THOCTH TOKa 6, 10, 20, 30, 40 MkA/MM2. PazpaGoranbl MaTtemaTudeckue mogean usrorosiernss MCEC® ¢ momo-
IIBI0 OJTHOMIAPAMETPHYECCKOTO PErPECCHOHHOTO aHam3a. Kirouesbie ¢106a. SKOIOTUIECKAsT 0€30ITaCHOCTh, HOH-CENICKTUBHBIN 3IEKT-
pox, aHOTHAS TOJISIPHU3ALNS, PErPECCUOHHBIN aHAIN3, MOJIEITb.

Formulation of the problem. The water of rivers
and seas is polluted by industrial discharges, sewage
from urban sewers, livestock complexes, as well as
toxic chemicals and mineral fertilizers washed off the
fields. Almost 40% of wastewater is only partially puri-
fied or not cleaned at all. At the same time, the condi-
tion of many treatment plants is in such a state that most
chemical compounds pass unhindered through them. For
modern objects of automation of industrial production
there are quite a variety of functional tasks that put for-
ward stringent requirements to the level of automation,
methods and means of ensuring the efficiency and relia-
bility of measuring control systems. One of the systems
elements are the primary information converters, whose
task is to determine the composition and concentration
of substances, pressure, temperature and other param-
eters in automatic control systems of industrial pro-
duction, in chemical, ecological studies, in agriculture
and in a number of other areas. Thus, the varieties of
technological parameters require the development of

reliable operating automatic control systems, where an
operative measurement of physical and chemical quanti-
ties is required, based on different principles. Particular
importance of measuring concentration is acquired for
labor protection, solving the problem of environmental
protection, in crisis, emergency and technogeny situa-
tions. Usually in such cases, fast and accurate measuring
instruments are required as part of automated process
control systems that ensure the measurement of param-
eters, while directly determining the composition and
properties of process water.

The relevance of research. The most important
technological parameter for automatic control systems
(ACS) is the composition of processing materials;
therefore measuring analytical control is an obligatory
element of any ACS of process water, which is carried
out directly in the production stream. The term techno-
logical water (or process water) means water, which is
used to provide the technological process at all stages
of production and operation of the enterprise, as a
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whole, and directly contacts raw materials and inter-
mediate products in the technological process [1]: from
selection, washing and use in the process itself and end-
ing with aqueous solutions that form waste water. The
quality of process water is determined by the complex
of its chemical components and physical properties
that determine the suitability of water for certain types
of water use. The main factors that affect the quality of
the technological process include, for example, water
composition, pressure and temperature in process units
and units.

The purpose of this work is to develop a model of
primary information converters for flow injection ACS
and to assess the effect of their application on the qual-
ity of process water control, depending on the proposed
methods for manufacturing ion-selective electrodes
based on anodic polarization.

Communication of author's development with
important scientific and practical tasks. Research
and innovation in the development of environmen-
tal monitoring techniques were performed accord-
ing to the international study on the project Tempus
NETCENG “The new model of the third cycle in
the field of engineering education in connection
with the Bologna process in the BY, RU, UA” at
the Department Instrument Making, Mechatronics
and Computerized Technologies of Cherkasy State
Technological University [2].

Analysis of recent research and publications. Solid
membrane ion-selective electrodes, as a rule, are made
of homogeneous and heterogeneous materials [3-6].
As homogeneous materials, single crystals, solidified
salt melts, pressed powdered salts or ceramic materials
pressed into the pellets, which are obtained by sintering
or pressing at high temperature, vanadium and tungsten
bronze oxides, stoichiometric compounds with cationic
disordering (such as halides and silver chalcogenides),
non-stoichiometric compounds with a high intrinsic dis-
order (such as AL,O,), a compound with a high concen-
tration of anionic vacancies, which realized due to disor-
dering impurity (such as a stabilized Zr,). Heterogeneous
materials are powdered precipitates of sparingly soluble
salts that are embedded in an inert matrix.

The main methods of manufacturing solid ion-selec-
tive electrodes are [3—6]:

— pressing under pressure — 2500 kg/cm? at a tem-
perature of 1000—1100 °C for 20—30 hours; 1400-20000
atm. at a temperature of 150-200°C; 250—300 kg/cm?;
120 kgf/cm? at a temperature of 120+£5°C for 90 minutes;
120-130 kg/cm? under a vacuum of 10-2—10-3 mm.rt.
st. at a temperature of 800-1000°C for 1.5-2 hours;
50.5 kg/mm?; 10 atm/cm?® at a temperature of 500°C;
7.5 t/em? at 150 °C for several hours; 9000 kg/cm? for
3 minutes at an annealing of 25—180 °C; 20 t/cm? at
room temperature for 24 hours; 3000—5000 kgf/cm? at
90—210°C for 5—15 minutes;

— anodic polarization — 0.75 A/dm?; 400 Cl/dm?;
0.2 A/dm? for 30 minutes and 0.3 A/dm? for 10 min-

utes; 0.21-0.25 V pulsed sinusoidal voltage in for
10—15 seconds;

— cathodic polarization — 0.5-0.6 A/dm?; 300-360
Cl/dm? 0.25+-0.21 V pulsed sinusoidal voltage for
50—60 seconds;

— vacuum deposition — deposition rate 0.5 nm/s at a
temperature of 200—350°C; 4000 A/min at a temperature
of 1700 °C for 2 hours and at a temperature of 2000°C
for 5 minutes,

— mixing with organic material — polystyrene, epoxy
and silicone compound, paraffin, polytetrafluoroethyl-
ene, graphite and polystyrene, fluoroplastic emulsion,
rubber, polyvinyl chloride, graft polymer-based copol-
ymer with acrylonitrile, BF glue.

Allocation of previously unresolved parts of the
general problem to which this article is devoted.
There remain a number of unresolved problems that play
an important role in the development of automatic con-
trol systems (ACS). One of such tasks is to improve the
quality of primary information converters, in particu-
lar for control of process water. The quality of process
water is determined by the complex of its chemical com-
ponents and physical properties that determine the suit-
ability of water for certain types of water use; therefore
it is very important to determine these parameters in real
time. At the moment, automatic operational control of
technological parameters in the ACS is performed with
insufficient accuracy, and for some technological pro-
cesses it is not realized at all.

To assess the effect of the use of ion-selective elec-
trodes on the quality of process water control, the main
task is to develop methods for manufacturing primary
information converters for flow-injection systems for
automatic control of process water [7—8].

The main criteria for limiting anodic polarization in
the manufacture of an ion-selective electrode include the
thickness of the electrode-active membrane, the resist-
ance of the electrode, and the polarization time.

The thickness of the electrode-active material affects
the overall resistance of the ion-selective electrode. The
larger the thickness, the greater the resistance of the
ion-selective electrode, which affects the characteristics
of the ion-selective electrode itself, namely: the response
time increases, which entails the need to increase the
input resistance of the measuring device, which reaches
several gigaOm.

Currently, these criteria are not sufficiently developed.

Novelty. The novelty of the study is the formulation
of rational criteria for the anodic polarization of an elec-
trode active substance on the surface of ion-selective
electrodes.

Methodological or general scientific value. A unified
methodology for the formation of an electrode active
substance on the surface of ion-selective electrodes

Statement of the main material. The formation of
an electrode-active element of an ion-selective electrode
is carried out using the example of a sulfide-silver elec-
trode according to the algorithm [9] (Fig. 1).
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Fig. 1. Algorithm for forming an electrode-active element of an ion-selective electrode
by the example of a sulfide-silver electrode
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Calculation of the thickness of the Ag2S layer depo-
sition on the silver substrate is carried out according to
the Faraday law:

m=k-q=k-1-t, (D)

where m — the mass of the substance released on the
electrode, kg;

k — the coefficient associated with the atomic mass of
substance A, k= l%;

q — the electric charge, Cl;

I — the strength of the direct current passing through
the solution, A;

t — the reaction time, s;

F — Faraday number, 9.648-10* Cl/mol;

n — the valence of the ion.

The weight of the electrode-active substance depos-
ited on the electrode material is related to the geometry
of the electrode itself:

m=S-h-A, 2

where S — the cross-sectional area of the electrode
surface, m?;

h — thickness of the deposited layer of electrode-ac-
tive material, m;

p — the density of the material, kg/m>.

Further, applying formulas 1 and 2, the thickness
of deposition of electrode-active material Ag2S as an
ion-selective electrode of circular cross-section is calcu-
lated by the formula:

4A -1 -t
Ad>AF-n’ ®)

To compare the electrical characteristics of an ion-se-
lective electrode, calculations are made of the thickness
of deposition of electrode-active material on two types
of electrodes:

— newly developed by the authors heterogenecous
electrode of the 2nd kind d = 3.3 mm, U =4V, I =
1.5525-103 A-s;

— silver wire from a standard factory-made electrode
d=1.8mm; U=1V;1=7.56-10-2 A-s.

The thickness of the ion-selective electrode of the
first type is h1 = 0.05-10° m, and in the second — h2 =
6.43-10° m. The current density i, = 1.8:10-2 A/mm?,
and iy, = 2.4 A/mm>.

When optimizing the thickness of deposition of elec-
trode-active material, the following formula for deter-
mining the application time is recommended:

S-A-F-h
AL @
For example, to obtain the electrode-active mate-
rial of an ion-selective electrode of the first type with a
thickness of 1 pm and I = 10" A-h, the application lasts
about 30 minutes. With the increment of the current to |
=10 A-h the application time is sharply reduced to 32 s.
To a powder of silver with a particle size of 1-3 pm,
thoroughly washed and dried, ED-20 epoxy resin with a
curing agent was added in a ratio of 70% silver powder
and 30% ED-20 by weight, thoroughly mixed until an
electrically conductive mixture was obtained. The result-
ing mixture was formed into an electrode of the required
size and the mixture solidified at 60°C. After solidifica-
tion, the electrode surface was ground and washed with
distilled water. The electrode was immersed in a 0.1 M
solution of Na,S and anodically polarized at a current
density of 1.16-107 A/mm? at normal temperature. In the
process of polarization, the volume of the electrode-ac-
tive substance of the electrode increases in comparison
with the volume of the metal and a dense layer of elec-
trode-active material forms in the pores of the matrix,
which has the properties of an impermeable membrane
for electrolyte.

The current density was chosen in such a way that a
dense membrane was formed, the presence of which is
indicated by the dependence of U(t) at a constant current
strength (Fig. 2).

The obtained electrode has the following characteris-
tics: a membrane thickness of about 10 um, a membrane
resistance of 1.4 MQ.

Figure 2 shows the time dependence of deposition of
electrode-active material with Ag2S-function at a con-
stant current density of 6, 10, 20, 30, 40 pA/mm?. With
a low current density, the formation of a dense layer of
electrode active substance in the pores of the matrix,
which has the properties of an impermeable membrane,
occurs slowly without detachment. With increasing
current density, the formation of a dense layer occurs
quickly and there is the possibility of detachment of
the electrode active substance. Jumps on linear sections

t

Table 1
Comparative characteristics of electrodes
In accordance with the

Electrode parameter Analog Prototype developed criteria
Heating temperature of 100—350°C, sintering at 600—700°C, cooling at . o

electrode material 500°C 450 °C hardening at 60°C

Current Density 10 mA/cm? - 107-10% A/mm?

Layer Thickness 1.5 mm 0.15-0.3 mm 10 um

Resistance of the _ _ 1.4 MQ

electrode
Preparation time 3,5 hours 4 minutes 20 minutes
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arise due to a sharp decrease in the local resistance of the
pores of the matrix.

After each application of the electrode active sub-
stance, the electrode was ground, washed with distilled
water and a new layer was applied.

In the manufacture of an ion-selective electrode, the
thickness of the electrode-active substance, the resistance of
the electrode, and the polarization time can be classified as
the main criteria for the parameters of anodic polarization.

The main developed mathematical models for man-
ufacturing an ion-selective electrode using the example
of a sulfide-selective measuring primary transducer are
presented in Tables 2—6.

The ranking of mathematical models based on the
correlation coefficient of experimental and calculated

data on models based on one-parameter regression anal-
ysis is made. The standard error did not exceed 1.33%.

The main conclusions. The obtained results made
it possible to solve an important scientific and techni-
cal problem of improving the quality of process water
control by improving ionometric primary converters
for automated control and measurement systems and to
reveal a number of regularities in the course of anodic
polarization of an electrode active substance on the sur-
face of ion-selective electrodes in order to obtain rational
parameters.

The developed methods of manufacturing an ion-se-
lective electrode, mathematical and computer models
have expanded the scientific and technical base for the
design of ionometric primary converters.
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Fig. 2. Dependences of the voltage in the function versus time for depositing an electrode active material
with an Ag2S function at a constant current density
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A new method for manufacturing an ion-selective
electrode was developed by applying an electrode active
substance to a metal substrate, which was a current-con-
ducting mixture of silver powder with a solid bonding
dielectric, and an electrode-active substance was formed
on the surface of the base by immersing the substrate
in an electrolyte solution and anodic polarization at

the current density in the range from 10-7 A/mm? to
10-8 A/mm?.

Prospects for using the research results. The practi-
cal value of the work is to ensure the improvement of
the accuracy of the process water quality monitoring by
using the flow-injection analysis method, the develop-
ment and improvement of the primary converters.
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