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ANALYSIS OF ELECTROLYSER OPERATION FOR PRODUCING HYDROGEN WITH

SOLUBLE IRON ANODE USING MATHEMATICAL MODEL
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Abstract. The production of chemically pure hydrogen by electrochemical method has limitations due to the high
cost of aqueous solutions electrolysis. To reduce the voltage on the electrolyzer, it is proposed to replace the anode
process of oxygen evolution (standard potential in an acidic environment plus 1.23 V) with the dissolution of the anode
from electronegative metals. Such metals can be aluminum and iron - the most common structural materials. Waste of
these metals in the form of scrap or shavings is quite cheap and can be used in the form of packed electrode. The
standard potential of iron is minus 0.44 V, and aluminum in an acidic medium is minus 2.30 V. When connecting an
electrode (cathode) with a low overvoltage of hydrogen evolution to the anode, it becomes possible to obtain hydrogen
with simultaneous generation of electricity. When using an iron anode, the voltage on the cell decreases to 0.5-0.6 V at
a current density of about 0.1 A/lcm?. The calculations and preliminary experiments showed that to reduce the polariza-
tion resistances of hydrogen evolution and iron dissolution, the composition of the anolyte and catholyte should be dif-
ferent. To reduce the polarization and ohmic resistances during electrolysis, a 1M HCI solution was chosen as the catho-
lyte and a 5M NaCl solution - as the anolyte. Therefore, the anode and cathode chambers of the electrolyzer should be
separated. Both porous diaphragms and anion exchange membranes can be used to separate the electrode chambers.
For the diaphragms, the thickness, porosity and daily tortuosity coefficients are estimated. The properties of the dia-
phragms are determined not only by the energy costs of electrolysis (charge transfer processes), but also by the pro-
cesses of substance transfer. For a well-grounded choice of diaphragm materials and the analysis of substance transfer
processes in the electrolyzer, a mathematical model is proposed. Using this model, the values of diffusion and migration
flows in the reactor are estimated. Moreover, the composition of the anolyte and catholyte are optimized, ensuring the
flow of electrode processes with minimal energy costs; maintaining a given composition of solutions, and the possibility
of their subsequent purification from electrolysis products.

Keywords: hydrogen, electrolysis, soluble iron anode, migration, diffusion, mathematical model.

1. Introduction

Producing hydrogen for energy using environmentally friendly methods is the
most important task of modern energy. The widely used processes for producing hy-
drogen from natural gas or coke do not meet environmental requirements, since they
release a mole of carbon monoxide or dioxide per mole of hydrogen [1]. Water elec-
trolysis meets environmental requirements, but is characterized by increased energy
costs, which limits hydrogen production by this method to 4% of the total world pro-
duction. High energy costs are associated with the fact that the cathode process of
hydrogen release and the anode process of oxygen release occur simultaneously. To
obtain gaseous products, it is necessary to break the oxygen-hydrogen chemical bond
in the water molecule. The thermodynamic voltage of water decomposition, deter-
mined by the Gibbs energy of water, is 1.23 V, which is about 70% of the voltage on
the best industrial electrolyzers. The remaining 30% is accounted for by overcoming
polarization and ohmic resistances. To reduce energy costs while maintaining the pu-
rity of production, we propose a method of electrochemical hydrogen production with
soluble anodes made of electronegative metals [2, 3, 4].

Unlike classical electrolysis, spontaneous reactions occur in this system, directed
towards decreasing the energy reserve, similar to a chemical power source (CPS)
with generation of electric energy:
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Ey=E;+E, (1)

where E;, 1s the initial reserve of chemical energy of the components; £/ 1s the final
reserve of chemical energy of the components; E,. is electric energy.

Thus, instead of a reactor with a soluble iron anode, instead of an electrolyzer
with a decomposition voltage of 1.23 V, we have a CPS with an electromotive force
equal to the potential difference between the anode and cathode, about 0.4 V. To ac-
celerate the process (increase the current density of hydrogen evolution), this system
requires additional polarization by an electrode from an external current source. That
is, this system has the features of both an CPS and electrolyzer. This allows us to re-
duce the cost of electricity for producing hydrogen.

All metals with a potential more electronegative than the hydrogen electrode can
be used as anode materials in this method. Moreover, the more negative is the metal
used as a soluble anode, the greater is the energy gain. The main requirements for
anode materials are availability, widespread use, low cost, and the absence of pas-
sivation during anode polarization. To a greater extent, these requirements are met by
iron and aluminum, which, as industrial waste, can be used as backfill anodes. The
cathode material must have a low hydrogen realize polarization. For acidic electro-
lytes, such a metal is expensive platinum [5], and for alkaline electrolytes, metals,
and alloys of the iron subgroup [6—11].

This paper considers a system with a platinum (platinized titanium) cathode (hy-
drogen realize potential is 0 V) and a soluble iron anode, the potential of which is mi-
nus 0.44 V, instead of plus 1.23 V for oxygen realize in an acidic ambient. To reduce
polarization and ohmic resistance, it is planned to use catholyte and anolyte of differ-
ent composition and concentration. To prevent mixing, the anode and cathode cham-
bers are separated by a diaphragm or anion-exchange membrane.

2. Methods

The aim of the work is a theoretical analysis of material flows during operation of
an electrolyzer with a soluble iron anode based on a mathematical model; justifica-
tion of the composition, concentration and feed rate of the electrolyte depending on
the density of the hydrogen evolution current, the magnitude of the diffusion and mi-
gration flows of ions between the electrode chambers for a preliminary theoretical
determination of the concentration and magnitude of the volumetric flows of feed
substances of the reactor model with a soluble anode.

3. Theoretical part

3.1. Initial data

It is planned to use 1M HCI as a catholyte with a minimum hydrogen emission
overvoltage and a sufficiently high electrical conductivity (k~35 S/m) [4]. The use of
such an electrolyte in the anode chamber is undesirable, since the process flow dia-
gram provides for periodic purification of the solution from iron ions (FeCl,), con-
verting them into a water-insoluble form of hydroxides [3]. When using 1M hydro-
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chloric acid as a catholyte to form Fe(OH), or Fe(OH);, either a significant amount of
alkali or dilution with a huge amount of water to a pH greater than 3 is required.

A 5M NacCl solution with a pH of no more than 3 is planned as the anolyte. Such
a solution is available and cheap. The electrical conductivity of NaCl at a concentra-
tion of SM is 24.73 S/m, which reduces the voltage drop in the electrolyte. Iron is not
passivated during anode polarization in such an electrolyte since the chloride ion is a
strong depassivator, and iron ions are not hydrolyzed to form a solid phase in the
electrolyzer itself.

Anion-exchange membranes or cheap and accessible porous diaphragms are
planned for separating the electrode chambers. The characteristics of the diaphragms
(thickness, porosity, permeability, pore tortuosity coefficient and electrical resistance)
were determined experimentally and described in [11]. Some of these parameters are
given in Table 1.

Table 1 — Characteristics of diaphragm materials required for calculation

Diaphragm material Avlelreasgs’e (‘:ﬁck- Toc?elﬁs(i)tfypco(;zzﬁ_ Porosity
Porous polypropylene strip 0.0375 2.02 0.48
Polypropylene fabric 0.013 2.25 0.25
Nylon fabric 0.021 2.68 0.32
Asbestos 0.052 1.25 0.45
Chlorine fabric 0.0285 2.99 0.56
Mipore 0.05 2.68 0.48

3.2. Material flows in an electrolyzer with an iron-soluble anode and a porous di-
aphragm.

The diagram of material flows in the reactor is shown in Fig. 1.

During electrolysis in this system, current and substance are transferred by diffu-
sion and migration flows (see the diagram in Fig. 1). The hydrodynamic pressure in
the anode and cathode chambers is assumed to be the same, and that there is no filtra-
tion (leakage) through the pores of the diaphragms.

As follows from the diagram, iron and sodium ions are transferred from the anode
chamber to the cathode one by diffusion and migration flows, while chlorine and hy-
dronium ions are transferred by migration flows. Chlorine ions are transferred from
the cathode chamber to the anode one by migration flows, and hydronium ions by
diffusion flows. As a result, the catholyte is enriched with sodium and iron ions dur-
ing process.

Initial condition: the material balance of the electrolyzer is made in moles per
hour. The system units mol/m?, mol/A s, m?/s are ultimately converted to mol/l,
mol/A h, I/h.

Electrode process:

Anode: Fe > Fe** +2F (2)
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Cathode: 2H,0" +2F - H,y + H,0 (3)

where F = 96500 C/mol or 26.8 A-hour/mol is the Faraday number.

NaCl+ FeClz+ HCl + NaCl+ FeCl: + HCI

H: + H2

Hz
e

Jx Ja

F 3 r

HCl NaCl + HCI

purification

gM is the mass migration flow (mol/hour); gd is the mass diffusion flow (mol/hour);
j is the volume flow (m3/hour), ge, je is electrochemical reaction substance flow,
V is the solution volume in the tanks

Figure 1 — Diagram of a reactor with an iron soluble anode and a porous diaphragm

In the anolyte of the given composition, iron passivation does not occur and oxy-
gen is not released at the anode.

3.2.1 Electrochemical reaction flows:

Anode dissolution: g Rt = k £t 1

M
= 5 ; ¢ — electrochemical equivalent of iron, mol/ A-hour.

Fe2+

Hydrogen evolution at the cathode: gy =ky, [ is mass flow; ky, = 1s

electrochemical equivalent of hydrogen; j Hy =k, 1 is volume flow of hydrogen, /

1s the current, A.
Since the concentrations of substances in the anode and cathode chambers differ,
diffusion flows arise aimed at equalizing the concentrations.
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3.2.2. Diffusion flows
The diffusion flow through the diaphragm is calculated using the formula:

_ DACSIT

&d 5B

: 4

where D is ion diffusion coefficient, m?/s; AC is a difference in substance concentra-
tions in the anode and cathode chambers, mol/m?®; § is the diaphragm geometric sur-
face, m?; I7 is the diaphragm porosity (dimensionless value); £ is the diaphragm pore
tortuosity coefficient (dimensionless value); J is the diaphragm thickness, m.

During the first (single) anolyte flow through the electrochemical reactor, the
concentration of iron ions is determined by the electrolyte flow rate and the electro-
chemical reaction rate:

g 2+
Cppor = 12— (5)
Fe J4

There are no iron ions in the cathode chamber. The flow of iron ions is directed
from the anode chamber to the cathode one:

DCF62+ SH
B ©)

Chloride ions are present in both the anode and cathode chambers. This leads to
the following formula:
A K
_ D(Ccr ~Cor )SH_

= 7
8d 55 (7)

When calculating the hydronium ion flow, we consider that to prevent hydrolysis
of the divalent iron ions formed by the anode reaction, the pH in the anode chamber
should be maintained at 3 (0.001 M)

plct, ~ck, Jom

8
5 (8)

84 =

3.1.6 Migration flows

Transfer of electricity in the reactor is carried out by ions of different signs, sizes
and charges, i.e., by migration flows. Anions in the electric field move from the an-
ode chamber to the cathode chamber, and cations - on the contrary.

The mass migration flow is calculated using the formula:
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gy =kt 9)

z;Ci/,
Z(Z+C+i+ +z_C_1_)

the charge of the given 1on; z, is the charge of cations; z. is the charge of anions; C; is
the concentration of the given ion, M; C is the concentration of cations, M; C. is the
concentration of anions, M; A, is the mobility of the given ion, Ohm™ m? mol!; A, —
cation mobility; 4. — anion mobility.

The values of the diffusion coefficients and ion mobility are given in Table 2. The
thickness, porosity, and tortuosity coefficient of the pores of various diaphragm mate-
rials were determined experimentally using the methods described in [12] and are
given in Table 2.

where ¢ = is the transfer number of the given ion type; z; is

Table 2 — Ion mobility and diffusion coefficients at 25°C

Ion Ion mobility A, | Ion diffusion coefficients at 25°C D,
Ohm™!' m?> mol’! m? 5!

Fe? 53.5x10™ 0.6x10”

Cr 76.3x10™ 2.04x10”

H" 349.8x10* 9.34x10”°

Na* 50.3x10* 1.34x10”

OH" 199.2x10* 5.28x10°

Iron ion flow:

2+
gj\]}e :kFez+ItFez+ (10)
t 2= o (11)
¢ 2CFe2+’1Fe2+ + CNa*’lNa+ + Cc "1CZ‘ + CH+ /1H+
Chlorine ion flow:
g =k It (12)
o= “atar (13)
ZCFe2+ ’1Fe2+ + CNaJ“Na+ + Cczj“cr + CH+/1H+
Sodium 1on flow:
e (14)
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tN L= CchL;iNaJr (15)
¢ 2CFe2+lFeZ+ + CNaJ’Na+ + CCl_ﬂ'CZ_ + CH+/1H+
Hydronium ion flow:

H™

ghy =kt . (16)
C A .
e A rC A 4C A 4C A (17)
Fe?*"Fe*t T Y NatNat T T T T HT HY

3.3. Material balances

Material balances are compiled on the basis of certain flows of electrochemical
reactions, diffusion and migration flows in order to determine the concentrations of
substances at the outlet of the reactor.

3.3.1. Anode chamber material balance:

. . . . F F 2+ F 2+ F 2+ N + N + C
JaCNact + JaClici =8¢+ 8¢ —8M —84° —8&M -84 +8&u
(18)
Ccl~ H* HY . . .
~8d —8um +84 —JaClaci —JiaClcs —JaC;Ztc;z —2F =0
Ferrum ion concentration in the outflow:
Fe2+ FezJr Fe2+ . out (19)
8e —8Mm —8d _JaCFeZ+ =0
Fe2+ Fe2+ Fez+
Cout2+ _8e g]\/{ 84 (20)
Fe J
a
Sodium ion concentration in the outflow:
. i + o 21)
cin o _ Na™ _Na" Cout (
Ja Na* Em 8d Ja Nat
: + +
omo_ Na™  Na
Cout — Ja Na* EM &d (22)
Na* Ja

Chlorine 1on concentration in the outflow:
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; - - 23)
-C1n+Cl_Cl_-Cout:O (
Ja cr EM g4 Ja cr-
oin 4 O _
out _ Ja cl EM 8d (24)
Ccl~ ja
Hydronium ion concentration in the outflow:
. in H* H* . ~out (25)
JaC o t8a —8um —JaC . =
: + +
oL H"  H
+ .
H Ja
3.3.2. Cathode chamber material balance
i H* H Fe?t Fe*t Na™ Na* Cl™
JkChicr =28, +8>+8y +84°5 +8&m +8i —8&um + o7
cl- H H™ . . .
+8d +8uw —8& —JkChact Ik CHcr =k Choey, +2F =0
Ferrum 1on concentration in the outflow:
2+ 2+ . 28
T A N A (5)
F 2+ F 2+
Cou; _ gMe "‘gde (29)
Fe-t i
JK
Sodium ion concentration in the outflow:
Na© Na© . 30
gy te&d _]KC]?]L;Z =0 (30)
Na* Na™
cou _8M t&d" 31)
Na, ;
JK
Chlorine ion concentration in the outflow:
JkCh-—gy +8i —JjkCat =0 (32)

Cclr
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. in cr o, CI
COUE _ jKCle g t8&d (33)
= JK
Hydronium ion concentration in the outflow:

., * * o 4

JkCh =gl +air —gd +ikCht =0 (34)
. ~in H" H* HT

Clo_luf :]KCH+ —8 1t8&8m —&d (35)

JK

The electrolyte volume exchange ratio of the reactor shows how many times a
complete change of electrolyte occurs per unit of time:

Ko=—- (36)

where Vp is the internal volume of the reactor (anode or cathode chamber of the
reactor).
Change in solution concentration in reserve tanks after n passes:

n_]Cl

cl =
v

(37)

4. Results and discussion

4.1. Determination of limiting current densities that ensure the maintenance of the
pH3 value in the anode chamber.

Iron ions accumulating in the solution are oxidized by atmospheric oxygen in the
saturator to Fe>” when leaving the reactor, undergo hydrolysis, and are separated from
the solution on filter presses.

For stable operation of the reactor, it is necessary that the medium pH at the reac-
tor outlet should not exceed 3. At high pH values, hydrolysis of divalent iron is pos-
sible directly in the reactor, with the formation of a solid phase in the electrolyzer
channels.

Hydroxonium ions, which determine the pH value, are transferred to the anode
chamber with the input electrolyte, by diffusion flows g4 from the cathode chamber
(9), and from the anode chamber to the cathode chamber - by migration flows g
(16).

Fig. 2 shows the ratio of migration and diffusion flows of hydronium ions through
various diaphragm materials at constant speed and concentration of the feed solution.
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Figure 2 — The ratio of migration and diffusion flows of hydronium ions through various diaphragm
materials. The NaCl concentration is 5 M in the anode chamber

As can be seen from the figure, the maximum current density, at which the pH
value of 3 is maintained in the output flow, depends on the type of diaphragms and
ranges from 99 mA/cm? for Mipore, 190 mA/cm? for asbestos, and 235 mA/cm? for
polypropylene fabric.

The magnitude of the migration flow of H' ions from the anode chamber to the
cathode one depends on the amount (concentration) of Na®, Fe**, H" cations on one
side and CI" anions on the other side. It is assumed that different sodium chloride con-
tents are supplied to the anode chamber in the feed solution at a constant HCI concen-
tration of 0.001 M. Calculations have shown that at a flow rate of up to 10 1/hour for
the anode and cathode chambers, the change in iron concentration can be neglected.

The higher is the concentration of sodium chloride in the feed anolyte, the lower
is the migration flow of hydronium ions from the anode chamber to the cathode one,
and the higher can be the current density in the electrolyte (at the anode) (Fig. 3).

250

200 A

o

Polypropylene fabric
Asbestos

Chlorine fabric

Porous polypropylene strip
Nylon fabric

Mipore

i, mA/cm?

C (NaCl), M

Figure 3 — Dependence of the current density in the anolyte while maintaining pH 3 on the current
density for different diaphragm materials

Figure 4 shows the calculated relationships between the concentrations of the feed
solution circulating through the anode chamber and the current densities at which pH
3 is maintained in the effluent anolyte for different diaphragm materials.



134 ISSN 3083-6271 (Print), ISSN 3083-628X (Online) Geo-Technical Mechanics. 2025. Ne 174

1.0
0.8 1 . CHN0,011M
’ / C (H") 0,000 M
. 1 : —— C(H"0,007M
S 0.6 ; —— C(H")0.005M
3 ‘ : —— C(H7)0.003M
& l : &
0.4 : ! &m
I 1 -=== i-l
l i ---- 12
0.,2 1 i 1
| 1
l i
I 1
0 :

0 50 100 150 200 250 300 350 400
i, mA/cm?

Figure 4 — Dependence of the flows on current density at different concentrations of HCI in the
anolyte and NaCl concentration of 5 M in the catholyte using polypropylene fabric at an electrolyte
flow rate of 24 1/hour for each of the chambers separated by the diaphragm

It also follows from the figure that the maximum current density achievable when
using the HCI feed solution with a concentration of 0.001 M and NaCl feed solution
with a concentration of 5 M is 235 mA/cm? for this model. If it is necessary to inten-
sify the process of iron dissolution and hydrogen evolution, an additional supply of
hydronium ions with the feed solution is required by the equilibrium equation (47):

It is evident from the figure that an additional introduction of 0.0011 M hydro-
chloric acid into the feed anolyte allows increasing the current density from 230 to
330 mA/cm?.

4.2. The influence of flow rate on the concentration of components in the anode
chamber.

The change in the ion concentration in the anode chamber was calculated using
formulas (18)—(26) and 1s shown in Fig. 5. As it can be seen, increasing the flow rate
through the anode chamber from 4 1/hour to 20 I/hour allows increasing the current
density to 450 mA/cm? while maintaining the given pH value in the output flow.

1.4
= / ja =20 VVhour
10 . ja =16 l/hour
g T —— ja=12 Vhour
= ] . —— ja=_8 Vhour
= 08 - :  a- .
E " | jA =4 Vhour
= 0,61 ! ! —
ob 1 1 - gM
04 | | ----
1 1 ---- 12
0.2 | |
1 1
1 1
0 T T L T T T
0 100 200 300 400 500
i, mA/cm?

Figures 5 — The ratio of migration and diffusion flows of hydronium ions through polypropylene
fabric for different electrolyte flow rates. The concentration of NaCl is 5 M, and the concentration
of HCl is 0.025 M for the anode chamber
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4.3. Analysis of changes in the composition and concentration of acidic catholyte
when separating electrode chambers with an anion-exchange membrane.

When separating electrode chambers with porous diaphragms, intensive diffusion
and migration transfer of sodium, iron, and chlorine ions from the anode chamber to
the cathode chamber occurs, see Fig. 1. Accumulation of sodium and iron ions in the
catholyte leads to a decrease in the electrical conductivity of the solution and an in-
crease in the overvoltage of hydrogen evolution. At the same time, the wide range of
ion sizes and charges involved in matter and current transfer makes this task quite
complex, which will inevitably lead to a cost increase and, as a result, an increase in
the cost of hydrogen produced.

It is much easier to organize work using an anion-exchange membrane for sepa-
rating electrode chambers, through which the transfer of matter and electricity is car-
ried out only by chlorine anions moving from the cathode chamber to the anode one
(see the diagram in Fig. 1). Due to the discharge of hydronium ions and the transfer
of chlorine 1ons from the cathode chamber to the anode one, the acid concentration
decreases by two moles during the passage of two Faradays of electricity. Fig. 6
shows the change in the hydronium ion concentration at the cathode compartment
outlet depending on the catholyte flow rate.

Our work has shown that reducing the hydronium ions concentration in the catho-
lyte to 0.2 M significantly increases the hydrogen evolution overvoltage that leads to
an increase in energy consumption, which is unacceptable. Therefore, the flow rate
cannot be reduced below 24 I/hour. Moreover, it is advisable to use a pump with a
higher capacity.

4 Vhour
8 l/hour
12 Vhour
16 Vhour
20 Vhour
24 l/hour

0 100 200 300 400
i, mA/cm?

Figures 6 — Dependence of the concentration at the outlet of the cathode chamber
on the current density for different flow rates of the catholyte

5. Conclusions

1. A theoretical analysis of material transfer in a reactor for hydrogen production
with a soluble iron anode was carried out.

2. The possibility of using inexpensive diaphragm materials made of asbestos or
polypropylene fabric is shown.
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3. The maximum acid concentrations in the anolyte was calculated, ensuring the
absence of hydrolysis of divalent iron in the anode chamber of the electrolyzer, but
allowing the separation of iron from the electrolyte after its oxidation with atmos-
pheric oxygen with subsequent hydrolysis.

4. The influence of the electrolyte flow rate in the anode and cathode chambers on
the change in ion concentration is investigated.

5. Separating the anode and cathode chambers with an anion-exchange membrane
simplifies operating the reactor. The calculations are provided for adjusting the com-
position of the electrolytes.
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AHATNI3 POBOTW ENEKTPONI3EPA A1 OTPUMAHHA BOAHIO 3 PO3YUHHWM 3ANISHAM AHOJOM
3A 1ONOMOrolo MATEMATUYHOI MOLENI
Hegedos B., biyau A., lNMoniwyk FO.

AHoTauifi. OTpuMaHHs XiMIYHO YMCTOrO BOAHIO €NEKTPOXIMIYHUM METOAOM Mae OOMEXEHHS Yepes3 BIUCOKY BapTICTb
€MeKTponidy BOAHUX PO3YMHIB. [N 3HWXKEHHS Hanpyru Ha enekTponisepi 3anponoHOBAHO 3aMiHUTU aHOOHWA npolec
BUOINEHHS KUCHIO (CTaHZAPTHUI NOTEHLian y kucnomy cepegosuwi nnoc 1,23 B) posumHeHHAM aHoda 3 enekTpoHera-
TUBHUX MeTaniB. TakuMn MeTanamu MoxyTb ByTu antoMiHii Ta 3ani3o — HaMOLUMPEHILLi KOHCTPYKLHI MaTepianu. Big-
XOOM UMX MeTanis y Burnsgi Opyxty abo CTpyxKku LOCUTb eleBi Ta MOXYTb BYyTU BUKOPUCTaHI y BUMNSAI 3aCMMHOMO
enektpoaa. CtaHgapTHWA noTeHLian 3anisa ctaHoBuTb MiHyc 0,44 B, a antomiHito B kucnomy cepegosuLi MiHyc 2,30 B.
Mpw NigKNOYEHHI 4O aHOAA enekTpoaa (katoaa) 3 HU3bKOK NepeHanpyrok BUAINEHHS BOAHIO, 3'ABMSETHCA MOXIMBICTb
OTPMMYBATM BOLEHb i3 OAHOYACHOI0 reHepaLjielo enekTpoeHeprii. Mpy BUKOPUCTaHHI 3ani3HOro aHoda Hanpyra Ha KoMi-
pui 3HWkyeTbesa Ao 0,5-0,6 npu ryctusi ctpymy 6nm3bko 0,1A/cM2. MpoBeaeH: po3paxyHK1 Ta NonepeaHi eKCnepuMeHTy
nokasanu, Lo 4719 3MEHLUEHHs! NonsapuaaLiiHinX onopie BUAINEHHS BOAHIO Ta PO3YMHEHHS 3ani3a CKraf aHoMiTy Ta ka-
TONITY Mae OyTn pisHUM. [Ins 3HWKEHHs nonspusaliiHiX Ta OMiYHUX onopiB Npu enekTponisi Bynu obpaHi 1M po3unH
HCI sk katonit i 5M posunt NaCl sk aHonit. ToMy aHogHa Ta KaToAHa kamepu enekTponisepa MatoTb OyTu po3ainei.
[ns po3aineHHs enekTpogHNX Kamep MOXYTb BUKOPUCTOBYBATUCH SK NOPUCTI AiadparMu, Tak i aHioHo0OMiHHI Membpa-
HW. [ns giacpparm Gynm ouiHeHi TOBLLYWHA, NOPUCTICTb, MPOTIKaHHSA Ta koedilieHTn 3BuBMcTOCTI 06U, BnactusocTi gia-
(bparm BM3HAYaOTb SIK EHEPreTUYHI BUTPATX Ha ENeKTPoni3 (NpoLecy NepeHocy 3apsais), a i NpoLeck NepeHocy peyo-
BuHU. [Ina obrpyHTOBaHOrO BUGOPY MaTepianis Aiadparm Ta aHanidy npouleciB NepeHocy PevoBWHW B enekTponiaepi
3anponoHOBaHO MaTeMaTWuHy MOAenb, 3a JONOMOrol0 SIKOT OLHEHO 3HAYeHHS AWdy3iNHUX Ta MirpaLiiHuxX NoToKiB Y
peakTopi. Kpim TOro, 3anponoHOBaHO ONTUMI30BaHUIA CKMaj aHoMITy Ta KaToniTy, Akuid 3abe3neyye NpoTikaHHS eneKkTpo-
OHWX NPOLECIB 3 MiHIManbHUMU eHepreTUYHUMI BUTPaTamMu; NATPUMKY 3a[aHOro CKrafy PO3YMHIB Ta MOXIMBICTb NO-
[arnbLUOro OYMLLEHHS Bif NPOAYKTIB €NeKkTponisy.

KntouoBi cnoBa: BoAeHb, enekTponis, 3anisHuin PO34nHHWIA aHod, Mirpadis, audysia, MatematuyHa Moaenb
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