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Abstract
The monograph presents the results of an experimental study of the galvanic coagulation 
phase formation process in the system of short-circuited galvanic contacts iron – carbon 
(coke) that was carried out on the current model of industrial galvanocoagulator, water 
permeability and model solutions of inorganic salts hydroxide structures in situ. The 
in  uence of the galvanocoagulation parameters on the phase composition and mass of 
the formed precipitate, the value of the hydrogen index and the chemical composition 
of the dispersion medium are established. The conditions of the galvanic contact system 
transition to the steady state are discovered and the in  uence of the operating time 
of the iron component on the chemical and phase composition of the formed pulp is 
determined. Physicochemical and colloid-chemical mechanisms of phase formation in 
the system of short-circuited galvanic pair steel-3 – coke are revealed. The separation 
possibility of dispersed products of galvanic coagulation process by adaptation 
of traditional methods of natural raw materials separation is shown. Examples of 
electrolysis, galvanocoagulation and cementation in technological schemes of liquid 
waste disposal of galvanic productions are given it the monograph.
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INTRODUCTION

The processes of dispersed phases of oxyhydroxides and iron 
oxides formation in the short-circuited iron (steel 3) - carbon (charred 
coal) system of a galvanic couple were successfully used in the 
development of the galvanic coagulation method for the liquid waste 
neutralization from galvanic production. The development of this 
method occurred in the mid 80-90s of the last century, when galvanic 
sections functioned as the main accumulation sources of 
environmentally hazardous highly toxic liquid and dehydrated waste at 
numerous enterprises of the metalworking, engineering and radio 
engineering industries in the USSR.

The galvanic coagulation process is based on the operation 
principle of a short-circuited iron-carbon (coke) galvanic couple, 
which, without applying an external current source, provides anodic 
dissolution of the iron component with the iron aquahydroxoforms 
arrival in the cleared solutions. 

At the same time, the oxygen depolarization process takes place on 
the carbon component of the galvanic couple, accompanied by the zone 
saturation reaction with hydroxyl anions in it. The interaction of the 
electrochemical reactions products with the components of the 
dispersion medium under moderate oxidation conditions of the system 
leads to the suspension (pulp) formation that consists of a dense 
dispersed precipitate containing the extracted substances, compounds 
and purified water. The galvanic coagulation formation of dispersed 
iron ferrites mixtures, oxides and oxyhydroxides is characterized by a 
low solubility level. It also ensures the pollutants reliable compaction 
into their structure and prevents the latter from entering to the 
environment.

Despite the fact that in numerous scientific and technical 
publications of the results of the galvanic coagulation research at a 
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number of industrial enterprises are fully covered, experiments with 
model systems, mostly, were carried out only as a part of case studies 
or when one of the designing technological stages of schemes for water 
treatment was performed. According to the developers themselves, the 
cathode reduction of metal cations, the formation of ferrites and 
inclusion compounds, the coagulation of coarse dispersed impurities, 
and the organic substances sorption on newly formed phases 
simultaneously occur in the working zone of the apparatus. At the same 
time, the multicomponent composition of real effluents practically 
excludes both determining the contribution of each of the listed 
processes to the total result of water treatment, and studying the 
influence of external physicochemical factors on the electrode reactions 
passage, kinetic laws of nucleation and mineral particles phase 
transformations, and the degree of harmful substances extraction, etc.

The monograph presents the results of an experimental study of 
the galvanic coagulation process, which was carried out on the current 
model of an industrial galvanic coagulator in a steel3 - coke system of 
short-circuited galvanic contacts when water and modeled solutions of 
inorganic salts of heavy metals were passed through the galvanic 
couple system. The influence of the parameters of the galvanic 
coagulation process on the phase composition and mass of precipitates 
shows in this study. Also the pH value of the purified solutions and the 
concentration of anions, ionized forms of iron and other metals in the 
initial dispersion medium in them are determined. The conditions for 
the transition of the galvanic contact system to a stationary state and the 
influence of the period of the galvanic couple operation, without 
replenishment of the iron component, on the chemical and phase 
composition of the pulp are established.

From our point of view, despite the fact that in case when the 
system is scaled up, a significant change in the main characteristics of 
the galvanic coagulation process can be observed, the research method 
proposed in this work allows them to be effectively adjusted for any 
galvanic coagulator model and also allows to optimize its operation 
modes.
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The physicochemical and colloidal mechanisms of phase 
formation in the system of short-circuited steel3-coke galvanic contacts 
were disclosed using a specially developed disk device. This helped to 
born the possibility to control the process of the phases formation of 
iron oxides and hydroxides directly in-situ. The paper presents the 
results of a study of the copper cementation processes on the surface of 
electrochemical semi-elements and the fixation of the cationic forms of 
the metals number by the galvanic coagulation process products. The 
monograph also focuses on separation methods of dispersed mixtures 
by adapting traditional methods that are used to process natural iron 
oxide raw materials - upstream separation, magnetic separation, 
flotation, leaching.

Based on the conducted experimental studies, author’s proposals 
have been made for injection of electrolytic, cementation and galvanic 
coagulation processes into integrated technological schemes for the 
treatment of wastewater from chemical nickel plating, copper plating 
and processing of concentrated acidic and copper-containing solutions. 
The additions contain data on chemical analysis, phase distribution, and 
thermodynamic functions calculation that can be used to create 
mathematical and geochemical models of the dispersed phases 
formation in iron and carbon based systems.
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SUMMARY 1

By the time the galvanic coagulation method was developed, 
industrial effluents were purified from heavy metal ions using 
electrochemical, reagent, sorption, ion-exchange, membrane and 
combined methods. Ion-exchange, sorption and membrane technologies 
were implemented locally, so that made it possible to organize a closed 
circuit of water supply, but required significant amount of costs for 
using special equipment. Reagent and electrochemical technologies 
differed from the previous ones in the relative simplicity of 
technological schemes, but their use did not ensure the achievement of 
the MPC level of wastewater for urban sewage networks and led to the 
accumulation of significant volumes of highly moistened precipitation.
Nevertheless, the technogenic solutions purification from heavy metal 
ions in centralized systems was based on electrochemical technology,
which was considered reagent less. A new galvanic coagulation method 
has been proposed as an alternative one to electrocoagulation 
technology. In contrast to electrocoagulation, the galvanic coagulation 
process took place under corrosive (galvanostatic) conditions without 
electric superposition from an external source for electrodes
polarization. Anodic dissolution of iron (steel) under such conditions 
spontaneously took place in a system of short-circuited galvanic 
couples, consisting of galvanic cells of various natures. 

Three stages can be formed in the development of the theory and 
practice of galvanocoagulation. The first of them is associated with the 
development of a method for galvanic coagulation neutralization of 
liquid waste from electroplating industries. It was first patented in 
1975. Industrial devices designed for the extraction of ionized forms of 
metals were called galvanic coagulators, and were announced in 1980.
During the 90s, this method was tested and implemented in a number of 
industrial metal processing facilities. The analysis of published studies 
indicates that at the initial stage of the development of the method of 
physicochemical processes fundamental study that accompanies
galvanic coagulation neutralization of solutions was not carried out.
The purpose of most of the work carried out was: 1. solving the 
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problems of water treatment at individual enterprises and creating a 
technological scheme for neutralizing effluents of a certain chemical 
composition; 2. determination of the feasibility of introducing the 
galvanic coagulation process into the technological scheme of water 
treatment; 3. optimal modes selection of waste water galvanic 
coagulation for a certain composition. The use of galvanic coagulation 
did not require the use of commercial reagents and so it reduced the 
cost of wastewater treatment and made it possible to significantly 
reduce the area of production premises, increase the manufacturability 
and efficiency of the recycling water supply process. In comparison to
other water purification technologies, galvanic coagulation was found 
to be less difficult for preparing, more reliable and less harmful in 
operation. The second stage (2000-2010) is associated with the 
improvement of devices; more complex devices are created in which 
several processes take place simultaneously. Galvanic coagulation has 
been listed by UNESCO as a recommended new wastewater treatment 
method. The third stage falls on the last decade. The analysis of 
publications indicates a rapid increase in the interest of scientists and 
technologists in the practical application and implementation of the 
galvanic coagulation method at a number of industrial processes in the 
metalworking industry and the mining industry and its focus on 
returning the extracted metals to production. The use of a combination 
of two or more physical and chemical processes was included to the 
water purification practice. Mathematical and geochemical modeling of 
chemical reactions that accompany galvanic coagulation is gaining 
popularity, which creates the prerequisites for the theoretical found at
ions development of wastewater disposal in systems of short-circuited 
galvanic contacts of various nature.
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, 
.

(II) [140]. 

 ( .,
, ,

141]: 
Fe0 + OH– FeOH + –

FeOH + OH– FeO + H2O + –

FeO .+ OH– HFeO2
– 

HFeO2
– + H2O Fe(OH)2+ OH–. 

[FeOH ] = k [OH–] exp(FE/RT).

[OH–]2

i = k2[FeOH ][OH–] exp[-(1- )FE/RT] = 
= k[OH–]2exp[(2- )FE/RT]

= 0,5 

– . 
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Fe0 + H2
– + H+

(FeOH) – + –

(FeOH) + Fe0 )
Fe(FeOH) + OH- + FeOH+ + 2 –

FeOH+ + H+ 2+ + H2O 

 [142]

FeOH .

Fe + H2O [FeOH ] + H++ –

Fe + OH– FeOH + H+ + –

[FeOH ] + Fe + H2O FeOH + FeOH+ + H+ + 2 –

[FeOH – FeOH + FeOH+ + 2 –

: 
i = k·[OH-]2·exp[(3-2 )FE/RT]. 

 [143], tg

– 
: 

Fe0 + H2O FeOH + H+ + –

Fe0 - FeOH + –

FeOH FeOH++ –

FeOH+ + H+ Fe2+ + H2O 
FeOH+ Fe2+ + OH–

: 
i = k·[OH-]2·exp[(2- )FE/RT]. 
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[144, 145]: 
Feag

(s) + An–
ads+ 2H2Oads [FeAnOH–]ads + H3O+ –

[FeAnOH–]ads (FeAnOH)ads + –

(FeAnOH)ads Feaq
2+ + An–

aq + OH–, 
Feag

(s) – 
–

ads – 

144, 145].

2+ 

. 

–

2.1.2. 
-

– 

3
,
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 = 300 
.

2
2+ 3

K2Cr2O7
6+ 3

2.1.1), 

-
2+ 6+

-

,  4)

-

-
2 + + + 4 – = 2 2 , (2.1.1) 

-10, : 
2 + 2 2

– = 4 – (2.1.2). 

[131]:  
= 1,23 - . (2.1.3)

-
4
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1.1. – ;
– ZnCl2 c(Zn2+

3 – K2Cr2O7 (Cr6+ 3; 
– : 1 –

2 – – ; 4 –
; 5 – - . 

3
+ + 2 – = 2 2 2 (2.1.4)
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-
-

– 

-

. 

-
-

-7

Fe = Fe2+ + 2 – (2.1.5). 
-

(2.1.5) 
. 
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-
-

. 

. 
-0,44

-0,3)–(-0,33)
)

Cr6+ 2+

, 

- . 

ZnCl2, Ni(NO3)2, CuSO4
3

-  – - -
0,35)

– )
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: 
1. ,

2.

2.1.2. –
– –

- , : 
1 – : 2 – ZnCl2; 3 – Ni(NO3)2; 4 – CuSO4,

2+ 3. 

-

– 
(2.1.5 ) 2+.
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– Fe2+ –,

-

c(Fe ) 2+ + Fe3+

Fe3+)
 ( ) -

2+

Fe
-

. 

1.3.

: 
1 – c(Fe 3; 2 – 3+ 3

- : 3 – c(Fe 3.

Fe2+

+
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2 [150].
Fe3+

3+

FeOH2+ Fe(OH)2
+

Fe2(OH)2
4+ Fe2(OH)5+.

3+) < 4·10-5

6 [152].
3

Fe(OH)2+, Fe(OH)2
+,

Fe(OH)4
– -

 (III)
-

-8 [156]. 

-159].
,

(n–1)+,

.

– 
[160-162].

Fe (III) 

: [Fe(H2O)4(OH)2]+,
[Fe(H2O)3(OH)3], [Fe(H2O)6]3+, [Fe(H2O)5]2+, [Fe(H2O)2(OH)4]–,
[Fe(H2O)(OH)5]2+, [Fe(OH)6]3– [163].  [164], 
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0 [Fe(OH)6]3+,
-3.

  
[Fe(OH)6]3+ [Fe(H2O)5 OH]2+ + H+; K=10-3,05; 

[Fe(H2O)5 OH]2+ [Fe(H2O)4 (OH)2
+ + H+; K=10-3,26; 

2[Fe(H2O)4(OH)2]+ [Fe(H2O)4 (OH)2 Fe(H2O)4]4+ –; K=10-2,91. 
 ClO4

–, NO3
–, Cl–

Fe3+

FeClO4
2+ ( =0,5 FeNO3

2+( =0,7 ; FeCl2
2+( =4,6, = 5,6) [165];

FeOHCl+ [166].

2

2 3,
3 3 .

, FeHCO3
+, Fe(HCO3)2, Fe(CO3)2  [168].

[160-

, 

 > 
ZnOH+  = 

Zn2(OH)3+  = 6,5).
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> 6,5, – 
~

III
4,3. 

(CuO·CuSO4)·2Cu(OH)2·H2O, Cu(OH)2·H2O

[169] 

~10–6

2·10–9 2 t

: 

D
dt 3

2
9

262

105,0
102

)10(

-1

t1

c
Dt 400104101860103 48

2
9

1
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2.1.
; 

d – 

. 

: 

g

kho 35105,3
)(

)( 5

6
1

2
1

3
2

3;
g =

= 10-3 V
k = 0,94. 

k

) – 
-

2.1.5) 
1,

2 3
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D
t 25,1

10
105,12

102

)1050(
9

10

2
9

262
2

2

, 
D – ~

2·10 9 2 – ·10 6

, D1 < D2,
 ( 1/ 2)2 10 4. ,

, D3 < D2 3 2.

3
4

(10 9 2

. 

t 21501025,1
102

)105( 2
2

9

24

3

-1,
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– 

.  
,
, 

. 

,

2.1.5. 
0)-H2O-O2/CO2

0)-C-H2O-O2/CO2

-

0)-H2O-O2/CO2



76

– 

-
, 

: 

;
;

, ;

;

. 

1. Fe0-H2O-O2

2+ 3+. 

-
2+

Fe3+
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1.7. -
Fe0-H2O-O2: 1 – ; 2 – ;

3 – ; 4 – ; 
5 – ; 6 – . 

Fe2+

(OH)2
-

Green Rust (GR) . 
-

-
: 

– « » 
– « » (Fe(II)-Fe(III) /

  

-
-
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-

: 1  ( ), 2  ( ), 5  ( ).

2.2.2
in situ:

H2SO4 2.2.2 1 FeSO4
2+ 3 2.2.2 2

Fe2(SO4)3
3+ 3

2.2.2 
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0,
; – 

– 3
2–)

-FeOOH; ) –  6-
Fe5O3(OH)9

-FeOOH. 

in situ (> 5%).

, in situ
:  –  H2SO4;  – 1 

FeSO4;  – 2 Fe2(SO4)3.
: 1 – Fe0 ); 2 – 3

2-);
3 – ; 4 – 5 – . 

-
Fe2+

 / Fe3+. 

2.2.1.

-

-
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FeII
4FeIII

2(OH)12CO3 2O [175] 
FeII

4FeIII
2(OH)12SO4·~ 8H2O [176]. 

GR(CO3
2–)  GR(SO4

2–). 

I (GR(CO3
2–)), 

: a – M- ,  – 
: 1 – GR(CO3

2–), 2 – -FeOOH; 
3 – -FeOOH, 4 – (Fe0 ).

Fe(II)-Fe(III)

 (II)  / 2

. 

Fe (II): 

{[mFe(OH)2]·nFeOH+·(n – x -}x+·x –, 
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{[mFe(OH)2]·nFe2+·2(n – x -}2x+·2x –; 

Fe (II) Fe

{[mFe(OH)3]·2nFeOH+·(n – x)A2-}2x+·xA2–

{[mFe(OH)3]·nFe2+·(n – x)A2-}2x+·xA2–, 
2– – SO4

2–, CO3
2–. 

4
2–), 

: a – M- ,  – 
: 1 – GR(SO4

2–), 2 – FeFe2O4; 
3 – 0

4
2–

4
2–), 

FeSO4
2+) 3,

: Fe – 37,41; O – 56,29; S – 
– 0,01.  GR(SO4

2–), 
Fe2(SO4)3

3+) =
3,

GR(SO4
2–), 
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4
2–) : Fe – 36,94; O – 56,52; S – 

Si 

GR(SO4
2–), 

FeSO4 Fe2(SO4)3 CFe
3. 

 ( )
(

FeSO4 2(SO4)3, . 
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– 
-

,
Fe(OH)2.

Fe(OH)2 = 9,31)
 (II), 

3  H2CO3

Fe(OH)3

Fe3+

 – 
 / 

GR(CO3
2–) . 

Fe(OH)2

3

H2CO3

GR(CO3
2–)
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2, 

 = 10° 2
 = 60 °  > 65

° .

-
GR(CO3

2–)
90 °

-
25-50 ° HCO3

–].
GR(CO3

2-)
)

Fe2+

3Fe(OH)2 + 3[Fe(OH)(x)][2–x]+ + Hy(CO3)(2–y)– + (8–3x)H2O + 0,5O2 =
= FeII

4FeIII
2(OH)12CO3 2O + (4–3x+y)H+, (2.2.1),

x = 0, 1; y = 0, 1, 2;

2Fe(OH)3 + 4[Fe(OH)(x)][2–x]+ + [Hy(CO3)][2–y]– + (9–4x)H2O = 
= FeII

4FeIII
2(OH)12CO3 2O + (6–4x+y]H+, (2.2.2),

x = 0, 1; y = 0, 1, 2

2Fe(OH)3 + 4Fe(OH)2 + Hy(CO3)[2–y]- + (3–y)H2O = 
FeII

4FeIII
2(OH)12CO3 2O + [2–y]OH–, (2.2.3)

y = 0, 1, 2,

, , (2.2.4):
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6Fe(OH)2 + 0,5O2 + CO2 + 3H2
II

4FeIII
2(OH)12CO3 2O

( G0
298 = – . (2.2.4) 

- : 
– GR(CO3

2-)
; – –

3
2-

GR(SO4
2–

4
2–
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4
2–

II
4FeIII

2(OH)12SO4·~ 8H2O
-2.2.4), 

 (2.2.5): 

5Fe(OH)2 + Fe2+ + SO4
2– + 0,5O2 + 9H2

FeII
4FeIII

2(OH)12SO4 2O
( G0

298 = –2522, . (2.2.5)

Fe(OH)2
Fe2+ SO4

2–
3

2–

 – GR(SO4
2–

3
2–)

 (II) 

 (II)-Fe (III) 

 (III). 

-
 (II) : Fe (III) = 2 : -1) 

 (II) : Fe (III) = 1 : 1.

 (II)-Fe (III) 
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2.2.2. 
-Fe(III) 

 (II)-Fe (III) 

[183] [184] 

Fe2+ / Fe0  O2 / H2O,
. 

 ~25

– 
– 

reen Rust

Rust [Fe4
IIFe2

III(OH)12]2+·[CO3·2H2O]2–

% Fe0)
NaCl + NaHCO3 + NaOH )

[186].
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 GR(CO3
2–)

= -0,72 I – 
(-0,75)–(-0,6)

– -0,3  – 
GR 

FeOOH.
GR(CO3

2-)
FeHCO3

+, Fe(HCO3)2, Fe(CO3)2
2-.

Fe(OH)2
CO3

2–

Green Rust GR(Cl–)

Fe(OH)2 GR(Cl–), 
~ (-0,55)

Fe(OH)2
 (-0,35) – 

GR(Cl–), 
Fe4(OH)8Cl·nH2O Fe(II)- – 
GR(Cl ), GR(SO4 3 ), 

Fe(OH)2
(Cl , SO4 , CO3 ), 

Fe(OH)2 SO4 3
GR(CO3 ), GR(SO4 )

CO3
2–, 

Fe(OH)2 3 ). 

– Fe2+

– 
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-

3
2-

3 -

4
2- -). 

-
[190],

 – 

 –  – 
,

GR(Cl–),  – ,

Fe2O3. Fe (II)-
Fe - – 

NaHCO3 Na2SO4 – %); 
– – 

FeCl2
-9,5.

 Green Rust

GR(SO4
2-)
GR(CO3

2-).

GRc-Fe (III) GRs-Fe (III) 
ex-Green Rusts 

I  = -

20 %
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GRc-Fe -Fe – 
-

GR-Fe

GR(CO3
–

4
2–). 

 (II)-Fe (III) 

in situ -
ex situ

, 
-

(99,95 % Au0) :
-  (-0,4)–(-

 I
(+1)– – E (+20)–

E  (- -0,5
 – -0,47)

 [192].

Fe (II), Fe (II) + Fe
Fe

–
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25-70 0

(99,95 % Au0) (99,95 % Ag0

3
2-)

0,4 M NaHCO3 /
0,1 M 1- - M FeCl2

25 °
0,4 M

NaHCO3
-2 -0,5

Fe(II) [Fe4
IIFe2

III(OH)12][CO3·2H2O] )  Fe(III). 

> 50 °
– 

Fe6O2(OH)12CO3

3
2- - : 

Fe4
IIFe2

III(OH)12][CO3·2H2O] = Fe6O2(OH)12CO3
+ + 8 –

(2.2.6)
-

3
2- -

 [194

– 
-2  – -2. 

 (II)-Fe (III) 
Fe2+

, 
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3
2-

4
2-)

Fe (II)-Fe (III) 

[196].
-2 -

(-0,35)

[197]. Green Rust 

Rust 

Fe (III)- -FeOOH  > 8,9 
ex-Green Rust – 

Fe (III)-GR. GR(SO4
2-)

Fe (II)-Fe (III) 

-
-

,
Fe0

Fe-C
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– 
, 

-

-

Fe2+ –)
[Fe(OH)(x)][2–x]+.

 (
-9) 

Fe(OH)3

{[mFe(OH)3]nFe(OH)2O–(n – x)H+}xH+
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Fe (II)-Fe , 
3+

-
-

, ,
Fe5O3(OH)9

[202].
  

: 

[Fe3x(OH)y]( 3x – y)+ + (3x – y)OH– x[Fe(OH)3], (2.2.7)
x, y = 1, 2;

5[Fe(OH)3] Fe5O3(OH)9 + 3H2O. (2.2.8)

:

5[Fex(OH)y](3x – y)+ + (9x – 5y)OH– + (3x/2)O2 + 6x e–

x[Fe5O3(OH)9], (2.2.9)
x, y = 1, 2. 

. 
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. , :  – 1;  – 2;  – 4.

Fe(II)-Fe(III) 
[203]. -Fe(III)

: 
5[FeII

4FeIII
2(OH)12CO3 2 2   

6[Fe5O3(OH)9] + 5H2CO3 + 13H2O (2.2.10)

Fe2+, –

[FeII
4FeIII

2(OH)12CO3 2O] + 4Fe2+
2

-

2[Fe5O3(OH)9] + H2CO3 + 3H2O. (2.2.11)

-
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, 

-  – -FeOOH.

, 
– 

). 

-
-  – [203], 

[204]. 
Fe (II)-Fe (III) 

– Fe2+

Fe (II)-Fe

[206]. Fe2+ – 

, [207].  

Fe(OH)2+  / 2
+

-FeOOH. 
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,
 – ;  – Green Rust;  – Green Rust 

,  – ; – . 

2O)5
2+, Fe(OH)2(H2O)4

+, Fe(OH)4(H2O)2
–,

Fe(OH)5(H2O)2–, Fe(OH)6
3–

2O)3+
6

-Fe2O3. 
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 – 
Fe2+,

T  ~50 % Fe (II) 
FeOH+.

+

7-
Fe

 (III). 

-
 (III). 

-
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:   – ; 
 –  – . 

, 

- – 

,
-Fe2O3 2O4.  

-
,
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-
-FeOOH 

: GR – Green Rust, Fh – , G – ,
L – , M – , Z – ,

. 
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2.3. 

in situ

-

– . 

FeSO4 Fe2(SO4)3
3  3-11. 

GR(SO4
2–), - FeFe2O4

-FeOOH -Fe2O3,

, , 
, 

3
2–)

GR(SO4
2–), FeOOH.
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2.3.1. Fe(II)-Fe(III) 

FeSO4
2+ 3

in situ

2.3.1

GR(SO4
2–), (001), 

(002), (003), (004, 100), (005, 103), (104) (JCPDS file No 41-0014) 
2.3.1 

(116), (110), (113), (024) -Fe2O3 (JCPDS file 
No 33-0664) (020) (111) -
(JCPDS file No 17-536). 

.
Green Rust 

(JCPDS file No 08-0098): 
(020), (031), (111), (131, 160), (161, 200), 

(220). 

GR(SO4
2–)

-

Green Rust (001), (002), (00

;
(311) (JCPDS file No 19-

, (110) 
-
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 GR(SO4
2–

 GR(SO4
2–) 

, Green Rust

. 
,

GR(SO4
2–) -FeOOH  GR(SO4

2–) FeFe2O4,

GR(SO4
2–) -FeOOH.

2+) 3

GR(SO4
2–)

– 

Fe2(SO4)3
3+ 3 = 6,

GR(SO4
2–) .

GR(SO4
2–)

GR(SO4
2–)
, 

– 
24 .
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FeSO4
2+ 3,

= 6,5):  – ; 
 – .

: 1 – GR(SO4
2–); 2 – 3 – 

4 – 5 –  6 – Fe0 ( . 
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Fe2(SO4)3 ( 3+) = 1000 
3 = 6,5):  – ;  – 

: 1 – GR(SO4
2–); 2 – -FeOOH; 

3 – -FeOOH; 4 – -Fe2O3; 5 – FeFe2O4; 6 – Fe0 ( ) 
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GR(SO4
2–), 

GR(SO4
2–)

3+ 3

GR(SO4
2–)

– . 

 (III) 
GR(SO4

2-)

2+ 3,

. 

2.3.3. 
Green Rust (

– FeSO4 – Fe2(SO4)3
3: 1 – 1000; 2 – 100; 3 – 10. 
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GR(SO4
2–

 (II), 
Fe (III). 

GR(SO4
2-)

Fe) 3,

Fe) 3 – .
3

-90 3 –  5-
10 . , 

5 
. 

 (
– FeSO4; 

– Fe2(SO4)3. 3: 
1 – 1000; 2 – 100; 3 – 10. 
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– FeSO4 – Fe2(SO4)3.
3: 

1 – 1000; 2 – 100; 3 – 10.  

I = I0e-kd, (d – 
k Z Z – 
 – . 

3 0

c(Fe) 100- 3

GR(SO4
2–), 

- -

15- – 19-
-

GR(SO4
2–)

FeSO4

2(SO4)3 100 3

2.3.7.  
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2.3.6. (Fe0), 
– FeSO4 – Fe2(SO4)3

3: 1 – 1000; 2 – 100; 3 – 10. 

, 
FeSO4

2+ 3): 
– GR(SO4

2– – - – FeFe2O4; FeSO4
2+ 3): 

– GR(SO4
2–) Fe2(SO4)3

3+ 3 – ex-GR(SO4
2– – FeFe2O4. 
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2.3.2.

-

in situ

Green Rust 
GR(CO3

2– -0127), . 

,

-
– 

-FeOOH 
 – ;

-FeOOH. 
48

11

3
2–) .

24
 (311)  (220) ,

,  4-
. - , 



111

: 1 – -FeOOH; 2 – -FeOOH; 
3 – 3

2–); 4 – FeFe2O4; 2 – Fe0 ).

-
~ 21 ~ 26

~ 31
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~ 18 ~ 19 ~20
26

FeSO4 c(Fe2+ 3 = 1,5
(

) = 11 
Rust). 

M - ,
(II) c(Fe2+) 3  

 1,5 ( ) 11 ( ).

2.3.3. 
- -   

 (II)-Fe (III) 
-FeOOH 

FeFe2O4
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-
- [210]. 

– 

)  (

–

2Fe(OH)2 + 0,5O2 -FeOOH + H2O
( G0

298 = – (2.3.1)
– Green
Rust: 

FeII
4FeIII

2(OH)12 n H2O + O2 -FeOOH + H2A + (2 + n)H2O 
(2.3.2),

 – 3
2–, SO4

2–; 
–

: 
2FeFe2O4 + 0,5O2 + 3H2

( G0
298 = – )). (2.3.3)

Green Rust 
- 2

[211].
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.

2+ (< 50 %)

-
 [180]. 

Fe(II) : Fe(III)  2 : 1 [Fe2
2+Fe1

3+Ox(OH)y](7–2x–y))  1 : 1
[Fe1

2+Fe1
3+Ox(OH)y](5–2x–y)) [212]. 2 

-FeOOH 

,
-FeOOH, 

,  (–1)  (–2). 

-Fe2O3, - ,

.

– -Fe2O3 -

FeFe2O4
– = -Fe2O3 + - –

( G0
298 = – .4)

-
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- -Fe2O3 2 G0
298 = – . (2.3.5)

-

–
,

 [213]:
6Fe(OH)2 + O2 2O4 + 6H2O

( G0
298 = –123,0 (2.3.6), 

–
:

2FeOOH + Fe2+ + 2OH-
2O4 + 2H2O

( G0
298 = –  (2.3.7)

– Green Rust:
FeII

4FeIII
2(OH)12 nH2O + 0,5O2

2FeFe2O4 + H2A + (5 + n)H2O (2.3.8), 
 – 3

2–, SO4
2–. 

-

Fe(OH)2  (II)-Fe (III) 

-

- -
.
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,   

-
. 

:  – 
Fe(II)-Fe(III)  – ;  – 

Fe (II)-Fe
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1 

-

2.3.4. -

 (II)-Fe (III) 

Fe2+,  (Fh) 
3+

3+

,
Fe2+. 

 - 
2.3.12 – -

,
60-100

[216].
Fh 

 [217].

-
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2 :  – ,
;  – Fh;  – 

. 

-
 – 

– 
: 3+ 3

Fe2+

 – 

Fe5O3(OH)9 + 10Fe2+ + 5O2
– 5FeFe2O4 + 6H2O + 4 –  (2.3.9)
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-
-

Fe5O3(OH)9  5 -FeOOH + 2H2O (2.3.10)

,
Fe2(SO4)3 – ; 

– – c(Fe3+ 3; 
– c(Fe3+) 3

: 1 – GR(SO4
2–); 2 – -FeOOH; 3 – -FeOOH; 4 – FeFe2O4; 5 – Fe5O3(OH)9; 

6 – -Fe2O3. 

Fe5O3(OH)9 14
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2.3.14

, 

 - 
:  – Fh – – –

2.4. -

- -

-

 – 
, 

( Fe(1– )Fe2O4
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2+ Fe2+ 2+, Ni2+, Zn2+, Cu2+

 [218]. 

2.4.1.

, 
d-

-

. 

2+

2+

2+ -FeOOH, 
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3+

2+

 – 
 (II

– 6

-FeOOH. 

[228]. 

- -
CoFe2O4–x(OH)2

x [231]. 

: 2 
Me2+ : Me3+.

3d-
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2(Fe(OH)n)(2–n) + ( (OH)k)(2–k) + 0,5O2 = Fe2O4 + (2n+k–3)H2O + 
+ (6–2n–k)H+, (2.4.1)

n = 1, 2; k = 1, 2;
FeII

4FeIII
2(OH)12CO3·3H2O + 3( (OH)(2–n/3))(n/3) + O2 =

= 3 Fe2O4 + CO2 + (12 – n)H2O + nH+, (2.4.2)
n = 0, 3, 6;

2 -FeOOH + ( (OH)x)(2 – x) = Fe2O4 + xH2O + (2 – x)H+ (2.4.3),
x = 0, 1, 2.

GR(CO3
2–

- -

FeIII
6O12H8CO3

2+ + OH–
2O4 + H2CO3 + H2O + 5H+

(2.4.4)

Me (II)-
Fe (II / 
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-

Fe2(OH)2
4+, Fe(OH)2+, Fe(OH)2

+

[235-238].

2.4.2.
  

Fe (II)-Fe

GR(CO3
2-) -FeOOH. 

- ,

GR(CO3
2-) . GR(CO3

2-)

GR(CO3
2-)



125

3,
= 6,5. 

GR(CO3
2-)

 (II)-Fe (III) 

4

2

 (III) 

– -FeOOH 
2 - -FeOOH – 14-

4
-

– 9- – 14-
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– – – –
4 (c(Cu2+ 3 = 6,5, 

– GR(CO3
2-), 2 – -FeOOH, 

3 – -FeOOH, 4 – FeFe2O4. 

-
. Ni2+

. 
- . 

. 
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CuSO4 Cu2+ (16 
. 

– – – –
2 (c(Ni2+ 3 = 6,5, 

– GR(CO3
2-), 2 – -FeOOH, 

3 – -FeOOH, 4 – FeFe2O4. 

GR(CO3
2-)

CuSO4,
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NiCl2 4
3

= 6,

3
2-

CuSO4

2, I

4
 (II)-Fe (II/III) 

Green Rust 
 – . 

-
– 

 (III), 

.

, 

,

3
2- , 
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– 

,

CO3
2–

– CuSO4; 
– NiCl2 – ZnSO4.

– –
3 – – Green Rust I; 5 – Green Rust II.

3d- .
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SUMMARY 2

The electrochemical mechanism of an iron (St3) - carbon (coke)
galvanic couple action under conditions of air aeration with aqueous 
solutions, including those containing inorganic salts of heavy metals 
(zinc, nickel, copper, chromium), is corrosion of iron with 
predominantly oxygen depolarization. Under natural aeration 
conditions in solutions with pH values from 2 to 10, the coke half-
element is a cathode with a developed surface, on which oxygen is 
reduced in a neutral medium, accompanied by alkalinization of the 
solution, and proton binding in an acidic medium. Thus, the cathodic 
process is a regulator of the pH value and it is responsible for the 
property of the iron-carbon (coke) galvanic contact system for bringing 
the pH value of the dispersion medium to neutral or slightly alkaline 
values. The thickness of the layer in which the products of electrode 
reactions spread and th
According to the colloid-chemical mechanism of phase formation, the 
following are distinguished: 1. the surface of the steel, 2. the film of the 
near-surface layer, and 3. the dispersion medium. The phase 
composition of the primary particles is determined by the redox 
conditions in the reaction zone or by the participation of Fe2+and/or 
Fe3+ aquahydroxoforms in the phase formation process. A necessary 
condition for the nucleation of the Fe(II)-Fe(III)LDH phase on the steel 
surface is the presence of Fe(II) aquahydroxoforms and/or Fe(OH)2
hydroxide in the reaction zone. Oxygen, hydroxyl anions, oxygen-
containing carbon compounds, sulfate or chloride anions also take part 
in the phase formation process. Under these conditions, a kind of 
micellar structures, which are precursors of Green Rust, can be formed 
in the water film that adjoins the electrode surface. Iron (III) hydroxide 
micelles are formed in the near-surface layer film.

The kinetics study of the particle’s formation of mineral phases on 
the surface of the iron half-element of the galvanic couple was carried 
out by in-situ X-ray phase analysis. The direction of the phase 
transformations of primary particles is determined by the conditions for 
the entry of the oxidant into the reaction zone. Phase transformations on
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the steel surface of GR(SO4
2–) FeOOH (oxidizing conditions) and 

GR(SO4
2–) FeFe2O4 init 4-10, reducing conditions), and in the 

near-surface layer film GR(SO4
2–) -FeOOH. 

In the system of an iron half-element (St3), the process of 
dispersed spinel ferrite structures formation occurs under locally 
created recovery conditions – under the formed and developed 
oxyhydroxide film of the surface layer. The mechanism of spinel ferrite 
particles formation is conditioned by the interaction of Fe(II) and, 
possibly, Fe(III) aquahydroxoforms, which are entered the reaction 
zone as a result of anodic dissolution of iron or dissolution of the 
primary structures of Green Rust, and ionized (cationic or anionic 
forms) metals in a dispersion medium. In the presence of sulfate-
containing solutions, layered double hydroxides of hydroxosulfate 
composition are formed on the steel surface, the structure of which 
includes cations of iron and other transition 3d-metals. Such 
compounds remain stable under oxidizing conditions and generally 
prevent the spinel ferrite particles formation.
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3.

3.1. 
– 

-

3 -1

4:1.
1,1- 3

4 2(SO4)3
3

HCl (1:
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( ). 
), 

3

)

-
-

. 

3/
7.

,

3/ )
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FeFe2O4 -
Fe2O3 Fe(OH)3. 3/

3/

3/ . 

.

-

3

3/

3/  3, = 0,01 
3/ , ,

3/
,  1,

3/ .  6,
0,05 3/ ,

, ,

«
,
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-

. 

3.1.
 – 

2, 

2+
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. 

[241].

. 
» 

3/
3

40-

( = 0,3 
3
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– :
~ 30 . FeFe2O4 + -Fe2O3 ~ 70 . %

, .

~ 30 

-

: 1 – -FeOOH; 
2 – -Fe2O3; 3 – FeFe2O4. 

, 

3.1.4) .
3

- – -Fe2O3, = 0,01-0,05 
3 – FeFe2O4 – 

-Fe2O3.

(Fe )
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3  – 
7,6-8,0 [242].

3.1.3. 

Fe2+

3. 

8
)

 ~ 
3/

2+

( ) 3/  – 3/
– 3/  – 7,0.

2+

3/

0,08 3/ , ,
3/

3

3/
3.

2+
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Fe2+ -

2+ 3/ : 1 – 0,04; 
2 – 0,08; 3 – 0,25. 

3

= 0,08 
3/ ,

-
3

3.1.4. 
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3/ : 0,01, 0,025, 0,05, 0,1, 0,15, 0,2, 0,3 
3

243].

3.1.6. 

- 3 -

3

3 3

3

,

3

, = 0,01 3

3/
, , 

= 0,1
3/ , = 0,01
3/ , 

.  = 0,4 3/
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( ) 

 – 

(Fe2+)  ~ 0,3 
3 = 0,4 3/

» 3+ 3). 

7,3.

-

FeOOH Fe2O3 Fe3O4
= 231,55. 

3/

, 

-
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3.1.1.
, 10 -

0,01- 3/

,
3/ , ,

3, 
Fe, 

FeOOH Fe2O3 Fe3O4
0,01 100 311 31 4 5,5 2,2 11,7
0,1 1000 6521 6521 1743 852 316 2911
0,2 2000 5571 11142 2540 1878 418 4836
0,3 3000 4412 13236 4420 1591 399 6410
0,4 4000 3512 14048 3175 2436 490 6101

-

,
3/ .

  
, 

2+

3

3.
 ( = 6)

– 3 2+,
 – 3.

- -
. 
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3.1.2.

 1-12 ( 3/ ).

,
3

Fe ,
3

Fe3+),
3

Fe2+),
3

1 87 30,0 0,18 29,82 5,8
2 158 0,18 0,18 7,5
3 106 0,40 0,40 7,6
4 170 0,26 0,26 7,6
5 138 0,26 0,26 7,6
6 464 0,06 0,06 7,5
7 185 0,26 0,26 7,7
8 174 0,33 0,33 7,6
9 95 0,33 0,28 0,05 7,5

10 265 0,06 0,06 7,7
11 314 0,61 0,08 0,53 7,8
12 266 1,1 1,00 0,1 8,2

~
= 1, 

11- -
,

3+

-

3+

-
-

- 3/
 ( = 0,08 
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3/ ), 

-

, , -

= 0,015 3/ . 
: 1 – ; 2 –

3 1
11-12 

, 

-
– -

.

 – 
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= 7
-Fe2O3 Fe(OH)3.

Fe2+

[245], , . 

  
3/

Fe Fe3+

[246]. 

3 =10 – 3.
2,5 10 Fe3+ 3,

= 7,3 – 3.
2,5 c(Fe )

3 = 10 – 3.
= 7,3 Fe3+ 

3

3, 4,6 
3 3+. 

Fe -0,9 
3, Fe3+

0,3- 3. 
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3

= 0,015
3/

3: 1 - Fe ); 2 – 3+).

3/

-

2+ 3+. 

-
-Fe2O3

FeFe2O4 -FeOOH

3.1.3. 

, 
3

,
3

3+), 
3

2+), 
3

–, 
3

3 2788 0,67 0,18 0,49 0,52 7,7
6 2242 0,6 0,28 0,32 0,04 7,6
8 2117 0,7 0,18 0,52 – 7,5

:
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- . 

-

.
– – 

.

70 . %) 30 . %), 

,
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FeSO4 Fe2(SO4)3

,

, 
.

 (III)

. 

FeSO4 Fe2(SO4)3
3

3, 6 8
3/ [247]. 

FeSO4

3/ 3 8
(Fe2+) 3

Fe2(SO4)3

,
3 2+ 3.2.2). ,

 c(Fe2+) 3 6
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 8 (Fe3+) 3 = 3 
3/ . 

3.2.1.

FeSO4

(Fe2+),
3

3/
0,04 0,08 0,25

Fe ,
3

3+), 
3

Fe ,
3

3+), 
3

Fe ,
3

3+), 
3

= 3
0,29 0,11 0,46

10 0,41 0,27 0,68
50 0,29 0,2-0,33 0,1-8,5 -3,5
100 0,45 0,29-8,2 -1,8 0,5-32,3 0,5-9,2
300 2,3-37,5 2,1-10,6 0,13-26,1 -2,8 3,2-85,0 1,5-9,2

= 6
0,14 0,35

10 0,19
50 0,1 0,1 0,05-0,4
100 0,19 0,17 0,2-0,33
300 0,47-68,0 0,22-2,5 0,68-7,9 0,5-3,15 2,7-27,3 0,6-3,2

= 8
0,27 0,46 0,22

10 0,27 0,14 0,05
50 0,37 0,26 0,17
100 0,17 0,18 0,15
300 0,5 0,52 1,7-16,3 1,1-2,8

4
2+ 3+

2(SO4)3
3+

2+, [Fe(OH)]+

. ,
2+ Fe2(SO4)3



150

SO4
2-,

– 
3.2.3) [244]. 

Fe2(SO4)3,
FeSO4. 

 3.2.2.

Fe2(SO4)3

(Fe3+), 
3

3/
0,04 0,08 0,25

Fe ,
3

3+), 
3

Fe ,
3

3+), 
3

Fe ,
3

3+), 
3

= 3
0,29 0,23 0,32

10 0,36 0,23 0,32
100 1,13 1,1 0,74 0,62 1,1-36,1 1,1-8,2
300 0,79 0,57 0,8-1,7 0,62 1,8-33,3 0,5-2,5

= 6
0,14 0,35

10 0,17 0,25 0,17
100 0,9 0,9 0,5 0,43 0,53 0,43
300 0,4 0,1 0,89 0,69 1,16 1,05

= 8
0,27 0,46 0,22

10 0,39 0,46 0,48
100 0,57 0,5 0,62 0,5 0,83 0,77
300 1,25 0,77 1,78 0,57-1,0 1,8-3,5 2,0-3,4

2+

Fe2(SO4)3 Fe3+ 3

6
FeSO4

, = 3 3/ ,
3.
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- 2(SO4)3

3

0,40 0,08 0,25

- -FeOOH, 
-FeOOH, 

-Fe2O3 -Fe2O3,
FeFe2O4

-FeOOH, 
-FeOOH,

-Fe2O3 -Fe2O3

-FeOOH, 
-FeOOH,
-Fe2O3, 

FeSO4·H2O,
FeSO4·4H2O,
2Fe(OH)SO4, 

Fe(OH)SO4·2H2O 

FeSO4·H2O,
2Fe(OH)SO4, 

Fe(OH)SO4·2H2O,
Fe2(OH)2(SO4)2·7H2O,

Fe2(SO4)3·10H2O 

FeSO4·H2O,
FeSO4·4H2O,
FeSO4·5H2O,

2Fe(OH)(SO4), 
Fe(OH)(SO4)·2H2

O

SO4
2- (

SO4
2-

Fe2+ Fe3+ 50- 3

SO4
2- . ,

4
2-

. 

FeSO4
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Fe3+ 3

– – 3/ : 
1 – 0,04, 2 – 0,08, 3 – 0,25. 

SO4
2– (%
)

: 
1 – FeSO4; 2 – Fe2(SO4)3

FeSO4

-

3/  – 3/ .
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Fe2(SO4)3 - ,
FeSO4. 

FeSO4 Fe2(SO4)3, – – 3.  
:  – 

Fe2(SO4)3,  – FeSO4
3 : 

1 – 0,04; 2 – 0,08; 3 – 0,25. 

1 ( )

Fe2(SO4)3,
2 ( ,

FeSO4 ,

, ,
Fe2(SO4)3.

 (III). = 0,04-0,08 
3/ , 3 6 (Fe3+) 10- 3

. (Fe3+) 3

(Fe3+) 3

. -0,25 
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3/ -4
= 0,04 

3/ Fe2(SO4)3

(Fe3+) 3  – Fe3+

3). 
,

, ,
3/ , – =

3/ . ,

-
4 2(SO4)3, 

2+

- – 
. 3+

-
– 

2, 2.4.2).  

4
-

- 2+,
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Fe(II)- 4

2(SO4)3

3

4. 

3+

2+

3.3. 

-
-
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- ,

3.3.

– 

, 

2+

ZnCl2
,

, ,

-

2+

ZnCl2

(Zn2+) 3

3/
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3

3 3

,

Fe , Fe3+

Zn2+, .

,

( ,
1), Zn2+

3

3) [250]. 
3

(Fe3+ 3,

= 3 3/ ,

2+ -
2+

Fe - 3,  Fe3+

3, 3/ = 3 
(Zn2+) 3

2,86·10-3 3 ,
,

 [251], 
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- .

( 1), , 
ZnCl2, -

(Zn2+) < 3.
(Zn2+) 3

» Zn2+

3 3

: 
– 

. 
Zn2+ 3

3. 
2+) 3 (Cl–) 3,

 Cl–

= 3 ,

. 

-

0,1- ,

 ZnCl2,
3/

, 3

Fe2+,
3/
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Zn2+

  
2+

(Zn2+) 10- 3 [149]. 3.3.1. 

. %) ,
(Zn2+)

40 . .
, ,

2+) ,
 8- . %. 

2+) 
. %. 

- %.
,

2+)
. % 

. ,
:

15- . %. 

-

-ZnCl2 (  ( )
0,514; 0,327; 0,306) -ZnCl2 ,

FeCl2·nH2O FeCl3·nH2O 
, (Zn2+),
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 ZnCl2·4Zn(OH)2 -Zn(OH)2

, 
,

1. -
-

. %), 
ZnCl2 – – 6,5; 

– : 1 – ; 2 – ; 
3 – ; 4 – ; 5 – . 

– 
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2
2+

3

0,04 3/ .

2+

-

3

3

3 – 3. 

2+ 3

3 – 
3. 

« » 

2
2+ (200- 3) 

Zn2+
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 ZnCl2
(Zn2+) 3, 3.3.1

3.3.1. 

(Zn2+) 3

3/
0,04 0,08 0,25

3 6 8 3 6 8 3 6 8
0,89 0,98 0,28 0,57 1,0 0,98 0,6 0,59 0,8
0,39 0,36 0,31 0,83 1,0 0,84 0,62 0,6 0,41
0,42 0,38 1,0 0,85 0,56 0,79 0,64 0,46 0,79
1,0 0,31 0,38 - 0,29 0,42 0,41 0,38 0,25

0,61 0,52 1,0 0,52 0,77 0,47 0,71 0,43 0,44
0,96 1,0 0,85 0,78 0,9 0,87 0,84 0,9 0,91
0,88 1,0 0,84 0,67 1, 0,81 0,67 0,96 0,91
0,29 0,33 0,33 1,0 0,08 0,4 - 0,28 -
0,44 1,0 - 0,38 0,2 - 0,3 0,62 0,46

3

– 

= 8 

3/
– 

– 
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–ZnCl2. 3/

 ZnCl2

3/
8 2+ 3. 

3.3.2.
,

Zn2+ 3

–ZnCl2, 
= 8 2+)

3 ,
 = 8

. 2+ 3

. = 8,

= 3 – ZnO.

2
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3.3.2.

2+) (  = 3/ ) 

3 6 8
2+ 3

25 100 300 25 100 300 25 100 300
1,0 0,64 0,88 1,0 0,68 0,42 0,77 1,0 0,51
1,0 0,7 0,51 0,9 1,0 0,61 1,0 0,82 0,6

0,12 0,25 1,0 0,39 0,27 1,0 0,12 0,3 1,0
0,53 1,0 0,49 1,0 0,42 0,42 1,0 0,82 0,98
1,0 0,64 0,88 1,0 0,67 0,42 0,76 1,0 0,51
1,0 0,49 0,33 0,83 0,82 1,0 1,0 0,67 0,89
1,0 0,08 0,28 1,0 0,39 0,23 1,0 0,22 -
- - 1,0 - 1,0 0,42 1,0 - -

– –FeOOH – 3 6; =
0,04- 3/

2+ 3; 
– – –Fe2O3 –Fe2O3

– = 3; 
–Fe2O3; 

– Fe3O4 –  = 6; 
3  8

 
– ZnFe2O4 – 3  8,  = 0,04

3/ 3 :
2+ 3  = 3/  – 

ZnFe2O4; 
– –FeOOH – 2+) = 300

3; 
– ,

Zn2+),
; 
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– –ZnCl2

Zn2+) 3 3/ .

 

2+

- 2+

- 3

10-38 – 
ZnCl2 2 2

~10-14

-

,
,
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Zn2+ 3

»
2+ (Zn2+) 3.

(Zn2+) 100 3

,
. 

 ( ), 
)

). 
2

2+ 3

-

2+

 

– .
 – 

-
,

ZnO ,
Zn2+ 
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 ZnCl2  3 

3: 1 – Fe , 2 – Fe3+, 3 – Zn2+. 

ZnCl2: 1 –
, 2 –  3   

3 –  2 
.
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, 

[149, 253]. 

3/ Zn2+) 10, 
25, 100 3. 6

– NaOH (1:10). 

3)2

3 4

2SO4
2+ 3.

.
, 

3 
(  – 4 
( ). 

Zn(NO3)2

, (Zn2+) 10-
3.

= 3/ .
(Zn2+) 3

-30  ~5 .
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(Zn2+) 3

300 3. 
50-80 %

(Zn2+) 3.

2+ 3

3
– –, 

Zn2+

3 2+ 3

2+) =
3

2+

- 3 NO3
–

Zn2+ NO3
–.

7,5-7,7.

ZnSO4

.
= 6 3/ .

2+) 10- 3

= 3 3/
2+) 1,0- 3

2+ 3
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= 6 Zn2+ %. 
Zn2+ 3

. 

SO4
2–

80-90 %. 

2+) 10- 3

(Zn2+) 3

-

,
3/

32+),
3

),
3

3+)
3

2+

3
3

-)
3 pH

10

3 0,04 1344 0,7 0,6-0,02 0,15 55,4 7,5
8 2764 0,2-0,7 0,23 0,2 38-92 7,5
3 0,08 785 0,8-0,7 0,39 0,12 48-68 7,4
8 1701 0,4-0,5 0,33 0,16 53-88 7,6

3 
0,25

1077-
811 0,68 0,5-0,3 0,13 26-64 7,5

8 1171-
2086 0,51 0,23 0,17 35-98 7,7

 H2SO4 (1:3) (
3.3.4)  3 0,08 

3/ 2+ =
3/ = 6 2+

3,
= 3 2+)

,
=

6 SO4
2– 

= 3 
Fe3+ 3,
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3. , = 0,25 
3/ = 3 

3. 

3.3.4. 

(

,
3/

32+)
3

),
3

3+)
3

2+)
3

4
2-)

3 pH

10

3 0,04
540-
810 1,3-5,8 0,5-0,6 1,5-5 112 7,0

8 1,3-1,1 0,4 0,25-1 29 7,2

3 0,08
980-
1308 37-27 0,6-0,7 5-10 84 6,3

8 1330 0,7-1,3 0,7-1,2 0,5-1,5 37 7,1
3 0,25 1041 24-43 0,8-0,6 5-10 90 6,0
8 1,2-0,9 1,0-0,5 0,5-8,5 44-37 7,1

Zn2+ ZnSO4

Zn2+

2+ 3,
HCl (1:1). 

,

3.3.5. 
, ,

.

ZnSO4  ZnCl2
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 – 
ZnCl2,

ZnSO4 ,

SO4
2–

.
3.3.5.

ZnSO4

,
3/ ,

3
2+)

3
), 
3

3+)
3

2+)
3 pH

100

3
0,04

93 1,09 0,13 3-100 7,6-7,2
6 63 0,55 0,08-0,18 3-80 7,6-7,1
8 84-106 0,36 0,08 60-100 7,6-7,1
3

0,08
44 0,2-0,5 0,28-0,18 15-100 7,3-6,8

6 112-89 0,38 0,02 80-100 7,0-6,8
8 62-78 0,45 0,08-0,02 15-100 7,7-7,3
3

0,25
103 0,45 0,39-0,8 100 7,7-7,1

6 28-55 0,47 0,6-0,02 60-100 7,7-7,1
8 86 0,48 0,08-0,28 30-100 7,8-7,1

 Zn(NO3)2 ZnSO4

,
Zn(NO3)2

ZnSO4 Zn2+ 3, 
6 HCl (1:1).

Zn(NO3)2 3.3. ZnSO4 – 
3.3.7. 3)2

3/ : 
,
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3/ ,

%, 
 – %. 

25 3/ = 3 

3.3.6.

Zn(NO3)2 (Zn2+) 3

3 6 8
3/

0,04 0,08 0,25 0,04 0,08 0,25 0,04 0,08 0,25
1,0 0,8 - - - - - - 0,85
1,0 - - - 0,67 - 0,5 0,42 0,27
1,0 0,36 0,28 0,35 0,22 0,29 0,26 0,32 0,82
1,0 0,49 0,31 0,35 0,28 0,27 0,26 0,22 0,4
1,0 0,54 0,77 0,48 0,38 0,4 0,12 0,52 0,6

,
; 3/

,
= 8 3/

=
3/ .

; 
3/ . 

,
Zn(NO3)2·kH2O ( – 4, 6, 8), 

, =
3, 0,04- 3/ = 8, 3/

. , = 3 = 0,25 
3/
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,
. 

,
= 6 3/

;
Zn(NO3)2·2Zn(OH)2 Zn(NO3)2·kH2O ( – 1, 4).

 = 3/  = 3

, – , Zn(NO3)2·kH2O
( – 1, 4, 8), Zn(NO3 2O Zn(NO3)2·2Zn(OH)2. 

;
3/

3/
= 6, 

= 8 3/
– 3/ .

3/ )

3/ .

6Zn(OH)2·ZnSO4·4H2O (
-

- .
3/ .

3

ZnSO4 -
3
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3.3.7.
, 

ZnSO4
2+ 3

3 6 8
3/

0,04 0,08 0,04 0,08 0,04 0,08 0,25
0,7 0,39 1,0 0,93 0,81 0,22 0,43
0,32 0,46 0,5 0,72 0,33 0,29 1,0

- - 0,57 0,59 1,0 0,49 0,42
0,35 0,23 0,42 1,0 0,35 0,29 0,63
0,59 0,46 0,43 0,64 0,56 0,42 1,0
0,5 0,43 0,96 0,56 0,72 - 1,0

1,0 0,53 0,9 0,49 0,67 0,7 0,1

Fe2+ Fe3+ 3/
, Fe2+.

3/
= 6

Fe(OH)2(SO4)2·7H2O. 
Zn(OH)2

, , ,

= 8, 
.

 ZnCl2

(Zn2+) 3

3

= 3 3/ . ,
Zn(NO3)2 ZnSO4 (Zn2+) 3

40-50 (Zn2+) 3
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Zn2+

Zn(NO3)2.

ZnCl2 = 3 ,

: Zn(NO3)2
NO3

– – ZnSO4,
Cl– – SO4

2–.

Zn(NO3)2
Zn2+ 3

3 6. ZnSO4
2+

.

-
2+ 3

2

– 
– 

4
- 4

ZnCl2  Zn(NO3)2. 

3.3.3.
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3

3

Ni2+  Cu2+.

-

: 0,04 
3/ (Ni2+)  4- -19

3.
= 6. 

= 3 
(Fe2+) 3,

Fe2+ 3.
Fe3+ 0,2- 3

6 8 3 = 3 =
3/

SO4
2–

3/ 3.
7,0-7,2 

8, = 3.
,
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NiFe2O4 2

3/ – =
3/

= 3 3/ ;

0,04- 3/  – 
.

.
= 6 0,04- 3/

= 8 3/ .

, , NiSO4·nH2O (n =
1, 2, 4, 7), FeSO4·7H2O; Fe2(SO4)3·10H2O, Fe4(SO4)6·15H2O, 
2Fe(OH)SO4, 2Fe(OH)SO4·mH2 , 

, 2, Ni2Cl(OH)3.
,

-

2+ 5.

3

2+ 3

= 3 3/
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,
, 3

6,1-7,6.
2

,
, 4.

 3-

3/ .
= 3 0,08- 3/

0,04- 3/
= 3 3/

2 FeCl2 FeCl3
3/ .

FeCl3·kH2O (
3·lH2O ( 2·xH2O (

FeCl2 -
FeCl3·2H2 FeCl3·6H2O.

2+ –

2+

– 
-

2+

Ni(NO3)2
Ni2+  5- 3

.
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Fe2+ 3.
= 3 = 0,25 3/

.
- 3

7,1. Ni(NO3)2
- , 

Ni(NO3)2·kH2O
(k = 4, 6), Ni2(NO3)2(OH)2·H2O, Ni2(NO3)2(OH)4

3
6; 

. = 8 

(FeNi)OOH; 
.

Ni(NO3)2(OH)2·2H2O = 6 0,04-
3/ (Ni3O2(OH)4)

6 8.

4 -0,7 
3

2+

3 0,04- 3/ 3 = 0,25 
3/ . Fe3+

4
2-,

:

0,08- 3/ .
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6,6-
,

(  CuFe2O4 2), 
6CuO·Cu2O,

: CuSO4; CuSO4·zH2O (z= 3, 5); CuSO4(OH)6; Cu3(SO4)(OH)4,
Cu3(SO4)2(OH)2·4H2O; Cu4SO4(OH)6·2H2O; Fe(OH)(SO4)·yH2O (y = 
2, 5); Fe2(SO4)3·10H2O.

 CuCl2
Cu2+

3

= 3 3/
(Cu2+) 3. ,

,
3

2+. 3+

- 3

3

3/ 0,04 
3/ (Cl–)

3 7,0-7,4 
6 8 = 3.

 Cu(NO3)2
Cu2+

3/
c(Cu2+) 3, = 0,04-0,08 
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3/ 0,9- 3.

:
Fe2+ 0,2- 3 Fe3+,

, 0,04- 3. 3
–

- 3

3)
= 3 3/ .

6,5-7,0.

3.3.4. 

-

[149] 
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. %

6-8. 

 3- . %. 
Zn2+ 2+
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. %. 

. %;
 – 5-25

. %, – 25- . %.

CuCl2 - . 
 4- CuSO4

20  Cu(NO3)2
 7-10 . 

20 . %.
-

.

ZnFe2O4
) NiFe2O4 -

 CuFe2O4  CuFeO2 -

, 25-
35 . 

25 . %,  – 3-10 . %. 
-2,0 . %) 

. 
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. %)
3: 

– ZnCl2 – ZnSO4 – Zn(NO3)2 – NiCl2 – NiSO4; 
 – Ni(NO3)2 – CuCl2 – CuSO4  – Cu(NO3)2 : 

1 – –  ZnFe2O4 - NiFe2O4 - ), 
CuFe2O4 + CuFeO2 - ); 3 – – –

. 

 2-

- %
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.

 6-8). 
-20
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3

CuSO4 – – – 2

pH – – – 3)2 – – – 8.  
– – 2O4 -

NiFe2O4 - 2O4 + CuFeO2 - – –
5 – 
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-

,

%, 
. % 

-

-ZnCl2, -ZnCl2
FeCl2, FeCl3 Zn(OH)2  ZnCl2 4Zn(OH)2.

NO3
– SO4

2–

Zn(NO3)2·kH2O ( k – 4, 6, 8). 
,

Zn(NO3)2·H2O, Zn(NO3 2O
Zn(NO3)2·2Zn(OH)2

6Zn(OH)2·ZnSO4·4H2O.
, , 

-
,
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CuO, Cu2O, 6CuO·Cu2O 2
 – 2

NiO Ni2O. 

3.3.5. 

 K2Cr2O7
100 3

, Fe
3+, Cr3+  Cr6+ 3.3.6 

3+

6+

.

- – 
-

3. 

Fe2+ + Cr2O7
2– + 5H+ + H2O -FeOOH + 2Cr(OH)3 (3.3.1)
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3
2+

: 
2Cr(OH)3 + Fe2+ + 2OH– FeCr2O4 + 4H2O (3.3.2)

(VI) 
3: 1 – 10; 2 – 50; 3 – 100; 4 – 300. 

Cr(OH)3

. 
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SUMMARY 3

The unfixed iron-carbon galvanic contacts system (galvanic 
coagulator) is characterized by a number of indicators, some of which 
can dynamically change during its operation, while other ones remain 
constant under any operating conditions of the system. The stationary 
state of the system corresponds to the conditions under which the yield 
ratio of oxides ~ 70 wt.% and oxyhydroxides ~ 30 wt.%, and the 
dispersion medium contains the minimum concentration of iron(II) 
aquahydroxoforms and sets neutral or slightly alkaline pH values. The 
flow rate and pHin significantly affect to the precipitation of phase 
composition, but practically do not affect the pH value of the final 
solutions. The lepidocrocite, maghemite and magnetite phases are 
formed in the pulp under FeSO4 solutions passing through. Meanwhile 
iron ionized forms are almost completely bound into oxide-hydroxide 
compounds. The peculiarity of the Fe2(SO4)3 system is the fact that in 
the rapid formation of Fe(OH)3 hydroxide and the passage of the 
process of the dispersed precipitate formation in a solid-phase way, 
which takes much more time than the FeSO4 system. The presence of 
Fe3+ aquahydroxoforms in the solution leads to a decreasing in the 
productivity of the system and the predominant formation of goethite 
and magnetite phases. Additional Fe2+ cations injection into the system 
can increase the content of active components and have a positive effect 
on the binding pollutants process in wastewater. The phase composition 
of the ultrafine sediment formed during the galvanic coagulation of 
inorganic salts model solutions of zinc, nickel and copper determines 
the chemical composition and pH of the dispersion medium. Under all 
galvanic coagulation process conditions, the sediment contains 20-45 
wt.% iron oxyhydroxides, while the content of goethite is almost twice 
the content of lepidocrocite. In dependence of the dispersion medium
cationic component, the formations of zinc ferrite (franklinite) 
ZnFe2O4, nickel ferrite (trevorite) NiFe2O4 and two copper-containing 
ferrites: iron-copper spinel CuFe2O4 and delafossite CuFeO2 are 
possible. For zinc- and nickel-containing systems, the ferrite phases 
yield is stable over the change of pH values and, on average, is about 
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25-35 wt.%. In copper-containing systems in the presence of chlorine 
and sulfate anions in a neutral environment, the ferrites yield is 25 
wt.%, and in an acidic and alkaline environment is about 3-10 wt.%. 
The minimum ferrite yield (1.5-2.0 wt.%) is set for the copper nitrate 
system. The solution flow rate through the galvanic coagulator 
primarily determines the type of structures formed: a predominantly 
coagulation type structures are formed at p=0.25 dm3/min, and 
condensation-crystallization structures are formed at p=0.04 dm3/min. 
The most indicative of the flow rate affects the phase composition of 
the copper sulfate system sediments, in which the ferrite phases yield in 
an acidic medium increases, in comparison with an alkaline medium, 
from 8 to 25 wt. %, and the system of nickel nitrate, in which the ferrite 
phase yield increases from 8 to 18 wt. % with decreasing flow rate. 
Under the conditions of the galvanic coagulation process, the formation 
of iron-oxygen phases is accompanied by the precipitation of basic iron 
salts and various oxyhydroxosalts, oxyhydroxides, oxides and other 
compounds of the corresponding metals. In the zinc chloride system,
ultrafine phases of zinc oxide, zinc and iron chlorides are identified. 
The presence of NO3– and SO4

2– anions in the dispersion medium leads 
to the number of basic salts formation. Systems containing nickel and 
copper cations are characterized by a wide variety of inclusion phases, 
represented by crystalline hydrates of basic copper, nickel and iron 
salts. The process of chromium binding in iron-carbon galvanic contact 
systems takes place in two stages. At the first stage, a sorption-active 
iron oxyhydroxide, lepidocrocite, is forming, and this process is 
accompanied by the reduction of Cr(VI) to Cr(III) and the precipitation 
of Cr(OH)3 hydroxide. The second stage consists of the Cr(OH)3 and 
Fe2+cations interaction in an alkaline medium, which requires a 
continuous supply of Fe(II) to the reaction zone and can lead to the 
formation of chromite. At high initial Cr(VI) concentrations in the 
system, only the passage of the first stage was observed, this caused the 
Cr(OH)3 accumulation in the pulp. Under such conditions, galvanic 
coagulation should be carried out at low flow rates and low initial 
concentration Cr(VI), or two galvanic coagulation devices should be 
used sequentially.
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 (E0)
(Fe0/Fe2+ = -
((-0,24) – (-0,38) )

.
-

-

(Zn0/Zn2+ = -

2+.

Zn2+.

.

3, 
3.3.2 3.3.4). 

(Ni0/Ni2+ = -
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[256, 257].
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. 4.1.2.

( )
Fe  O. ( ) 
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O2-
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,  (Fe3+): 2 (O2-). 

2+

3

3. 



198

1.2. -
- )

: I – -FeOOH);
II – -Fe2O3); III – 3O4).

2

-
2

Fe (II)-Fe
-

– -



199

4.1.1.

Fe ,
3

Fe3+),
3

*c( 2+),
3

**c(An-),
3

Fe0 38 1,2 - - 6,9
Fe0 -C 0,43 - - 6,5

4
Fe0 1,6 0,28 0,25 - 6,6

Fe0 -C 10,0 - 6,6
ZnCl2

Fe0 72 10 5,3
Fe0 -C 80 6,1

3)2
Fe0 53 0,3 10 3,6

Fe0 -C 3,2 8 5,3
4

Fe0 17,5 0,02 21,4 83,7 6,7
Fe0 -C 17,5 0,04 5,4 82,3 6,8

2
Fe0 12,5 0,2 12,0 1,0 5,2

Fe0 -C 14,0 0,58 16,4 2,4 6,1
3)2

Fe0 12,5 0,3 16,5 78,4 6,6
Fe0 -C 10,0 0,02 18,3 65,1 5,9

4
Fe0 6,9 0,03 0,63 133,3 5,3

Fe0 -C 6,9 0,02 1,12 113,6 5,1
2

Fe0 27,7 4,9 1,78 0,5 5,0
Fe0 -C 37,5 3,9 0,8 0,5 5,8

3)2
Fe0 35 1,1 12,6 116 5,5

Fe0 -C 14 0,3 3,4 126 5,7
________________________
* – , Zn2+, Ni2+, Cu2+, 
** – , SO4

2–, Cl–, NO3
–. 
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1.3.
– ZnCl2 – ZnSO4; 

– Ni(NO3)2 – NiSO4 – CuSO4;  – CuCl2 : 
1 – ; 2 – –

; 4 – -Fe(II/III) . 
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5.
– Zn(NO3)2 ,

); 
– Ni(NO3)2 – NiCl2 ,
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, );  – CuCl2
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Cu2SO4(OH)6·2H2O  CuFe2O4.
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– - %

4.2.1. 

,
3

3+), 
3

2+), 
3

4
2-), 

3 pH
= 6

0,7-9,6 1,9-3,3 7,5-6,3
10,7-17,5 0,35-0,83 0,2-1,6 6,1

0,86-1,4 0,3-0,8 0,02-0,17 0,12-0,27 6,5
1,25-5,8 0,48-1,75 0,6-5,2 0,9-0,43 6,1-5,9

= 3
0,6-9,7 13,9-31,5 1,6-1,2 5,6-4,9

14,7-59,1 1,1-3,0 13,0-41,0 1,1-4,3 4,0-4,2

2+

6CuO·Cu2O.

Cu2SO4(OH)6·2H2O
. 
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-

. 



216

4.2.2. 
2+

3 2+ 3 2+ 3

220 15 250 32
40 16

550

3

250

12,1
4 11,8
5 6,2
10 2,5
15 1,3
20 1,4
25 1,06

1000

2

250

53
30 1,9
40 1,7
60 0,82

) 60 250 0,87 

300

10
100

30
30 0,8
60 0,8
10

250
70

30 25
60 0,7

2+

-
4

3

2+

-6 . 
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4.2.5.

 (II)-Fe (III) 
, , 

2+ 3

3/

3 Cu2+.
2+) = 16,5 3. 

5 

-3 3

3 (5 
3 Fe2(SO4)3

c(Fe3+ 3, = 2,

3+ 37 % (5 %
 ZnCl2 % (5 % = 2,5) 
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3+ = 40 3

Fe2+ = 28 3.
-

 (III

,  3. 

4.2.3. 

  ,
3

3+), 
3

2+), 
3

4
2-), 

3

H2SO4 (5%) 66 40/ 60 3,0 0,94 5,3
HCl (5%) 67,2 32,5/48 1 (2,3) 0,8 5,3

H2SO4 (5%)
+ c(Cu2+ 3 67,6 44/65 5,8 (7,8) 0,82 4,6 

K2Cr2O7 (5%) 67 35/52 3,8 (5,4) 0,85 4,9
NaCl (5%) 54 36/67 32,4 0,9 4,8

65,5 40/61 16,5 1,06 4,9
ZnCl2 (5%) 82 30,5/37 4,6 0,93 4,6

HCl (5%) + c(Fe3+) = 
3

3)
86 44,6/52 6,2 0,96 4,9 

HCl (5%), pH = 3,5 70 37,5/53 3,0 0,84 4,7
HCl (5%), pH = 2,5 70 67,5/96 2,0 0,89 4,8

4.2.6. 
-

-

-
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SUMMARY 4

To study the effect of a short-circuited galvanic iron-carbon 
contact on the formation of iron oxides dispersed phases, to assess the 
likelihood of accompanying processes, in particular, cementation, as 
well as to study the effect of air oxygen on the phase composition, 
distribution and structure of dispersed sediments, we carried out a 
number of experiments with additional devices using. In particular, a 
laboratory disk device was manufactured to visualize the phase 
formation process in a short-circuited galvanic couple system. The 
study of the carburizing process was carried out in a column reactor. To 
load the column used: 1. a mixture of crushed iron scrap (St3) and 
carbon (coke) in a mass ratio of 4: 1, which reproduced the conditions 
of galvanic coagulation; 2. crushed iron scrap (St3); 3. pieces of coke.

Modeling the processes of phase formation on a laboratory device 
for zinc-containing systems showed that in systems of zinc chloride and 
nitrate, a dense layer of magnetite forms on the iron half-element 
surface, which complicates the anodic dissolution of iron and slows 
down the development of oxide-hydroxide phases. Under the conditions 
of galvanic iron-carbon contact, coagulation-type structures are formed 
in the surface layer. The Zn2+ cations binding from chloride and nitrate 
solutions occur due to the formation of ferrite spinel particles of 
nonstoichiometric composition. In the zinc sulfate system, the main 
phase that fixes zinc cations is Zn(II)-Fe(II/III) LDH phase. Under the 
presence of a galvanic contact for all systems, the binding of iron 
cations into oxide-hydroxide compounds proceeds to residual 
concentrations <1 mg/dm3, and at the same time in the iron half-
element systems final Fe2+concentrations reach 72 mg/dm3. 

Efficiency comparison of binding copper cations in a galvanic 
coagulator, in a column reactor, and on a laboratory disk device showed 
that galvanic coagulation and cementation in a reducing environment 
are characterized by the best indicators for the neutralization of copper-
containing solutions. The Fe2+ cations presence in a dispersion medium 
gives a positive effect on the passage of galvanic coagulation with the 
mass increase in dispersed sediment and an increase in the initial 
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copper concentrations, at which it is possible to reach the waste waters
MPC level. Summarizing the results of the study of the extracting 
copper cations process from an aqueous dispersion medium, it was 
found expedient to combine the copper cementation on iron scrap under 
reducing conditions with subsequent post-treatment of low-
concentration copper-containing solutions enriched with Fe2+ cations by 
the galvanic coagulation method.
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SUMMARY 5

Today, dispersed mineral phases, including iron oxides, are 
successfully used in the dyes manufacture, magnetic carriers, sensors, 
and catalysts. One of the sources for obtaining dispersed oxide raw 
materials can be the process of galvanic coagulation phase formation, 
carried out in the system of galvanic contacts iron-carbon or in systems 
based on iron and steel. To obtain high-quality materials, the methods
development for separating multi component dispersed mixtures with 
the particles release and aggregates of the same size and/or phase 
composition into a semi-industrial product remains an urgent task.

Under the industrial conditions, dispersed iron-oxide and iron-
hydroxide minerals are isolated from raw materials as a single product, 
without separation into separate mineral phases, that wouldn’t require 
only preliminary processing of the initial material (dispersion and 
homogenization), but also would require the special equipment use. 
Based on the difference in the physicochemical properties of iron-oxide 
and iron-hydroxide minerals, we have developed a complex technique 
for separating mixtures of micron-sized mineral phases by adapting 
traditional methods for extracting dispersed iron oxides and 
monohydrates from natural raw materials. It is based on a combination 
of hydraulic classification, magnetic separation, flotation and chemical 
leaching. The proposed technique made it possible to separate by size 
and density dispersed particles and aggregates.

To determine the mass content of individual phases in mixtures 
during the products separation of the galvanic coagulation process 
standard samples of micro-sized particles were used. The quantitative 
content of iron-oxygen mineral phases in the mixtures was determined 
by the method of an internal standard (the mixing method). The 
substances that were mixed into the samples were: dispersed magnetite 
from the ores concentrate from the KrivoyRog’s iron ore basin
(Ukraine), as well as the phases of lepidocrocite, goethite, maghemite 
and hematite obtained by water galvanic coagulation and isolated into 
individual phases according to the method we developed. To obtain a 
calibration graph of highly dispersed magnetite, it was chosen a
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technique with the addition of natural magnetite. In this case, the 
influence of the X-ray radiation index attenuation on the measurement 
results was excluded and a linear dependence of the analytical lines
intensity on the content of magnetite in mineral mixtures was obtained.

The result of the study was the traditional methods adaptation for 
the natural raw materials separation, aimed at developing a 
comprehensive method for the separation of dispersed iron-oxygen 
mineral phases by the size and density of particles and aggregates. 
Homogeneous phases of iron oxides and oxyhydroxides of various 
structural series and crystallographic modifications were also identified, 
that were used as standard (reference) samples when constructing 
calibration graphs to determine the phases quantitative distribution in 
the sample’s composition.
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6.1.2. 

2 3

,



260

3.

3, 3+) 3. 
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3
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3

,
3 
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Fe 2,5 
3 3 = 6). 
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Fe3+ 0,4-0,01 
3 5,5-

= 3.

6.1.3. 

3/

), 
3

3+), 
3  pH
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-
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3. 
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3
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(V). ( ) 3

(VI) 
 (I)  (III) 
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 (I II)
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3.

(IV) ,

6.2.1. 
  

( ).

: 200- 3 - 3

, 20- 3 15-

CuSO4  H2SO4,
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Cu0  Cu1+ + –; (6.2.2)
2Cu2SO4 + O2 + 2H2SO4 4CuSO4 + 2H2O. (6.2.3)

2.

(6.2.4): 
CuSO4 + 2HCHO + 4NaOH 

 Cu0 + 2HCO2Na + H2 + 2H2O + Na2SO4 (6.2.4).
: HCl (10 %); 

H2SO4 (5 %); H3PO4 (10 %); NaOH (5 %), Na2CO3 (5 
Na3PO4 (5 %). 

– 14.
3.

Cu(BF4)2 – 230- 3;
HBF4 – 18- 3 0,8-1,2.

-
 (6.2.5-6.2.6): 

Cu0 + Cu(NH3)4Cl2  2Cu(NH3)2Cl; (6.2.5)
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3
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6.2.2. 

1. 
,
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6.2.1). 
2+ 3

7,0-
-4,3
. 

2+ 3

– – 6; – 8.  
 1 – CuSO4; 
 2 – CuCl2; 

3 – Cu(NO3)2.

60 %, 

Cl– 3 6 8
3. 

,
. Cu(OH)2,

: CuO, Cu2O, 6CuO·Cu2O  CuFe2O4,
CuFeO2.
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6.2.1.

CuSO4 CuCl2 Cu(NO3)2
3

3 0,02-25,5 6,9-37,5 6,1
6 0,18 0,55 0,86
8 0,34 0,33 0,61

3 7,1-4,2 5,0-4,3 6,1-6,3
6 7,5-7,3 7,4-7,2 7,0
8 7,2-7,4 7,0 7,0

-
CuSO4·5H2O

(6.2.7, 6.2.8):

CuSO4 + 4NH4  [Cu(NH3)4]SO4 2

Cu2+ + 4NH3  [Cu(NH3)4]2+, (6.2.8.)
CuCl2,

 [Cu(NH3)4]Cl2,
 [Cu(NH3)4]2+  2Cl– [303]. 

c(Cu2+ 3. 

= 9 
,  (  2)

1:1 (  3). 

 (  1). 
) 3,

3+ 3 ,
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 3,
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c(Cu2+ 3; c(Zn2+ 3; c(Ni2+ 3; c(Sb2+) – 0,01 
3; c(Pb2+) – 3; c(Bi2+) – 3; c(Fe ) – 3;

c(Sn2+) – 3 = 1,1  ( ),
-5

NaOH, 
( ).

8- 2.

( 99,8 %) 
Cu2+ = 1,2- 3,

3;
-

( )
(IV),

c(Cu2+ 3, c(Fe 3

-4,5. 
(V),

(VI) – (VII)

) – 3; c(Cu2+) – 3; c(Zn2+) – 1,5 
3; c(Ni2+) – 3; c(Cd2+) – 3; c(Pb2+) – 0,1 
3; c(Cr3+) – 3; c(Cr2+) – 3  – 6,0-

,

 [295].
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SUMMARY 6

This chapter tells about the practical use of galvanic coagulation 
phase formation processes in the processing of man-made wastewater 
from galvanic industries. Technological schemes, including galvanic 
coagulation, have been tested and implemented in the processes:

1.copper and nickel cations recovery from waste electrolytes;
2. depleted electrolytes and iron-rich waters post-treatment;
3. low-concentrated wash water neutralization;
4. concentrated acidic and alkaline effluents neutralization.
Particular attention was paid to the injection of electrolytic 

reduction of nickel and copper into the water treatment schemes for 
their returning to the production cycle. For the chemical nickel-plating 
areas, copper-plating of printed circuit boards, jewelry creams
processing, ecologically safe and economically profitable technological 
water treatment schemes were proposed. They met the existing water 
quality standards and were provided at enterprises for the closed water 
supply system creation.



290

10–90 –
[236]:

)115,298
15,298

(ln)()()( 298298 T
TCTSTHG

 [235]:
G0 = H0

298 – ·S298 – ( M0 + bM1 + cM2), 
 M0, M1 2 – 

90 0,00. 

: G0
298 = const, ( G) = const [235].
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[Fe2FeOx(OH)y](7–2y–x) + ((6–x–y 2 + (3–y + + (4–y–x) –

3 -FeOOH (A2.1),

= 1–3;

FeFeOx(OH)y](5–2x–y) + (4–x–y 2 + (2–y + + (7–2(x+y) –

2 -FeOOH (A2.2),

x, y = 1, 2;

: 

[Fe2FeOx(OH)y](7–2y–x) + (3– 2 + (3–y – + (2(2–y) –

3 -FeOOH (A2.3), 

= 1 – 3;

FeFeOx(OH)y](5–2x–y) + ((2–x 2 + (2–y – + (3–2x) –

2 -FeOOH (A2.4), 

x, y = 1, 2. 

[Fe2FeO2(OH)3] [FeFeO2(OH)] 
I –1) – 

–2). 
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2Fe(OH)2
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2Fe(OH)2+ + 2+ – Fe2O4 + 4H2 .2
2Fe(OH)3 + 2+ – Fe2O4 2 .3
2Fe(OH)+ + 2+ – Fe2O4 2 .4

2Fe(OH)+ + 2
– Fe2O4 2

– .5
2FeOOH + 2+ + 2OH– = Fe2O4 + 2H2O .6
2Fe(OH)3 + 2 Fe2O4 2 .7
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1 

, – G0
298

FeFe2O4 CoFe2O4 ZnFe2O4 NiFe2O4 CuFe2O4

.1 78,5 91,2 82,7 78,5 82,4

.2 105,9 118,6 110,1 105,9 109,8

.3 30,6 43,4 34,9 30,6 34,6

.4 82,8 95,5 87,0 82,8 86,7

.5 64,4 75,3 60,8 62,3 60,4

.6 –69,1 37,2 28,7 24,5 28,4

.7 12,2 23,1 8,7 10,2 8,2

.8 6,0 17,0 2,5 4,0 2,1

.9 67,8 78,7 64,2 65,7 63,8
.10 25,6 36,5 22,0 23,5 21,6
.11 17,0 29,0
.12 87,6 42,4
.13 70,6 82,7
.14 10,8 22,9
.15 166,1 178,9 170,5 166,2 170,1
.16 135,8 153,5 143,1 141,7 140,6

____________

– 
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1 

,
3 / ,

3c(Zn2+),
3

c(Fe ),
3

c(Fe3+),
3

c(Zn2+),
3

1 2 3 4 5 6 7 8

25

3

0,04

668-528 1,3 0,01- 1,5 7,7

6 514-387 1,2 0,5 7,9-7,7
8 866 1,25-1,0 1,0-1,5 7,8-7,9
3

0,08

437-293 1,0-1,2 0,59 0,25 7,8-7,6

6 658-361 1,1 0,25-0,3 7,8-7,6
8 327 1,1-1,0 1,0-10 7,9
3

0,25

352 1,3-0,9 0,55-0,7 1,0-7,5 7,7-7,2

6 197 1,24 0,57 2,0-6,0 7,9-7,6
8 192 1,1 0,6 1,0 7,7-7,8

50

3

0,04

710 1,14 0,64 1,5 7,7-7,6

6 726 1,1 0,64 1,0 7,5
8 365-800 1,1 0,62 0,5 7,9
3

0,08

821-1128 1,1-1,28 0,25 7,7-7,6

6 595 0,86-1,05 0,25 7,9-7,8
8 1483 1,05-0,89 0,25 7,9
3

0,25

497 2,19 1,0-0,9 8,0-6,8

6 1159-586 1,09 0,5-1,5 8,0-7,8
8 1297 0,81-0,63 0,5-1,5 7,9
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1 2 3 4 5 6 7 8

100

3
0,04

803 2,2-170 0,63-38 1,0-3,0 7,0-5,8
6 883-619 1,1 0,7 0,5 7,6
8 770 0,87 0,7 0,25 7,7-7,8

3
0,08

1086 2,62 0,96 0,25-3,0 7,5-7,2
6 942-313 0,99 0,48 0,25-2,0 7,7-7,3
8 1669-447 1,0-0,73 0,28 0,25-0,5 7,6

3
0,25

681 1,1-8,4 1,0-0,6 0,5-5,0 7,8-6,8
6 253 0,94-1,1 0,3 0,25-1,0 7,6-7,3
8 813 0,86-1,1 0,3 0,25-0,5 7,8

200

3
0,04

1155 5,4-450 4,6-22 0,5-5,0 7,5-6,5
6 787-460 1,2-1,8 0,5-2,0 7,9-7,2
8 605 0,83 0,5 8,1

3
0,08

318 0,57-4,2 0,37-3,7 1,0-10 6,2
6 96-125 0,8 1,0-10 7,6-6,9
8 155 0,06 0,5-10 7,8-7,2

3
0,25

405-123 1,1-4,6 1,1 1,0-10 -
6 177 0,58 0,3 0,25-1,0 -
8 108 0,67 0,3 0,25-0,5 -

300

3
0,04

187 0,88-55 0,6-21 10-200 6,7-5,0
6 94-147 0,97 0,2 50-200 6,3
8 138 0,8-0,97 0,25 3,0-80 6,8-6,6

3
0,08

195 0,28-2,6 0,04 30-300 7,3-6,2
6 73-104 0,74 0,37 3,0-150 7,6
8 149-169 0,87 0,25 20-150 6,8

3
0,25

133-117 0,48 20-300 7,1-6,7
6 53-77 0,45 25-300 6,9-6,6
8 113 0,38-0,16 2,5-250 7,5-6,9
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(Cu2+) 3 Fe ,
3

c(Fe3+),
3

c(Cu2+),
3

SO4
2-),

3 pH

1 2 3 4 5 6

10 7,7 4,1 1,7 13,0 5,0
100 9,52 0,6 19,1 36,3 4,9

1000 56,1 4,8 32,2 159 4,8

10000 1437 797 1117 2395 4,7

10 1,3 0,6 1,5 13,4 5,2

100 9,6 6,2 1,5 19,3 5,1
1000 57,4 4,8 7,0 16,3 4,7
10000 136 121 175 1451 4,5

10 7,5 3,7 3,7 13,4 5,5
100 9,6 6,5 4,6 19,3 5,0

1000 73,8 4,8 28,1 160 4,8
10000 1451 1334 2335 1207 4,5
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10 8,5 3,95 2,3 12,2 5,3
100 8,3 7,05 8,36 193 5,4

1000 68,2 16,5 120 1260 5,2
10000 – – – – –

10 0,41 0,17 3,4 11,1 6,8
100 7,7 5,2 3,8 136,1 5,5

1000 71 27,5 15,6 1000 5,0
10000 620 570 1680 12700 4,9

10 1,6 0,79 2,44 15,5 6,2
100 8,0 6,8 8,56 170,0 5,5

1000 69 12,5 140 1080 5,0
10000 – – – – –

100 12,3 11,1 3,0 17,8 4,3
1000 124 40,3 10,1 1811 4,4

6
100 6,8 6,7 3,0 181 4,5

1000 116 32,8 10,2 1899 4,4
8

100 11,2 7,2 4,2 195,1 5,1
1000 38 15,8 12,6 2000 4,4
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THE LIST OF FIGURES
Fig. 2.1.1. Potential dependence on pH value: a - tap water; b - ZnCl2 at 
c(Zn2+) = 80 mg/dm3; c - K2Cr2O7 at c(Cr6+) = 85 mg/dm3; d - deionized water. 
The numbers indicate: 1 - hydrogen electrode; 2 - oxygen electrode; 3 - iron 
half-element (St3); 4 - carbon half-element; 5 - short-circuited iron-carbon 
galvanic pair 
Fig. 2.1.2. Potential dependencies from the pH value of the dispersion 
medium: a - iron half-element (St3); b - carbon half-element (coke); c - short-
circuited iron-carbon galvanic pair,: 1 - water and solutions: 2 - ZnCl2; 
3 - Ni(NO3)2; 3 - CuSO4, in which c(Me2+) = 100 mg/dm3.
Fig. 2.1.3. Kinetic dependences of iron ionization upon contact of an aqueous 
medium with St (3): 1 - c(Fe ), mg/dm3; 2 - with (Fe3+), mg/dm3 and short-
circuited galvanic couple.
Fig. 2.1.4. Schematic representation of the reaction zone; d - size of structural 
elements on the surface of the iron half-element of the galvanic couple (St3).
Fig. 2.1.5. Stationary oxygen diffusion profile during particle formation on the 
rotating steel disk surface.
Fig. 2.1.6. Localization of the phase formation process in the Fe0-H2O-O2
system.
Fig. 2.1.7. Conditions for the iron-oxygen mineral phases formation in the Fe0-
H2O-O2 system: 1 - SL without NSF; 2 - SL under the MM layer of NSF; 3 - in 
the MM layer of the NSF; 4 - on the surface and on the inside of the NSF; 
5 - on the outside of the NSF; 6 - in a dispersion medium.
Fig. 2.2.1. Surface St3 after contact with an aqueous dispersion medium for: 1 
min (a), 2 min (b), 5 min (c)
Fig. 2.2.2. Diffraction patterns taken in situ from the surface of St3 after: a -
mechanical cleaning and activation by H2SO4 solution; b - 1-hour contact with 
an aqueous solution of FeSO4; c –2-hour contact with an aqueous solution of 
Fe2(SO4)3. The numbers indicate: 1 - Fe0 (steel surface); 2 - Green Rust 
(GR(CO3

2-)); 3 - goethite; 4 - lepidocrocite; 5 – ferrihydrite.
Fig. 2.2.3. Hydroxocarbonate Green Rust I (GR (CO3

2–)) formed on the steel 
surface upon contact with an aqueous dispersion medium and atmospheric 
oxygen: a - SEM image, b - diffraction pattern. Numbers indicate phases: 
1 - GR(CO3

2–), 2 - lepidocrocite -FeOOH; 3 - -FeOOH, 4 - metallic 
iron (Fe0/St3).
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Fig. 2.2.4. Hydroxosulfate Green Rust II (GR(SO4
2–) formed on the steel 

surface upon contact with an aqueous solution of iron(II) sulfate and 
atmospheric oxygen: a - SEM image, b - diffractogram. Numbers denote 
phases: 1 - GR(SO4

2–), 2 - magnetite FeFe2O4; 3 - metallic iron (Fe0/St3).
Fig. 2.2.5. SEM images (a, c) and energy dispersive spectra (b, d) of 
hydroxosulfate Green Rust formed on the steel surface upon its contact with 
FeSO4 and Fe2(SO4)3 solutions.
Fig. 2.2.6. Iron-oxygen structures development on the steel surface: a, b -
localization of the centers of the formation of nuclei GR(CO3

2-) on the surface 
defects of St3; c - iron oxyhydroxides; d – magnetite
Fig. 2.2.7. Structuring of ferrihydrite aggregates in the primary film of the 
near-surface layer. Process duration, h: a - 1; b - 2; c- 4
Fig. 2.2.8. Particles formed in the film of the near-surface layer: 
a - ferrihydrite; b - Green Rust; c - Green Rust plates and lepidocrocite 
needles, d - lepidocrocite; d, f - goethite needles.
Fig. 2.2.9. Structuring of NSF: a - formation of island structures; b - islet 
growth; c - continuous film
Fig. 2.2.10. General scheme of the phase formation process. The letters 
indicate the phases: GR - Green Rust, Fh - ferrihydrite, G - goethite, L -
lepidocrocite, M - magnetite, Z - sol particles formed in the dispersion medium 
and passed into it from the reaction zone
Fig. 2.3.1. Diffraction patterns of mineral phases formed on the surface of St3 
during its contact with a FeSO4 solution (c(Fe2+) = 1000 mg/dm3, pHinit = 6.5): 
a - under conditions of free access of the oxidizer; b - with limited oxidation of 
the system. The numbers indicate: 1 - GR(SO4

2–); 2 - goethite; 3 - hematite; 
4 - lepidocrocite; 5 - magnetite; 6 - Fe0 (steel surface)
Fig. 2.3.2. Diffraction patterns of mineral phases formed on the surface of St3 
during its contact with a solution of Fe2(SO4)3 (c(Fe3+) =1000 mg/dm3, pHinit =
6.5): a - under oxidation conditions; b - with limited oxidation of the system. 
The numbers indicate: 1 - GR(SO4

2–); 2 - -FeOOH; 3 - -FeOOH; 4 -
-Fe2O3; 5 - FeFe2O4; 6 - Fe0 (steel surface).

Fig. 2.3.3. Kinetic dependences of the yield of hydroxosulfate Green Rust (rel. 
units) on the surface of the iron half-element of the galvanic couple when it 
comes into contact with solutions: a - FeSO4; b - Fe2(SO4)3. The numbers 
indicate the initial concentration of iron, mg/dm3: 1 - 1000; 2 - 100; 3 – 10.
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Fig. 2.3.4. Kinetic dependences of the content (rel. units) of lepidocrocite on 
the surface of the iron component of the galvanic pair: a - FeSO4; 
b - Fe2(SO4)3. The numbers indicate the initial concentration of iron, mg/dm3: 
1 - 1000; 2 - 100; 3 – 10.
Fig. 2.3.5. Kinetic dependences of the content (rel. units) of magnetite on the 
surface of the iron component of the galvanic pair: a - FeSO4; b - Fe2(SO4)3. 
The numbers indicate the initial concentration of iron, mg/dm3: 1 - 1000; 
2 - 100; 3 – 10.
Fig. 2.3.6. Kinetic dependences of the steel surface reflection (Fe0), during its 
contact with solutions: a - FeSO4; b - Fe2(SO4)3. The numbers indicate the 
initial concentration of iron, mg/dm3: 1 - 1000; 2 - 100; 3 – 10.
Fig. 2.3.7. Structures formed on the surface of St3 upon its contact with 
aqueous solutions of FeSO4 ( (Fe2+) = 100 mg/dm3): – GR(SO4

2–); 
b – -FeOOH; c – FeFe2O4; FeSO4 ( (Fe2+) = 1000 mg/dm3): d – GR(SO4

2–)
and Fe2(SO4)3 ( (Fe3+) = 100 mg/dm3): e – ex-GR(SO4

2–); f – FeFe2O4.
Fig. 2.3.8. Diffraction patterns of mineral phases formed on the surface of St3 
during its contact with water in the range of initial pH values from 1.5 to 11. 
Numbers indicate phases: 1 – -FeOOH; 2 – -FeOOH; 3 – GR( O3

2–); 
4 – FeFe2O4; 2 – Fe0 (steel surface)
Fig. 2.3.9. SEM - images of structures formed on the steel surface in the 
presence of Fe(II) aquahydroxoforms at c (Fe2+) = 1000 mg/dm3 and pHin
values (a) 1.5 and (b) 11.
Fig. 2.3.10. Scheme of phase transformations on the St3 surface under 
conditions of complete (dotted arrows) and partial (solid arrows) oxidation of 
the system.
Fig. 2.3.11. The morphology of the structures obtained in the system of the 
iron half-element: a, b - nucleated magnetite particles on the surface of the 
Fe(II)-Fe(III) LDH layer; c - aggregation of magnetite particles; d - aggregates 
of magnetite.
Fig. 2.3.12. Ferrihydrite: a - individual particles obtained on the surface of St3; 
b – Fh aggregate; c - diffraction rings Fh of corrosive nature
Fig. 2.3.13. Diffraction patterns of the structures obtained on the St3 surface in 
contact with Fe2(SO4)3 solutions: a - nucleus structures; b - magnetite; c - iron 
oxyhydroxides at c(Fe3+) = 1000 mg/dm3; d - iron oxyhydroxides at c(Fe3+)=10 
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mg/dm3. The numbers indicate the phases:1 – GR(SO4
2–); 2 – -FeOOH; 

3 – -FeOOH; 4 – FeFe2O4; 5 – Fe5O3(OH)9; 6 – -Fe2O3.
Fig. 2.3.14. TEM - images of the phase transformation products of ferrihydrite: 
a - Fh nuclei, b - ferrihydrite, c - magnetite; d – goethite.
Fig. 2.4.1. Diffraction patterns of the phases obtained on the St3 surface during 
its contact with distilled water for, h: a - 0; b - 1; at 3; d - 5 and subsequent 
contact with a CuSO4 solution (c(Cu2+) = 100 mg/dm3, pHin = 6.5, T = 20°C). 
Numbers indicate phases: 1 – GR(CO3

2-), 2 – -FeOOH, 3 – -FeOOH, 
4 – FeFe2O4.
Fig. 2.4.2. Diffraction patterns of phases obtained on the St3surface during its 
contact with distilled water for, h: a - 0; b - 1; at 3; d - 5 and subsequent 
contact with a NiCl2 solution (c(Ni2 +) = 100 mg/dm3, pHin = 6.5, T = 20°C). 
Numbers indicate phases: 1 – GR(CO3

2-), 2 – -FeOOH, 3 – -FeOOH, 
4 – FeFe2O4.
Fig. 2.4.3. Diffraction patterns of phases obtained on the St3 surface with a 
developed layer of GR(CO3

2–), upon contact with solutions: – CuSO4; 
– NiCl2; – ZnSO4

Fig. 3.1.1. Working model of galvanic coagulator.
Fig. 3.1.2. Dependence of the sediment yield on the water flow rate under 
flushing the working load of the galvanic coagulator.
Fig. 3.1.3. Kinetic dependence of the sediment mass yield under flushing the 
system of galvanic contacts ( f = 0.3 dm3/min) after the apparat us stopping.
Fig. 3.1.4. Dependence of the distribution of iron-oxygen phases on the flow 
rate. The numbers indicate the phases: 1 – -FeOOH; 2 – -Fe2O3; 3– FeFe2O4.
Fig. 3.1.5. Kinetic dependences of galvanic coagulator performance on a new 
charge (sediment mass yield (a) and Fe2+ cation concentration (b)) at flow 
rates, dm3/min: 1 - 0.04; 2 - 0.08; 3 - 0.25.
Fig. 3.1.6. The flow rate influence on the sediment yield during the operating 
mode of galvanic coagulation.
Fig. 3.1.7. "Equalizational" diagram of pHfin values after galvanic coagulation 
at p=0.015dm3/min. The numbers indicate: 1 - pHin; 2 – pHfin.
Fig. 3.1.8. Dependence of the mass yield of dispersed sediment on the pHin

value at f of the solution 0.015 dm3/min.
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Fig. 3.1.9. Dependence of the iron concentration, mg/dm3 on the pHin value at 
p = 0.015 dm3/min. Numbers indicate, mg/dm3: 1 - (Fe ); 2 – (Fe3+). 

Fig. 3.2.1. Kinetic dependences of the iron cations yield into the dispersion 
medium at an initial concentration Fe3+ = 300 mg/dm3 and a pHin value: a - 3, 
b - 6. The numbers indicate the flow rate, dm3/min: 1 - 0.04, 2 - 0.08, 3 - 0.25.
Fig. 3.2.2. The residual content dependences of SO4

2– (% of the introduced 
into the system) on the initial iron concentration during galvanic coagulation of 
solutions: 1 - FeSO4; 2 - Fe2(SO4)3.
Fig. 3.2.3. Kinetic dependences of the dispersed sediment mass yield during 
galvanic coagulation of FeSO4 and Fe2(SO4)3 solutions, pHin: a - 6; b - 3. 
Legend: white bar graphs - Fe2(SO4)3 system, black - FeSO4 systems. The 
numbers in the circles indicate the flow rate through the system of galvanic 
contacts, dm3/min:1 - 0.04; 2 - 0.08; 3 - 0.25.
Fig. 3.3.1. Phase distribution of precipitates (wt.%) Obtained by galvanic 
coagulation of ZnCl2 solutions with pHin values: a - 3.0; b - 6.5; c - 8.0. 
The numbers indicate the phases: 1 - magnetite; 2 - zinc ferrite; 3 - maghemite; 
4 - hematite; 5 - iron oxyhydroxides.
Fig. 3.3.2. Kinetic dependences of the cations yield into a dispersion medium 
during galvanic coagulation of a ZnCl2 solution on a new load (a); after 3 
weeks (b) and after two months (c) of operation of galvanic couples. The 
numbers indicate the concentrations, mg/dm3: 1 - Fe , 2 - Fe3+, 3 - Zn2+.
Fig. 3.3.3. The yield of the sediment mass during galvanic coagulation of the 
ZnCl2 solution: 1 - on a new load, 2 - after 3 weeks, and 3 - after 2 months of
its operation.
Fig. 3.3.4. Phase distribution of precipitation (wt.%) Depending on the pH 
values of the medium at a metal cation concentration of 100 mg/dm3: 
a - ZnCl2; b - ZnSO4; c - Zn(NO3)2; d - NiCl2; e - NiSO4; e - Ni(NO3)2; 
g - CuCl2; h - CuSO4; and - Cu(NO3)2. The numbers indicate: 1 - magnetite; 
2 – spinel ferrites of zinc ZnFe2O4 (a-c), nickel NiFe2O4 (d-f), copper CuFe2O4

+ CuFeO2 (g-i); 3 - maghemite; 4 - hematite; 5 - iron oxyhydroxides: goethite 
and lepidocrocite.
Fig. 3.3.5. Phase distribution of precipitates (wt.%) depending on the flow rate 
at a metal cation concentration of 100 mg/dm3 in CuSO4 solutions at pHin
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values: a - 3; b - 6; at 8; ZnCl2 solutions at pHin values: g - 3; d - 6; e - 8; 
Ni(NO3)2 solutions: g - 3; h - 6; and - 8. The numbers indicate: 1 - magnetite; 
2 – spinel ferrites of zinc ZnFe2O4 (a-c), nickel NiFe2O4 (d-f), copper CuFe2O4

+ CuFeO2 (g-i); 3 - maghemite; 4 - hematite; 5 - iron oxyhydroxides: goethite 
and lepidocrocite.
Fig. 3.3.6. Kinetic dependences of the chromium (VI) extraction on the 
concentration of the initial solution, mg/dm3: 1 - 10; 2 - 50; 3 - 100; 4 – 300.
Fig. 4.1.1. Laboratory equipment for modeling the processes of galvanic 
coagulation phase formation: a - disk installation; Legend: 1 - iron (St3) 
galvanic pair half-element; 2 - axis; 3 - motor with a gearbox; 4 - carbon 
(coke) semi-elements; 5 - solution; 6 - cuvette; b - column reactor; Legend: 
1 - initial solution; 2 - column filled with scrap and/or coke; 3 - final solution.
Fig. 4.1.2. Layer-by-layer distribution of iron-oxygen phases in the systems of 
an iron half-element (a) and an iron-carbon galvanic pair (b). In fig. (c) shows 
the direction of diffusion of iron and oxygen cations. The numbers indicate the 
layers: I - oxyhydroxide (lepidocrocite -FeOOH); II - oxide (maghemite 
-Fe2O3); III – spinel ferritic (magnetite Fe3O4).

Fig. 4.1.3. Diffraction patterns of mineral phases obtained in the open systems 
based on iron in contact with solutions: a - ZnCl2; b - ZnSO4; c - Ni(NO3)2; 
d - NiSO4; e - CuSO4; f - CuCl2. The numbers indicate the phases: 
1 - lepidocrocite; 2 – spinel ferrites (magnetite, maghemite, ferrite); 3 -
goethite; 4 - -Fe(II/III) LDH hydroxosulfate composition.
Fig. 4.1.4. The results of thermogravimetric studies of the samples obtained in 
systems based on iron upon contact with solutions: 1 - NiSO4; 2 - NiCl2.
Fig. 4.1.5. SEM images of surface structures obtained in iron-based systems in 
contact with solutions: a - Zn(NO3)2 (NSF, lepidocrocite plates and spherical 
particles of spinel ferrite); b - Ni(NO3)2 (NSF, lepidocrocite and spinel ferrite); 
c - NiCl2 (SL, hydroxycarbonate Green Rust); d - NiCl2 (spinel ferrite); 
e - CuSO4 (NSL, lepidocrocite); f - CuCl2 (spinel ferrite).
Fig. 4.2.1. Kinetic dependences of the concentrations (mg/dm3) of cations:
1 - Cu2+, 2 - Fe2+ in a dispersion medium at pHin values: a - 3; b – 6.
Fig. 4.2.2. Kinetic dependences: a - Fe2+ cations release into solution,
b - change in pH value. The numbers indicate the dependences obtained during 
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the cementation process: 1 - in a column reactor, 2 - on a disk device, 3 - in a 
galvanic coagulator.
Fig. 4.3.1. Diagram of the technological process for neutralizing copper-
containing solutions. The numbers indicate: 1 and 4 - storage tanks; 2 and 5 -
reagents for adjusting pH values; 3 - column reactor; 6 - pump; 7 - galvanic 
coagulator; 7 – sump.
Fig. 5.1.1. Diagram of the device used for hydraulic classification.
Fig. 5.1.2. Particles and aggregates of lepidocrocite and maghemite isolated 
during the separation of a four-phase mixture in an upward flow of water: 
a - chamber II; b - .
Fig. 5.1.3. Mass distribution of the components of mineral mixtures obtained 
by galvanic coagulation of water (a); solutions of ZnCl2 (b) and CuCl2 (c). The 
numbers indicate: 1 - goethite, 2 - hematite, 3 - lepidocrocite, 4 - maghemite, 
5 - magnetite, 6 - zinc spinel ferrite (Fig. b) and copper spinel ferrites CuFe2O4

+ CuFeO2 (Fig. c)
Fig. 5.1.4. Distribution (wt%) in the chamber products of separation of iron 
(curve 1), zinc (curve 2 in Fig. a) and copper (curve 2 in Fig. b).
Fig. 5.1.5. Schematic representation of the layered structure of a dispersed 
deposit obtained on the iron half-element surface of a galvanic couple.
Fig. 5.1.6. Diffraction patterns of the phases formed in the iron half-element 
system of the galvanic couple: a - film of the surface layer; b - surface layer. 
Numbers indicate phases: 1 – GR(CO32–), 2 – -FeOOH; 3 – -FeOOH; 
4 – FeFe2O4.
Fig. 5.1.7. Magnetization curves of iron-oxygen mineral phases obtained in the 
system of an iron half-element: a - a mixture of magnetite and goethite, 
b - magnetite, c - zinc-containing spinel ferrite.
Fig. 5.1.8. Particles and aggregates of mineral phases separated by magnetic 
separation and flotation methods: a - goethite; b - lepidocrocite; c - maghemite; 
d - magnetite and hematite.
Fig. 5.1.9. Diffraction patterns of samples obtained under the influence of an 
average magnetic field in the system of an iron half-element in contact with 
water: a - NSF and b - SL; c - ZnCl2 solution (NSF); d - water (sediment in the 
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cuvette). The numbers indicate: 1 - lepidocrocite; 2 - magnetite; 3 - goethite; 
4 - Green Rust; 5 – ferrihydrite.
Fig. 5.1.10. Structures formed in the system of an iron half-element of a 
galvanic couple under the influence of magnetic forces: a - magnetite; 
b - ferrihydrite and Fe(II)-Fe(III) LDH, c - compounds, sol coagulation 
products.
Fig. 6.1.1.
1 - 25; 2 - 70; 3 - 90. Duration of electrolysis 10 h; cathode current density -
200 A/m2.
Fig. 6.1.2. Degree dependence of nickel extraction on the pHin values at 

- 25; 2 - 70; 3 - 90. Duration of electrolysis 10 
h; cathode current density - 200 A/m2.
Fig. 6.1.3. Current efficiency versus electrolyte temperature. Duration of 
electrolysis 10 h; cathode current density - 200 A/m2.
Fig. 6.1.4. Dependence of the current output on the cathode current density at 

- 25; 2 - 70; 3 - 90. Duration of electrolysis 
10 h.
Fig. 6.1.5. Polarization curves of nickel electrolytic reduction at electrolyte 

- 25; 2 - 70; 3 –90.
Fig. 6.1.6. Complex processing scheme of liquid waste from the production of 
chemical nickel plating. The numbers indicate: I - alkaline washing bath; 
II - acid washing bath; III - rinsing bath after nickel plating; IV - storage tank 
of spent alkalis; V - waste acid storage tank; VI - storage tank for spent 
electrolytes; VII and VIII - mixers; IX - electrolyzer; X - column reactor; 
XI - galvanic coagulator; XII - sedimentation tank.
Fig. 6.2.1. Technological scheme of reagent neutralization of low-concentrated 
copper-containing effluents from the production of printed circuit boards. The 
numbers indicate: I - averaging tank; II - tank for oxygen purging and pH 

- container for milk of lime; IV - capacity for separating the 
suspension; V - pH meters;VI - compressor for purging the solution with air.
Fig. 6.2.2. Kinetics of copper extraction from model solutions with initial 
c(Cu2+) =100 mg/dm3 and at pHin values: a - 3; b - 6; c - 8. Curve 1 - CuSO4

solution; curve 2 - CuCl2 solution; curve 3 - Cu(NO3)2 solution.
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Fig. 6.2.3. Kinetic dependences of copper extraction in a column reactor from 
model solutions: a - initial c(Cu2+) = 9 mg/dm3, where curve 1 is a CuSO4

solution at pHin = 7; curve 2 - CuSO4 solution at pHin = 9; curve 3 - a mixture 
of copper sulfate and ammoniacalate in a ratio of 1: 1 at pHin = 9; curve 4 - 
filtrate after treatment of sulfate-ammonia solution (1: 1) with alkali solution;
b - initial c (Cu2+) = 200 mg/dm3, where curve 1 is CuSO4 solution at pHin = 7; 
curve 2 - CuSO4 solution at pHin = 9; curve 3 - a mixture of copper sulfate and 
ammonia at pHin = 3; curve 4 - a mixture of copper sulfate and ammonia at 
pHin = 7. 
Fig. 6.2.4. Variants a and b of the technological scheme for the post-treatment 
of low-concentrated copper-containing solutions for the production of printed 
circuit boards. The numbers indicate: I - averaging tank; II - tank for oxygen 
purging an - container for lime milk; IV - capacity for 
separating the suspension; V - pH meters; VI - compressor for blowing the 
solution with air; VII - pump; VIII - KB-1 galvanic coagulator; IX and XII - 
sedimentation tanks, X – KB-8 galvanic coagulator. 
Fig. 6.3.1. Scheme of the complex processing of liquid waste after the 
extraction of precious metals from the crust. The numbers indicate: 
I - container with the original solution; II - diaphragm electrolyzer; III - storage 
tank with depleted electrolyte; IV - column reactor; V - storage tank for 
solutions after copper cementation; VI - galvanic coagulator; VII - 
sedimentation tank. 
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