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DEVELOPMENT OF THE HYDROXYCARBONATE GREEN RUST

ON THE STEEL SURFACE CONTACTING WITH WATER DISPERSION
MEDIUM IN THE TEMPERATURE RANGE FROM 3 TO 70 °C

The interest in the Fe(I1I)—Fe(I1I) layered double hydroxides (LDH) or Green Rust is closely connected with the studies of
the global biogeochemical cycle of iron. Its formation takes place in numerous engineering systems and in permeable
reactive barriers based on iron and steel. We studied the influence of pH value (in the range from 1.5 to 11.0) and temperature
(in the range from 3 to 70 °C) on the development and phase transformation of the hydroxycarbonate Green Rust on the
steel (St3) surface contacting with water dispersion medium under the rotation-corrosion dispergation conditions (RCD).
X-ray diffraction in situ and SEM were used as the main methods for the mineral phase identification. The free access of
oxygen into open-air system led to solid-state transformation of GR into plates of y-FeOOH as well as its dissolution and
precipitation in well-crystalline needle-like particles of y-FeOOH. On the contrary, the appearance of Fe,O, in the phase
composition of the surface structures was explained by co-precipitation of the dissolved ferric and ferrous species. The
maximum quantity of y-FeOOH phase was fixed at 25 °C and at pH 1.5 within 72 h. Maximum quantity of Fe,O, phase
was fixed at 70 °C and at the pH 4.0—6.5 after 24 h of the phase formation process. The crystal lattice parameters of
the GR(CO32‘) formed on the steel surface within 5 h under the RCD conditions were the following: a = 0.318794, ¢ =
=2.302260 nm (at T=20 °C, pH 11.0) and @ = 0.317084, ¢ = 2.254410 nm (at 7' =35 °C, pH 6.0).
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Introduction. The interest in the Fe(II)—Fe(III)
layered double hydroxides (LDH) or their natural
analogues called Green Rust [11] is closely con-
nected with the studies of the global biogeochemi-
cal cycle of iron [38]. The identification of a Green
Rust as a mineral was performed in waterlogged
soils of "gleyic properties” under forest in Fougeres
(Brittany, France) [36]. The recent identification
of Green Rusts as products of the ferric oxide and
oxyhydroxide reduction by Shewanella putrefa-
ciens [27], a dissimilatory iron-reducing bacterium
(DIRB) [13, 39], suggests that Green Rusts are the
intrinsic component of the iron red-ox cycle in
aquatic and terrestrial environments [26].

The formation of the Green Rust takes place in
numerous engineering systems [35] and in perme-
able reactive barriers based on iron and steel [18].
Usually electrochemical synthesis of Fe(IT)—Fe(III)
LDH is used for modeling of the atmospheric cor-
rosion process [25] as well as a marine one [33].
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Nowadays the crystal structure of Fe(1I)—Fe(III)
LDH is well known and it is described as positively
charged brucite-like layers [Fe“(l7)C)Fe'”x(OH)2]er
that alternate with interlayers made of anions and
water molecules [11]. The type of Green Rust
structure is determined by the shape and type of
anions they incorporate. Whereas iron hydroxide
layers in the Green Rust I are coordinated by
"planar” or "spherical" anions such as CI", F~, I,
CO,*, SO,*, Green Rust II is formed in the
presence of "three-dimensional” anions such as
SO,> or Se0,* [14, 16]. Green Rust I (GRI) with
hydrotalcite-like ([Mg",AI' (OH),]**- [CO,*,
3H,01*> [9] or pyroaurite-like ([Mg!!Fe!ll, x
x (OH),(]** [CO,*, ~4H,0]* [8]) XRD pattern
belongs to the hexagonal system; its space group is
P3m. The structure of Green Rust II is close to

Penxonerist ycBimomitioe, 1110 TeMa JaHOi CTaTTi He BiAmo-
Bimae teMaTtuli "MiHepasoriYyHOro XypHaiy', OIHaK OT-
pUMaHi aBTOpaMy Pe3y/IBTaT MOXYTb OYTU LIKABUMM IS
MiHepaJoriB.
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that of Fe(OH), and it belongs to the trigonal
system with space group P3m1 [14].

Despite of the fact that crystal lattice parameters,
structure and physical-chemical properties of Green
Rusts are determined, they may strongly depend on
the following external factors: the method of the
LDH obtaining, chemical composition and pH
value of dispersion medium, temperature, red-ox
conditions, duration of the phase formation process
etc. Recently we proposed a new rotation-corrosion
dispergation (RCD) method [20], that permits to
form different iron-oxygen structures including
Fe(II)—Fe(1IT) LDH on the steel surface alternately
contacting with water dispersion medium and air.

The purpose of our work is to study the influence
of pH value and temperature on the development
and phase transformation of the hydroxycarbonate
Green Rust on the steel surface contacting with
dispersion medium under the rotation-corrosion
dispergation conditions.

Objects and methods of the research. The
formation of the Green Rust applying the rotation-
corrosion dispergation method was carried out on
the surface of the rotating disk electrode made of
the finished steel (St3). Its chemical composition is
the following, %: C — 0.14—0.22; Si — 0.05—0.15;
Mn — 0.4—0.65; Cr — 0.3; Ni — 0.3; P — 0.04;
S — 0.05; N — 0.01. Such steel appears to be the
iron-carbon alloy containing the phases of iron
spinel ferrite FeFe,O,, graphite C and cementite
(Fe, Ni, Co),C. Due to the presence of such
components, a large number of micro galvanic
couples, such as ferrite — graphite and ferrite — ce-
mentite, are created in the system. In these coup-
les, the ferrite particles play the role of anodes whe-
reas the graphite and cementite particles are catho-
des. The differences in the value of standard elec-
trode potentials of such components lead to the
electrochemical red-ox reactions on the steel sur-
face. As it was shown in our earlier article [2], the ad-
ditional components of steel, such as Si, Mn, Cr, Ni,
Cu, S, P, do not participate in the processes of the
phase formation: their concentration in the disper-
sion medium is very low. The rotation of the steel
disk supplies the variable contact of its surface with
air and dispersion medium. The process of the pha-
se formation was carried out in the open-air system.

The steel surface was refined from oxidized layer
via mechanical and chemical treatment. The sul-
fate acid water solution (1:1) was used as a che-
mical agent for the surface activation. The electro-
de washed off with distilled water was many times.
Distilled water (pH 6.5) was chosen as a dispersion
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medium. To prepare water solutions in the wide
range of pH (from 1.5 to 11.0) the respective
quantity of HCI (1:1) and NaOH (1 M) was added
into distilled water. The pH value in the solutions
was controlled using ion meter (M 160, made in
Belarus). The temperature regimes were provided
by applying of TS-1/80-SPU thermostat. The
obtaining of the surface structures was carried out
at the following temperatures: 3, 10, 25, 35, 50 and
70 °C. The process of the phase formation led to
the stationary state of the system (48—72 h).

X-ray diffraction (XRD) was used for the mineral
phase identification. We used the XRD in situ study
to fix the processes of the iron-oxygen particle de-
velopment and their phase transformation on the
steel [19]. The measurement was taken on com-
puter-aided equipment (DRON 3) with filtered
emission of a cobalt anode in discrete conditions of
plotting, with the pitch of 0.1 degree and time of
piling in every point 4 s. The crystal lattice para-
meters of mineral phases and the primary particle
size (coherent scattering region, CSR), were cal-
culated according to XRD-data [1]. The relative
quantity of the mineral phase and the kinetic re-
gularities were obtained applying the method [5].
As an additional visualization technique of the
derived samples a scanning electron microscopy
(SEM) was suggested.

Result and discussion. 7he influence of the pH va-
lue on the development of Green Rust I on the steel
surface under the rotation-corrosion dispergation con-
ditions. The study of the mineral composition of
the surface structures formed under the RCD con-
ditions on the steel surface was carried out using
XRD analysis in situ (Fig. 1). According to the
obtained data Green Rust I, lepidocrocite
y-FeOOH and magnetite Fe,O, formed in the wide
range of pH (from 1.5 to 11.0) at 7= 25 °C and
pH 6.5 as the main mineral phases.

Only lepidocrocite was formed on the steel sur-
face when it was contacting with water dispersion
medium at pH 1.5. The first lepidocrocite peaks
(020) and (120) appeared within 2 h. Their quantity
and intensity gradually increased during 72 h. The
increase of the initial pH value to 4.0 led to the
appearance of lepidocrocite reflexes within 1 h of
the process. The formation of the magnetite on the
steel surface was fixed after 5 h from the start of the
phase formation process. Their intensity was three
times grown within 48 h. The emergence of the
lepidocrocite at pH 6.5 was noticed during 2 h and
magnetite was formed in 5 h. At the same time the
accumulation of the magnetite phase took place
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Fig. 1. XRD-patterns obtained under in situ condition when the steel surface was contacting with water solution in the pH
range from 1.5 to 11.0. The numbers correspond to the mineral phases: / — goethite, 2 — iron (the steel surface), 3 —
lepidocrocite, 4 — magnetite, 5 — Green Rust 1

more intensively than lepidocrocite. The system
came to the stationary state after 48 h. The reflexes
of the lepidocrocite formed at pH 11.0 were very
weak. And the first reflexes of magnetite (311) and
(220) appeared after 24 h of the phase formation

24

process and their intensity insignificantly increased.
It is indicative that the XRD peaks of Green Rust I
were clearly seen only at the pH 1.5 (7 h) and at the
pH 11.0 (2—8 h). Obviously in the acid medium
the iron hydroxide layers in the Green Rust I
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structure were coordinated by chloride anions and
it may belong to hydroxdylchloride Green Rust
GR(CI"). But in alkaline medium Green Rust I
could be only hydroxycarbonate GR(C032‘). The
crystal lattice parameters of the Green Rust I for-
med on the steel surface under RCD conditions are
the following: a = 0.322379, ¢ = 2.452110 nm for
GR(CI") (pH 1.5, 7 h) and a = 0.318794, ¢ =
= 2.302260 nm for GR(CO,*) (pH 11.0, 5 h).

So, according to the obtained data the influence
of the pH value on the phase composition of the
surface structures in the pH range from 4.0 to 10.0
is not significant because it is compensated by ca-
thode process due to the neutralization of the so-
lution in the reaction area [2]. That leads to the
formation of the stable mineral compositions on
the steel surface that includes lepidocrocite and
magnetite. On the contrary the quantity of the pro-
ducts of cathode process in highly acidic and highly
alkaline medium is not enough for neutralization
of pH in the reaction area and weak crystallized
phases such as Green Rust and lepidocrocite are
preferentially formed on the steel surface.

We used the XRD patterns for the comparison of
the relative quantity of lepidocrocite and magnetite
formed in the pH range from 1.5to 11.0. The obtained
data (Table 1) show that the maximum quantity of
lepidocrocite is formed at pH 1.5 within 72 h. But the
maximum of magnetite is fixed in the pH range from
4.0 to 6.5 after 24 h of the phase formation process.

The average size of the primary magnetite par-
ticles calculated using the Debay-Scherrer formu-
la is gradually increased together with the increase
of pH value and it equals ~20.8 nm at pH 4.0,
~26.4 at pH 6.5 and ~31.0 at pH 11.0. The average
length of lepidocrocite needles is increased too
when the initial pH value grows. It equals ~18.3 nm
at pH 1.5, ~19.4 at pH 4.0, ~20.0 at pH 6.5 and
~26.2 nm at pH 11.0.

The influence of the temperature on the development
of hydroxycarbonate Green Rust on the steel surface
under the RCD conditions. The role of the tempe-
rature in the phase composition of mineral phases
formed on the steel surface was studied using XDR
analysis in situ (Fig. 2) and scanning electron mic-
roscopy (Fig. 3). The formation of the mineral par-
ticles was carried out in the temperature range from
3to 70 °C. All minerals formed under experimental
conditions belong to the iron-oxygen structural
v-row: hydroxycarbonate Green Rust GR(CO32‘),
lepidocrocite y-FeOOH and magnetite Fe,O,. The
quantity of goethite a-FeOOH was insignificant
and it can be estimated as an additional phase.
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The lepidocrocite reflexes appeared on the steel
surface at T = 3 °C within 72 h and y-FeOOH
remained as a single phase until the system came to
the stationary state. The increase of the temperature
to 10 °C led to appearance lepidocrocite together
with magnetite Fe,O, within 48 h. The formation
of both phases y-FeOOH and Fe,0, at 7= 25 °C
was fixed after 2 h of the process. The intensity of
their reflexes gradually increased within 72 h. The
first reflexes of y-FeOOH and Fe,0O, appeared at
T = 35 °C after 2 h of the phase formation. The
intensity of the y-FeOOH reflexes was growing
during 10 h and then it did not change within next
62 h. But the intensity of the Fe,O, reflexes gra-
dually increased, reached its maximum within 48 h
and furtherit decreased by the end of the experiment
(72 h). Hydroxycarbonate Green Rust GR(CO32*)
and goethite a-FeOOH were fixed using X-ray
diffraction method at 7 = 35 °C. The intensity of
lepidocrocite reflexes was increasing at 7= 50 °C
during all experiment, but the intensity of magnetite
peaks reached its maximum within 48 h and then it
insignificantly decreased. The strong reflexes of
y-FeOOH and Fe,0, together with weak reflexes
of a-FeOOH were present on the XRD pattern at
T = 70 °C. The intensity of the y-FeOOH and

Table 1. The relative quantity of the mineral phases formed
on the steel surface contacted with water disperse medium
in the pH range from 1.5 to 11.0

pH Time, Phases

value h y-FeOOH Magnetite

1.5 2 0.16 0.00

7 0.11 0.05

24 0.47 0.10

48 0.74 0.10

72 1.00 0.11

4.0 0.5 0.00 0.00

1 0.00 0.00

5 0.08 0.19

9 0.15 0.55

24 0.23 1.00

48 0.15 0.66

6.5 2 0.23 0.27

7 0.23 0.27

24 0.46 0.80

48 0.26 0.66

55 0.39 0.72

11.0 2 0.00 0.00

5 0.00 0.00

8 0.08 0.02

24 0.06 0.10

48 0.08 0.22
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DEVELOPMENT OF THE HYDROXYCARBONATE GREEN RUST

Fig. 2. XRD-patterns obtained under in situ condition
when the steel surface was contacting with water solution
in the temperature range from 10 to 70 °C. The numbers
correspond to the mineral phases: / — Green Rust I, 2 —
goethite, 3 — lepidocrocite, 4 — magnetite, 5 — iron (the
steel surface)

Fe 0, reflexes increased within 9 and 18 h, res-
pectively and further it gradually decreased. The
most intensive reflexes of a-FeOOH were fixed af-
ter 9 h of the phase formation process, and further
their intensity did not changed.

The magnetite particles formed on the steel sur-
face in the wide temperature range (35—70 °C) have
a spherical shape (Fig. 3, 4, g, m) and nanosized
scale of CSR. The increase of the temperature in
the system leads to decrease of the particle size. So,
the average size of magnetite particles formed at
T=10°Cequals ~28.0 nm; at T=25°C — 24.6; at
T=35°C—244;at T=50°C — 18.7;at T =
=70 °C — 17.9 nm. On the contrary the length of
the lepidocrocite needles gradually grows when the
phase formation temperature increases. Their
average size equals ~20.0 nm at 7= 10 °C; ~24.4 at
T=25°C;~28.5at T=35°C;~34.0at T=50"°C
and ~36.0 nm at 7= 70 °C. The crystal lattice pa-
rameters of the Green Rust I formed on the steel
surface under the RCD conditions at 7' = 35 °C
within 5 h are the following: a = 0.317084, ¢ =
= 2.254410 nm.

The comparison of the relative quantity of lepi-
docrocite and magnetite formed in the all tempe-
rature range is presented in Table 2. According to
the obtained data the quantity of lepidocrocite
reaches its maximum in the temperature range
from 25 to 50 °C within 48 h of the phase formation
process. It is indicative that magnetite phase is
absent at 7= 10 °C even after 72 h of the process.
The relative quantity of magnetite gradually in-
creased in all temperature range and it reached
maximum at 70 °C within 18 h. Further its quantity
was insignificantly decreased.

The SEM images of the surface structures for-
med in the temperature range from 10 to 70 °C are
present on Fig. 3. So, the randomly oriented plates
of hydroxycarbonate Green Rust (Fig. 3, a) and
the needles of lepidocrocite (Fig. 3, b) are clearly
seen on the steel surface after 72 h of the phase
formation process at T = 10 °C. Distorted lepi-
docrocite needles formed within 10 h at T =
=25°Care present on Fig. 3, c. Spherical magnetite
particles obtained under such conditions on the
steel surface are seen on Fig. 3, d. The general view
of the iron-oxygen structures formed in and around
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the structural defect on the steel surface is present
on Fig. 3, e. The oriented lepidocrocite needles
precipitated on the steel surface within 10 h at 7=
= 35 °C are seen on Fig. 3, f. The "hedge-hog"
structures of schwertmannite formed under such
conditions are present on Fig. 3, g and magnetite
particles are seen on Fig. 3, 4. The following
particles are formed within 5 h at 7=50 °C on the
steel surface: lepidocrocite (Fig. 3, /) and magnetite
(Fig. 3, j). The lepidocrocite particles obtained
within 4 hat T=70 °C are present on Fig. 3, k. The
"hedge-hog" structures of schwertmannite formed
under the same conditions are seen on Fig. 3, /.
The magnetite particles (Fig. 3, m) and its "rod-
like" aggregates (Fig. 3, n) were formed simulta-
neously with y-FeOOH at T="70 °C.

The colloidal-chemical mechanisms of the forma-
tion of Green Rust I on the steel surface contacting with
air oxygen and water solutions. The formation of the
Fe(IT)—Fe(III) layered double hydroxides (LDH) or
Green Rust takes place on the steel surface when the
dissolved ferrous iron as well as hydroxyl, oxygen,
carbon-oxygen and some anion species are present
in the water solution contacting with the steel.

As it was shown in our previous work [2], the
average pH value in the reaction area can lie in the

Table 2. The relative quantity of the mineral phases formed
on the steel surface contacted with water disperse medium
in the temperature range from 10 to 70 °C

Temperature, Time. h Mineral phases

c ’ v-FeOOH F¢304
10 1 0.00 0.00
2 0.00 0.00

5 0.00 0.00

48 0.00 0.00

72 0.15 0.17

25 2 0.00 0.00
5 0.33 0.06

25 0.95 0.20

48 1.00 0.23

35 5 0.28 0.03
10 0.89 0.27

48 0.82 0.51

50 4 0.42 0.28
21 0.54 0.76

48 0.96 0.95

70 1 0.11 0.15
5 0.44 0.42

18 0.57 1.00

48 0.47 0.76
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Fig. 3. The SEM images of the iron-oxygen minerals formed on the steel surface contacted with distilled water at 7= 10 °C:
a— GR(C032‘), b — y-FeOOH; at T'= 25 °C: ¢ — y-FeOOH, d — Fe;0,, e — the structural defect of the steel; at 7 =
= 35°C: f— y-FeOOH, g — schwertmannite, # — Fe,0,; at T = 50 °C: i — y-FeOOH, j — Fe,0,; at T= 70 °C: k —
y-FeOOH, / — schwertmannite, m — Fe,; 0, particles, n — "rod-like" aggregates of Fe,0,
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range from 7.0 to 9.5 independently on the pH in
the volume of the solutions. We confirmed such
data using the direct test with the help of the
corresponding indicators (nitrasin yellow and
phenolic red) [21]. The narrow pH range is the
cause of the limited quantity of the iron (ferrum)
aquahydroxoforms in the reaction area. So, ferric
iron is precipitated as an amorphous hydroxide
Fe(OH),, and ferrous iron can exist in form of hyd-
rated cations Fe?", aquahydroxocomplexes FeOH™
and hydroxide Fe(OH),. Hydroxyl and protons are
other active components in the reaction area.
Oxygen and oxygen-bearing carbon compounds
(OBCC) enter into the interface the steel surface —
water dispersion medium from air and they are step-
wise adsorbed on the steel surface [7]. The OBCC
can exist in the open-air system as carbon dioxide
CO, or carbonic acid H,CO, as well as the anions —
HCO,", CO32*, that can interact with dissolved
iron (ferrum) and form different dissolved comp-
lexes, e. g. FeHCO,", Fe(HCO,),, Fe(CO3)22* [23].

Under such conditions the formation of the
peculiar micellar structures in the reaction area
(~ 400 mkm from steel surface) is possible after a
few minutes of the contact of the electrode with the
dispersion medium.

In the presence of dissolved ferrous aquahydro-
xoforms the micelle composition can be the follo-
wing [3]:

{[mFe(OH),]- nFeOH" - (n — x)OH }**- xOH~
or
{[mFe(OH),] - nFe?" - 2(n — x) OH}>*- 2xOH".

But when both ferrous and ferric aquahydroxo-
forms are present in the system the micelle com-
position is different [3]:

{[mFe(OH),] - 2nFeOH* - (n — x) A27}>" - xA*
or
{[mFe(OH),] - nFe?" - (n — x) AZ > xA>.

The letter A> corresponds to SO,>~, CO,?" anions.

We think that such micellar structures are the
precursor species for the Green Rust formed on the
steel surface. That supposition agrees with the
electrochemical researches [15, 34] where the gel-
like phase Fe(OH), appears on the iron surface
under corrosion conditions. Moreover, on the first
stage of corrosion process at pH 4.0—9.5 the steel
surface contacts with alkaline water solution
saturated with relation to the Fe(OH), protective
layer [6].

The compromise potential of the steel electrode
was found in the range from —0.6 to —0.3 V, and it
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permitted the origin of the primary Green Rust
particles on the steel surface [28].

The general reactions of the hydroxycarbonate
Green Rust formation can be the following [3]:

3Fe(OH), + 3[Fe(OH),,,|121" +
+ H,(CO,)C + (8 = 3x)H,0 +0.50, =

= Fell,Fell (OH),,CO,- 3H,0 +

+ (4 3x + y)H", (1)
or
2Fe(OH); + 4[Fe(OH),,, |11+ +
+ [H,(CO,)I2™ + (9 - 40 H,0 =

= Fe!l,Fe!l,(OH),,CO," 3H,0 +

+(6—4x+ y)H", ()

wherex=0,1;y=0, 1, 2.

The electrochemical synthesis of hydroxycarbo-
nate Green Rust [Fe,""Fe,"'(OH),,]**- [CO;- 2H,0]*
on the brushed up surface of the iron electrode
(99.5 % Fe) contacting with complex electrolyte
(0.2 M water solution NaCl + NaHCO, + NaOH
at pH 9.6 and T = 25 °C) was realized under
potentiostatic oxidation at £ = —0.72 V [16]. The
obtained data show the simultaneous entry of
carbonate and chloride anions into Green Rust
structure. The formation of the GR(CO32‘) in the
water solutionsincludes two stages: 1) the formation
of GR at £E= —0.75 + —0.6 and 2.0 V Green Rust
oxidation at £ = —0.3 V [15]. The capability of
ferrous iron of chemical and electrochemical oxi-
dation, further co-precipitation with ferric species
and formation of GR structure were shown in [30].
The oxidation of ferrous iron in the crystal lattice
of Fe(OH), accompanied by CO32‘ intercalation is
considered to be less likely [16].

Two principle approaches to the Green Rust
formation via electrochemical synthesis exist: the
change of the local pH value or the degree of ferrum
oxidation (Fe(II), Fe(Il) + Fe(IlI), Fe(1II)) [28].
In the first case the near electrode area is alkalinized
e. g. due to the reduction of the dissolved oxygen or
water and hydroxyl disengagement [17]. It leads to
the formation of the iron-oxygen structures on the
electrode surface. The formation ofthe concomitant
structures of iron oxides and hydroxides may be
related to the limitation of a method. In the second
case the anodal oxidation of electrodeposited GR
layer on the gold and silver electrodes is realized at
pH 9.5and /= 16.7 mA-cm2 [29]. The oxidation
of the GR layer was fixed at £=—0.5 V. The incre-
ase of temperature (7" > 50 °C) led to the forma-
tion of the monophase ferric oxyhydroxycarbonate
Fe,0,(OH),,CO,. The solid state reaction of the
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anodal oxidation of GR(CO32’) was characterized
by anodal peak at £ =—0.32 V. Cathodal solid sta-
te reduction of Fe,O,(OH),,CO; into GR(CO32’)
was realized at £ = —0.48 V. The ratio of R =
= Fe(II)/Fe(III) for GR(CO,*) equals ~2.0—2.5
[37]. Green Rust as well as ferric (oxy)hydroxycar-
bonate formed in the phase composition at R > 2.0.

Temperature belongs to the critical parameter
for the formation of hydroxycarbonate Green Rust
on the steel/iron surface because the concentration
of carbonate species (CO,) forms the inverse
correlation in relation to temperature (from 0.232
per 100 g water at 7 = 10 °C to 0.058 per 100 g
water at 7 = 60 °C to complete disappearance at
T > 65 °C) [4]. So, it may be important for the
interpretation of our experimental data about fur-
ther Green Rust transformation.

Only two mineral phases were determined ac-
cording to XRD data obtained in sifu: lepidocrocite
and magnetite. The electrochemical mechanism of
the GR transformation into y-FeOOH includes
dissolution of Green Rust particles and further
formation of the primary particles of y-FeOOH on
the whole electrode surface [10, 22]. Whereas the
oxidation of Green Rust can lead to the formation
of magnetite particles as an intermediate product
of the reaction that is included into GR crystal
lattice or it may replace the structural elements in
the GR [31]. The further oxidation leads to des-
truction of both kinds of particles and precipita-
tion of the needle-like lepidocrocite.

The chemical mechanism of the magnetite for-
mation in the Green Rust water suspension as a
rule is realized via Green Rust dissolution and fur-
ther precipitation of Fe,O, particles [32]. The pre-
sence of ferrous cations in the open-air system can
cause the formation of initial ferryhydrite particles.
The rate of GR dissolution increases at the in-
creasing of the pH value in the suspension. Dissol-
ved ferrous iron is gradually oxidized and forms
ferric oxyhydroxide phase [24].

Also, as the more probable mechanisms of the
phase formation on the steel surface under rota-
tion-corrosion dispergation conditions we determi-
ned the following: the GR(CO32’) oxidation into
v-FeOOH (3) and the formation of magnetite
particles via dissolved ferrous and ferric micellar
species interaction

Fe!! Fe!ll,(OH) ,CO,- nH,0 + O, —
— 6y-FeOOH + H,CO; + (2 + n)H,0.  (3)
We explain the formation of schwertmannite
Fe,Og(OH), , (SO,), particles [12] on the steel

30

surface as a result of the interaction of ferrous iron
and hydroxyl with the "trace” amount of SO,?~ that
may remain in the defects of the steel after its
chemical activation.

Conclusions. The contact of the steel surface
with water dispersion medium under the rotation-
corrosion dispergation conditions leads to the for-
mation of the disperse iron-oxygen minerals in-
cluding Fe(II)—Fe(III) layered double hydroxides,
lepidocrocite and magnetite. The physical-chemi-
cal conditions such as pH value of dispersion
medium and temperature play an important role in
the phase distribution on the steel surface. The
optimal conditions for the formation of hydroxy-
chloride Green Rust were fixed at pH 1.5 but for the
formation of hydroxycarbonate one it was found at
pH 11.0. We determined the most quantity of
GR(COBZ‘) within 5 h when the phase formation
process took place in the temperature range 25—35 °C.

The presence of ferrous iron in a crystal lattice
of Green Rusts causes their oxidation, dissolution
and phase transformation. The free access of
oxygen into our open-air system leads to solid-state
transformation of GR into plates of lepidocrocite
as well as its dissolution and precipitation in well-
crystalline needle-like particles of lepidocrocite.
On the contrary, the appearance of magnetite in
the phase composition of the surface structures is
explained by dissolved ferric and ferrous species
co-precipitation.

The comparison of the XRD-peak intensity per-
mits to estimate relative quantity lepidocrocite and
magnetite formed in the pH range from 1.5to 11.0
and in the temperature range from 10 to 70 °C.
Whereas the quantity of lepidocrocite gradually
increases within the temperature range from 10 to
50 °C and it is identified as a monophase at 7' =
= 10 °C, magnetite quantity grows in the all tem-
perature range. The maximum of y-FeOOH phase
is fixed at 25 °C and maximum of Fe,O, phase is
fixed at 70 °C, respectively. The maximum quantity
of lepidocrocite is formed at pH 1.5 within 72 h
and the magnetite quantity reaches its maximum
in the pH range from 4.0 to 6.5 after 24 h of the
phase formation process.

We acknowledge leading research scientist, can-
didate of geological and mineralogical sciences
O.A. Vyshnevskyi of Mass-spectrometric centre of so-
lidphase, gas isotopic trace element analysis (M.P. Se-
menenko Institute of Geochemistry, Mineralogy and
Ore Formation of NAS of Ukraine) for the obtaining
of the SEM images and EDS data.
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PO3BUTOK I'TTPOKCUKAPBOHATHOI'O GREEN RUST
HA MTOBEPXHI CTAJII, 1KA KOHTAKTYE 3 BOAHWUM JAUCHEPCIMHUM
CEPEJOBUIIEM V¥ NIAITA3BOHI TEMITIEPATYPU BIJ 3 1O 70 °C

HocnimkeHo BIuiMB pH BogHOTO aucnepciiiHOTO cepefoBUlla Ta TeMIIEpaTypyu Ha MpOoLieC YTBOPEHHS TiipOKCUKap0o-
HatHoro Green Rust GR(CO32_) Ha TIOBEPXHi CTaJli 32 yMOB poTalliiiHo-Kopo3iitHoro nucriepryBanns (PK/I). Criuparo-
YUCh Ha JaHi PEeHTreHO(MA30BOTO aHAJI3y in Sifu Ta CKaHYBAJIBHOI €JIEKTPOHHOI MiKPOCKOIii MOKa3aHO 3aJIeXXHiCTh
MOpP®OJIOTiT YaCTUHOK JIEMiIOKPOKITY Ta MAaTHETUTY BiJl KOJIOITHO-XiMIYHOTO MEXaHi3My iX yTBOpeHHs1. BcTaHOB/IEHO, 1110
B pe3yJbTati TBepa0(da3HOro NepeTBOPEHHS GR(CO32_) YACTUHKM JIEMJOKPOKITY YCMAAKOBYIOTh MOTO IJIATiBKOMIOMIOHY
(opmy, B TOI1 yac sIK 32 pO3YMHEHHS GR(CO32_) Ta MepeocaKeHHS MPOAYKTiB HOro pO3YMHEHHS YACTUHKMU JIEMiAOKPOKITY
Ha0yBalOTh TOJKOMOAIOHOT (hopMU. [HUIMI TPOMYKT PO3YUHEHHSI—IMEPEOCATKEHHS GR(CO32_) — MAarHeTuT, SIKUi
YTBOPIOETHCS HA MPWIETJIOMY JI0 MOBEPXHi CTaJli 0OLli OKMCHOI TIJTiBKY i XapaKTepu3yeTbes chepryHoIo (GOpMOIO Ta Ha-
HOMETPOBMMMU pO3MipaMu YaCTUHOK. ONTUMaIbHi yMOBU (hOPMYBaHHS GR(CO32_) 3a yMmoB PKJI 6ynu 3adikcoBaHi micis
5 rox mpoxokeHHs npotecy dazoyrBopertst 3a pH 11,0 Ta 7=20 °CipH ~6,0 ta T =25—35 °C.

Knrouosi caosa: Fe(11)—Fe(111) mapysari moasiiiHi rimpokcunu, rimpokcukapooHaTHU Green Rust, 1eTimOKPOKIT, MarHe-
TUT, TOBEPXHS CTaJli, yYMOBH POTALIiiiHO-KOPO3iiiHOTO AUCTIEPTYyBaHHSI.
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Hucturyt 6uokomonaHoi xumuu um. @ J1. Osuapenko HAH YkpanHbt
03680, . Kues-142, Ykpauna, 0yiabB. Akan. BepHazackoro, 42
E-mail: alena-lavry@yandex.ru

PASBUTUE T'MIPOKCUKAPBOHATHOI'O GREEN RUST HA TIOBEPXHOCTH
CTAJIU, KOHTAKTUPYIOILENW C BOJHOU JUCITEPCUOHHOM CPEAON
B IWATIASOHE TEMITEPATYPHI OT 3 10 70 °C

UccnenoBano Bausinue pH BomHOM AMCIIEPCHMOHHOM Cpelbl M TEMIIEpaTypbl Ha Ipolecc (GOpMUPOBAHUSI THAPOKCHU-
KapboHatHoro Green Rust GR(CO32’) Ha MOBEPXHOCTU CTaJIX B YCIOBHUSIX POTALIMOHHO-KOPPO3UOHHOTO AUCIIEPTUPOBA-
nus (PK/I). Ha ocHoBaHMU naHHBIX peHTreHo(ha30BOro aHaau3a in Situ U CKAHUPYIOLIEH 3JIEKTPOHHONH MUKPOCKOITUU
MoKa3aHa 3aBUCHUMOCTb MOPGhOJIOTUY YaCTHULI JIEMMIOKPOKUTA ¥ MATHETUTA OT KOJJIOMIHO-XMMHYECKOr0 MEXaHM3Ma UX
dopMupoBaHusi. YCTAHOBJIEHO, UTO B pe3yjbraTte TBepaodasHoii TpaHchopMaLuu GR(CO32’) YaCTUILIbI JIENUIOKPOKUTA
HacJeayloT ero IUlacTMHYaTyio (opMy, a Ipu pPacTBOPEHUU GR(CO32’) W TepeocaxIeHUM MPOAYKTOB €ro pacTBOpe-
HUsI YaCTHULIbI JIEMUIOKPOKUTA MPUOOPETaOT UII000pa3Hyo ¢Gopmy. Jpyroii mpoaykT pacTBOPEHUsI—IepeocaXKaeHust
GR(CO32’) — MAarHeTUT, KOTOPbIii 00pa3yeTcsl Ha IpuJieralolieii K IoBepXHOCTU CTaJIM CTOPOHE OKMCHOM MJIEHKU U Xa-
pakTepusyetcs cepryeckoit GopMoil 1 HAHOMETPOBBIMU pa3zMepaMu YacTull. OnTuMalbHbIe YCI0BUS (POPMUPOBAHUST
GR(CO32’) Ha noBepxHocTy ctaiu B ycnoBusx PKJI 3aukcupoBaHbl mociie MsITUHYacoBOro MPOXOXkKAeHUs Tpoliecca (a-
3006pasoBadus npu pH 11,0 u 7= 20 °C, a takxe pH ~6,0 u T=25—35°C.

Knroueswie crosa: Fe(I11)—Fe(I1l) cnouctbie nBOMHBIE TMAPOKCUIBI, TUAPOKCUKAPOOHATHBIN Green Rust, NeMUaOKPOKUT,
MarHeTUT, TTOBEPXHOCTh CTaJIM, YCIIOBHUS POTALIMOHHO-KOPPO3UOHHOTO TUCIIEPTUPOBAHMS.
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