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DEVELOPMENT OF THE HYDROXYSULFATE GREEN RUST

ON THE STEEL SURFACE CONTACTING WITH WATER FERRIC
AND FERROUS SALT SOLUTIONS

Hydroxysulfate Green Rust GR(SO42‘) or sulfate fougerite is the typical member of the layered double hydroxide (LDH)
family and plays an important role in the global biogeochemical cycle of iron and concomitant elements. The sulfate-
bearing Green Rust is developed in the following environmental systems: mid-ocean ridge hydrothermal vents, volcanic
systems, marine sedimentsand hydromorphic soils. Usually its formation in the nature is realized in seawater under
corrosion processes. Due to high reductive properties and chemical activity of natural Green Rusts their study is highly
complicated; consequently Green Rust formed under laboratory conditions is often used for modeling natural processes
of mineral formation. The surface of iron alloys may be one of the suitable systems for the research of Green Rust deve-
lopment. So, we studied the development and phase transformation of the hydroxysulfate Green Rust on the surface of
the steel 3 contacting with ferric and ferrous sulfate water solutions under oxidative and reductive conditions. The
concentration of dissolved ferric and ferrous iron was chosen as 10, 100 and 1000 mg/dm?3. The pH values were set at 3.5
and 6.5. The X-ray diffraction in situ was used as the main method of the research. The measurement was taken by the
computer-aided equipment (DRON 3) supplied with two Seller slits and filtered emission of cobalt anode. The critical
Woolf-Bragg angle was determined at around 80 °C. The XRD study permitted to see the processes of the development of
the nanosized iron-oxygen minerals on the steel surface within 72—90 h. Scanning electron microscopy using JOEL-6700
microscope equipped by energy-dispersive and cathode-luminescence attachment was chosen as a visualization technique
for description of the particle morphology. The structures of hydroxysulfate Green Rust, lepidocrocite and goethite belong
to the main mineral phases formed on the steel surface under the RCD conditions. Magnetite particles appear on the steel
surface when it contacts with low concentration of ferrous iron solutions in the wide range of pH. The simultaneous
presence of schwertmannite, ferrihydrite and Fe(III)—Green Rust that are the components of the phase transformation
chains points to the continuity of the phase formation process. The heterogeneity of the steel surface and presence of
anodal and cathodal areas together with structural defects are found as other reason for the variety of mineral composition.
The following chains of phase the transformation on the steel surface contacting with ferric and ferrous water solution are
supposed: 1) schwertmannite — ferrihydrite) or goethite — Green Rust via dissolution-precipitation process in the cor-
rosion pittings (anodal areas); 2) Green Rust — Fe(I1I)-GR and/or lepidocrocite via solid state transformation (catodal
areas); 3) dissolved Green Rust or ferric and ferrous micellar species — magnetite under reductive conditions; 4) magne-
tite — lepidocrocite or goethite under oxidative conditions; 5) Green Rust — lepidocrocite in acid medium and 6) ferric
and ferrous micellar species — nanomagnetite in alkaline medium.*

Keywords: Fe(1l)—Fe(I11I) layered double hydroxides, hydroxysulfate Green Rust, nanoparticles, sulfate fougerite,
schwertmannite, Fe(I11)—Green Rust, lepidocrocite, magnetite, steel surface, red-ox conditions.

Introduction. Hydroxysulfate Green Rust II | such as ferrihydrite, fougerite, schwertmannite,

GR(SO42‘) or sulfate fougerite, that ideal formula
is Fe!l Fe!ll,(OH),,SO,?~ - ~8 H,0, belongs to the
layered double hydroxide family and plays an
important role in the global biogeochemical cycle
of iron and concomitant elements among the wide
range of disperse iron-(oxy)hydroxide minerals,
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goethite, lepidocrocite etc. [15]. The formation of
typical Green Rust structures is realized via inter-
action of ferric and ferrous species in natural waters

* PenKoMerisl YCBiIOMITIOE, 1110 TeMa JaHOi CTaTTi He Bif-
nosigae TemMaTuLi "MiHepaJIOriYHOTO XypHay", oqHaK
OTpMMaHi aBTOpaMU pe3yJbTaTh MOXYTh OyTU LiKaBU-
MU JUISI MiHEpaJIoTiB.
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accompanied by a microbial activity and biomi-
neralization process [19]. The appearance of abio-
genically Green Rust is usually noticed when acidic
iron-rich solutions are neutralized by country rock
species [11] as well as when iron-reach rocks and
minerals are weathering [8]. The most significant
environmental systems, where the sulfate-bearing
Green Rust mineral particles are present, can be
the following: mid-ocean ridge hydrothermal vents
[21, 38], volcanic systems [23], marine sediments
[13], groundwaters [19] and hydromorphic soils [9,
20]. Usually hydroxysulfate Green Rust formation
in the nature takes places in seawater under
corrosion processes [36].

The analysis of the natural Green Rust samples
is difficult because of its high reductive properties
and chemical activity. Consequently the Green
Rust formed under laboratory conditions is often
used for modeling natural processes of mineral
formation [18]. The obtaining of the Green Rust
particle in a microbiological way is useful for the
modeling of different biogeochemical processes
and cycles [9, 17]. Whereas the chemical forma-
tion of hydroxysulfate Green Rust GR(SO,?")
under laboratory conditions is carried out via aerial
oxidation of a ferrous hydroxide suspension in
the presence of a slight excess of dissolved Fe2*
[16] orvia ferric and ferrous basic salts or hydroxides
co-precipitation [40]. The other way for the
GR(SO42*) preparation is its electrochemical de-
position on the inert electrodes made of precious
metals contacting with ferrous salt solution [6, 34]
or its formation on the iron/steel surface in the
presence of sulfate anions [25, 36]. The suitable
system for the study of the Green Rust particle
formation and transformation can be an iron alloy
surface [29, 43].

The purpose of our work is to follow in sifu the
development and phase transformation of hydro-
xysulfate Green Rust 11 on the steel surface contac-
ting with ferric and ferrous sulfate water solutions
under oxidative and reductive conditions.

Objects and methods of the research. The for-
mation of the hydroxysulfate Green Rust layer un-
der the rotation corrosion dispergation (RCD) con-
ditions was realized on the surface of the rotating
disk electrode that alternately contacted with air
oxygen and water dispersion medium. The electrode
was made of the finished steel (St3). The experiment
was carried out in a glove box to regulate the air ac-
cess into the system. The main principle of the RCD
method and the phase formation technique were
described in details in our previous work [27, 29].
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We selected ferric and ferrous sulfate salt solu-
tions as the dispersion medium. The concentrations
of dissolved ferric and ferrous iron 10, 100 and 1000
mg/dm3 were chosen. The pH values 3.5 and 6.5
were set.

We determined the mineral composition of the
disperse phases applying X-ray diffraction (XRD)
method. The measurement was taken by the com-
puter-aided equipment (DRON 3) supplied with
two Seller slits and filtered emission of cobalt anode
CoKa in discrete conditions of plotting, with pitch
of 0.1 degree and time of piling in every point 4 sec.
X-ray emission was detected with help of the
BDS-6 scintillation unit. The critical Woolf-Bragg
angle was determined at around 80 °C. The addi-
tional module [26] was used for recording the deve-
lopment of mineral phases with the time on the
steel surface (in situ). The mineral particles were
identified according to the database of ASTM Pow-
der Diffraction File/International Centre for Diffrac-
tion Data. — Swartmore, Pensilvania, U.S.A. — 1977
and JCPDS International Center for Diffraction Data
(1998) saved in the computer program PCPDFWIN
v. 2.0. The XRD study permitted to see the processes
of the development of the nanosized iron-oxygen
minerals on the steel surface within 72—90 h. The
crystal lattice parameters of mineral phases and the
primary particle size (coherent scattering region,
CSR), were calculated using the XRD-data [1].
Scanning electron microscopy (SEM) using JOEL-
6700 microscope equipped by energy-dispersive
and cathode-luminescence attachment was chosen
as a visualization technique for description of the
particle morphology.

Results and discussion. 7he development of the
hydroxysulfate Green Rust on the steel surface in the
presence of the dissolved ferrous iron. The study of
the surface structure formation was carried out
applying XRD method in situ. The iron-oxygen
mineral phases were formed under free access of
the air to the steel surface as well as under limited
oxidation of the system. The concentration of the
dissolved ferrous iron in the dispersion medium
was 1000 mg/dm?3, pH value was 6.5.

According to XRD-data (Fig. 1, a), under oxi-
dative conditions the reflexes of the hydroxysulfate
Green Rust GR(SO 42‘) appear after 2 h of the steel

Fig. 1. XRD-pattern obtained under in situ condition when
the steel surface was contacted with: @ —FeSO, solution
(CFe(U) = 1000 mg/dm?, pH 6.5); b — Fe,(S0,), solution
(CFC(“[) = 1000 mg/dm?, pH 6.5). The numbers correspond
to the mineral phases: / — Green Rust, 2 — goethite, 3 —

ferrihydrite, 4 — iron, 5 — lepidocrocite
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surface contact with FeSO, solution and then they
are growing during next 20 h. The GR(SO 42‘)
reflexes (001), (002), (003), (004, 100), (005, 103)
and (104) are clearly seen on the XRD pattern. At
the same time some reflexes of ferrihydrite, goethite
(111), hematite (116), (110), (113) and (024) are
found on the pattern. The intensity of the Green
Rust and goethite reflexes are growing during 24 h,
but their relative quantities change: the GR(SO 42*)
part is decreased whereas the a-FeOOH part is
increased. The beginning of the increase of Green
Rust peak intensity correlates with the appearance
and increase of lepidocrocite reflexes: (120) at first
and then (020), (031), (111), (131), (160), (161, 200)
and (220). Such tendency is kept during 48 h up to
the stationary state of the system. The disappearan-
ce of the hematite reflexes together with the small
angle Green Rust reflexes suggests inclusion of
a-Fe,0, into crystal lattice of GR(SO 42*) as a
structural unit. It is indicative that no magnetite/
spinel ferrite reflexes are found even after 72 h of
the contact of the steel surface with the dispersion
medium.

The detailed analysis of the XRD patterns of
Green Rust II permits to trace the development of
the alteration of GR(SO42‘) crystal lattice. So, the
reflexes of GR(SO,>") formed within 5 h can be
correlated with iron sulfate hydroxide with general
composition Fe,(OH, SO,),, ¢c JCPDS file 41-0014).
The following lattice change leads to the displace-

Table 1. The crystal lattice parameters and primary
particle size of hydroxysulfate Green Rust formed

on the steel surface when it was contacting with FeSO,
and Fe,(SO,), water solutions

Cation GR(S0%)
concen- | pH The | Time,
tration, |value | cation h a ¢ d
mg/dm? nm
10 | 3.5 | Fe2+ 0.31551 1.10246 | 14.52
5 0.31522 1.09423 |17.30
24 0.31391 1.09377 |25.42
72 —* — —
1000 6.5 | Fe?t 2 0.06715 0.01651 | 15.63
4 0.06712 | 0.01651 |17.05
22 0.06804 | 0.01685 |17.05
48 0.06713 0.01656 |20.84
70 0.06713 0.01657 |26.80
Fe3* 5 0.31605 1.10667 |11.29
24 0.31531 1.101741 | 20.33
48 0.31532 1.09546 |16.94
90 — — —

N o te. * — the mineral phase was not found.
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ment of the interplanar distance (d,,) from 1.12 to
1.09 nm. Such structure was fixed from 22 to 48 h.
The last form of the oxidized Green Rust II was
registered after 72 h when the interplanar distance
(dy,) shifted to 0.74 nm and the phase composition
became Fe, (Fe) (O, OH, SO,), called iron oxide
sulfate hydroxide according to (JCPDS file no 13-
0090). The presence of all characteristic peaks on
the XRD patterns and compossibility of their rela-
tive intensities give us the grounds to identify the
obtained mineral phases with the above mentioned
forms of Green Rust II. An insignificant shift of all
XRD-peaks to bigger angles takes place during
"ageing” of the Green Rust II structure due to smal-
ler cation radius of ferric iron in comparison with
ferrous one. All forms of hydroxysulfate Green
Rust belong to a hexagonal system.

The crystal lattice parameters and the average
CSR area calculated for the surface structures are
present in the summarizing Table 1. The particle
size of the goethite gradually decreases from ~38 to
~11 nm probably because of the dissolution process
that takes place in the system. On the contrary the
oxidizing of the Green Rust and the rearrangement
of its structure lead to increasing of the LDH
particle size.

When the oxidation process is limited the first
GR(SO,>) reflexes (001), (002), (003), (004, 100)
are identified during 1 h of the contact of the steel
surface with the ferrous sulfate solution. At the
same time the single magnetite reflex (311) is seen
on the XRD-pattern. Such phase composition
remains unchanged during 24 h. The single peak of
goethite (110) points to the start of oxidation
process. The iron oxyhydroxides (a.-FeOOH and
y-FeOOH) with the admixture of Fe,O, and
GR(SO42‘) develop after 72 h of the phase forma-
tion process. The increase of the oxyhydroxide
peak intensity correlates with the decrease of the
LDH reflexes. The further development of the
LDH surface structures is the same as under
oxidizing conditions and it leads to the phase
transformation of GR(SO42‘) into oxyhydroxides
(a-FeOOH and y-FeOOH). The weak magnetite
reflexes (220), (311) and 400 as well as small angle
Green Rust reflexes are seen on the XRD pattern.
The amount of the magnetite peaks gradually inc-
reases during 72 h. XRD analysis of the sediments
obtained from the steel surface and mineral phases
of the near-surface film clearly shows the following:
whereas the Green Rust and magnetite phases are
associated with the surface layer, the goethite par-
ticles develop in the near surface layer.

ISSN 0204-3548. Mineral. Journ. (Ukraine). 2015. 37, No 2
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The appearance of the GR(SO 42‘) reflexes (001),
(002), (003), (004, 100) under lower ferrous iron
concentration 10 mg/dm?3, pH 3.5 and oxidative
conditions is observed after 2 h of the process
(Fig. 2, a). Their intensity grows during 5 h and
then it gradually decreases and disappears. The
magnetite reflexes (311), (400), (440) are shown
after 2 h and the lepidocrocite reflexes (120), (031),
(111), (200), (220) appear after 5 h. The intensity
of both phases gradually increases until the system
transfers into the stationary state (72 h).

The development of the hydroxysulfate Green Rust
on the steel surface in the presence of the dissolved
ferric iron. Probably, when the phase formation
process on the steel surface takes place in the
presence of a ferric salt solution, the red-ox con-
ditions in the system become less important. So,
the next experiment was carried out under oxidative
and reductive conditions when the Fe,(SO,), water
solution (CFe(m) = 1000 mg/dm?, pH 6.5) was used
as the dispersion medium. In both cases the fol-
lowing particles developed on the steel surface:
GR(SO,%"), y-FeOOH and a-FeOOH. The dis-
tinction lay only in the quantitative ratio of the
components in the mineral mixtures as well as in
the Green Rust disappearance during 24 h under
reductive conditions. Fig. 1, b shows the XRD pat-
tern obtained in situ under free access of air oxygen
into the reaction area. The (001), (002), (003),
(004, 100) GR(SO,*) reflexes and (116), (110),
(024) o-FeOOH reflexes were identified after 5 h
of the process. The intensity of the Green Rust
peaks gradually increased during 24 h and then it
gradually decreased to the total disappearance du-
ring 90 h. Simultaneously, the (021), (111) peaks of
goethite were identified after 5 h, but the first (120),
(031), (220) lepidocrocite peaks were seen only
after 24 h. Whereas the hematite peaks appeared
on the XRD pattern after 5 h and remained there
during 90 h as an additional phase. Perhaps, hema-
tite got included into the crystal lattice of the ferri-
hydrite that could be an intermediate product of
the Green Rust oxidation. The increase of the re-
flex intensity lasted until the system transferred into
the stationary state. Whereas, the X-ray reflexes of
the spinel ferrite (magnetite) did not appear even
after 90 h of the phase formation process. Probably,
Green Rust particles transformed into lepidocrocite
and then goethite, as it was found in the previous
case.

The (001), (002), (003), (004, 100) GR(SO42—)
reflexes are seen on the pattern after 6 h of the
phase formation under reductive conditions and

ISSN 0204-3548. Minepan. xcypn. 2015. 37, Ne 2

then they disappear within 24 h. Simultaneously
the isolated reflexes of magnetite (311), lepido-
crocite (020) and goethite (110), (131) are pre-
sent on the XRD pattern. Disappearance of the
GR(SO42*) can be explained by its phase trans-
formation into iron oxyhydroxides, their relative
quantity gradually grows during 72 h.

The Green Rust reflexes do not appear on the
pattern when ferric iron (10 mg/dm?) is added in
the dispersion medium at pH value 3.5 (Fig. 2, b).
But the (111), (220), (311), (400), (440) reflexes of
magnetite are seen after 2 h and the (020), (120),
(031), (111), (051, 200) lepidocrocite reflexes ap-
pear during 24 h. The increase of the lepidocrocite
reflexes is more intensive in comparison with mag-
netite reflexes. Probably, Green Rust is not collec-
ted on the steel surface and it quickly transforms
into lepidocrocite. At the same time, magnetite
particles can be oxidized to lepidocrocite under the
oxidative conditions. Such supposition confirms
the decrease of magnetite reflexes after 24 h and
the increase of a lepidocrocite part in the phase
composition of the surface structures. The Green
Rust peak (003) shifts from 11.066 to 11.016 nm
within 24 h. In a similar way, the structure of
GR(SO42‘) corresponds to the formula Fe,(OH,
SO,), ¢ JCPDS No 41-0014). The crystal lattice
parameters of mineral phases and the primary
particle size, calculated according to XRD-data,
are presented in Table 1. The obtained results clear-
ly point out that the iron-oxygen structures formed
under rotation-corrosion dispergation conditions
belong to nanosized objects.

The relative quantity of the surface mineral
phases formed on the steel surface was calculated
using the X-ray diffraction data. We chose the most
intensive picks for every mineral phase as maximum
(1.0) and calculated the relative quantity of other
smaller picks for the same phases. Whereas the
total mass distribution of the mineral phases in the
samples using semiquantitative X-ray diffraction
method will be corrected only after XRD-equip-
ment calibration. As it is shown in Table 2, the
optimal conditions for the hydroxysulfate Green
Rust formation were observed when the steel sur-
face was contacting with ferrous sulfate solution
(CFe(”) = 1000 mg/dm3and pH 6.5) during 2—22 h.
Lepidocrocite was mainly formed when the con-
centration of ferrous iron and pH value was lower
(CFe(H) = 1000 mg/dm3 and pH 3.5). On the cont-
rary, goethite as a dominant phase was formed in the
presence of ferric sulfate solution when the ferric
iron concentration was high (CFe(m) = 1000 mg/
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dm?and pH 6.5). The relative quantity of both iron
(ferric) oxyhydroxides gradually increased and
reached its maximum after 24 h of the process
duration.

The morphology and chemical composition of the
mineral phases formed on the steel surface contacting
with ferrous and ferric sulfate water solutions. The
study of the chemical composition of the Green
Rust formed under RCD conditions when the steel
surface was contacting with ferrous and ferric sul-
fate solutions (Cp, = 1000 mg/dm3, pH 6.5, T =
= 20 °C) was carried out with the help of the
scanning electron microscope JEOL-6700 fitted
with EDS and cathode luminescence equipment.
So, when GR(SO42‘) was formed in the presence
of ferrous sulfate it is characterized by the following
average values: Fe — 37.01—38.04; O — 55.98—
56.49; S — 5.98—6.49 at. % or Fe — 65.02—66.14;
O — 27.87—28.43; S — 5.97—6.55 wt. %. The
structure of GR(SO,?") formed in the presence of
ferric sulfate includes Fe — 38.2; O — 55.9; S —
5.8; Si — 0.1 at. % or Fe — 66.27; 0 — 27.77; S —
5.82; Si — 0.14 wt. %. Thus, the Green Rust obtai-
ned in Fe,(SO,), water solution is characterized
by bigger amount of iron and smaller amount of
sulfur and oxygen in comparison with the Green
Rust formed in FeSO, water solution. The schwert-
mannite mineral appears as the second mineral
phase when steel surface is contacting with ferric
sulfate solution. Its chemical composition is: Fe —
37.11; 0 — 56.4; S — 6.4 at. % or Fe — 65.11; O —
28.3; S — 6.5 wt. %.

Usage of scanning electron microscopy permits
to prove that the phase formation process on the
steel surface is continuous. Simultaneously the pri-
mary iron oxygen particles co-exist with the pro-
ducts of their phase transformation and destruction.
E. g. Fig. 3 shows the SEM images of the mineral
phases formed on the steel surface contacting with
FeSO, water solution (Cg,y;, = 100 mg/dm>3,
pH 6.5, T= 20 °C); time of the contact 24—25 h.

The "hedge-hog" schwertmannite particles
formed in corrosion pittings on the steel surface
contacting with FeSO, water solution at CFS(“) =
= 1000 mg/dm? are present on the Fig. 3, a. Similar
structures as well as schwertmannite "whisker" par-

Fig. 2. XRD-pattern obtained under in situ condition when
the steel surface was contacted with: @ — FeSO, solution
(CFe(“) = 10 mg/dm3, pH 3.5), b — Fe,(S0,), solution
(CFe(lll) = 10 mg/dm?3, pH 3.5). The numbers correspond
to the mineral phases: / — goethite, 2 — Green Rust, 3 —

lepidocrocite, 4 — magnetite, 5 — iron

ISSN 0204-3548. Minepan. xcypn. 2015. 37, Ne 2

ticles were recently discovered to contain the high-
ly-disordered maghemite-like structural compo-
nents present in ferrihydrite [31]. The oxidized
Green Rust structure formed under such condi-
tions is shown on Fig. 3, . The next images show
the iron-oxygen structures formed when the steel
surface contacted with Fe,(SO,), water solution
(Creqny = 100 mg/dm?3, pH value 6.5) under the
RCD conditions. The "web-like" schwertmannite
covered with iron oxyhydroxide plates are present
on Fig 3, ¢. The structures that are shown on Fig. 3, d
belong to ferrihydrite spherical particles. The par-
ticles on Fig. 3, e and 3, f may be related to the
product of the solid-state Green Rust oxidizing —
"ferric green rust" or Fe(III)-GR. The Fe(IIl)—
GR obtained on the steel surface under oxidizing
conditions is similar to Fe(III)-~GR obtained in
work [30]. Fig. 3, f corresponds to Fe(III)-GR
covered with products of its dissolution-precipi-
tation [3].

The colloid-chemical mechanisms of the hydro-
xysulfate Green Rust formation on the steel surface in
the presence of dissolved ferric and ferrous species.
The general reaction equation that describes the
process of the hydroxysulfate Green Rust formation
can be written as:

5 Fe(OH), + Fe2* + SO, + 0.5 0, +
+9 H,0 — Fe!l,Felll (OH),,S0, - 8 H,0. (1)

The SEM images confirmed that the Green Rust
particle formation starts on the structural defects of

Table 2. The relative quantity of the mineral phases
formed on the steel surface when it contacted
with ferric and ferrous sulfate water solutions

(;ations Cation‘ Time Mineral

in the concentration, h ’ =

solution mg/dm3 GR(SO;")|y-FeOOH | a-FeOOH

Fe?* 10 2 0.25 — —
5 0.47 0.17 —
24 0.05 0.64 0.09
72 —* 1.00 0.11

Fe?* 1000 2 0.70 — —
4 1.00 — 0.11
22 0.76 — 0.46
48 0.10 0.54 0.73
70 — 0.74 0.76

Fe3* 5 0.06 — —
24 0.53 — 0.20
48 0.02 0.31 0.92
90 — 0.22 1.00

N o te. * — the mineral phase was not found.
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Fig. 3. The surface iron-oxygen disperse minerals formed under RCD condition when the steel electrode contacted with
FeSO, water solution at CFe(H) = 1000 mg/dm?: @ — "hedge-hog" of schwertmannite; » — the plates of Fe(II)~GR and
goethite. The surface iron-oxygen disperse minerals formed under RCD condition when the steel electrode contacted with
Fe,(SO,), water solution at Cg,;;, = 100 mg/dm3: ¢ — "web-like" schwertmannite; d — ferrihydrite; e — Fe(III)~GR and
the product of its dissolution; f— Fe(III)-GR

the steel surface and later it covers all surface area
and forms the loose film. Due to the presence of
ferrous iron in the lattice Green Rust its structure
is unstable under oxidative condition and it may
transform into the lepidocrocite phase during 2 h,
as it was shown in our experimental part. Tradi-
tionally, three ways were found out for the oxidation
of Green Rust into ferric oxyhydroxides: 1 — disso-
lution-precipitation process under slow oxidation
condition leads to the obtaining of well-crystalline
Iepidocrocite and goethite; 2 — when the oxidizing
process is faster than the dissolution the ferrihydrite
particles appear in the system; 3 — when the oxida-
tion is extremely fast or GR is dried before its
oxidation in the air the Fe(III)-GR is formed on
the iron surface [35]. It is indicative that the diffe-
rence between the lepidocrocite formed by direct
synthesis (precipitation) and the one obtained via
Green Rust transformation due to galvanostatic
oxidation can be explained by the particles orien-
tation. In the first case the y-FeOOH particles are
preferentially oriented along (001), in the second
case the lepidocrocite particles are randomly-
oriented [7]. The randomly-oriented Green Rust
and lepidocrocite particles can be seen on our SEM-
images (Fig. 3, g, A, respectively). Co-precipitated
lIepidocrocite particles are shown on Fig. 3, d. Such
result points to two independent processes of the
lepidocrocite formation. Simultaneously the fol-
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lowing disperse minerals are present on the steel
surface: ferrihydrite, goethite, schwertmannite,
magnetite.

The study of the lepidocrocite particle develop-
ment under corrosion conditions on the steel sur-
face [41] permits to find the following oxidation sta-
ges accompanied by the phase transformation: 1 —
ferrous species of Fe(OH), — Fe(1I)—Fe(111) LDH
(Green Rust) layer; 2 — Green Rust — Fe(II1)—
Green Rust (ex-Green Rust); 3 — Fe(III)—Green
Rust — y-FeOOH and, probably, y-FeEOOH —
a-FeOOH. Only lepidocrocite particles can be for-
med when the pH value is below 8.0. The mixture
of Fe(III)-GR and y-FeOOH appears in the pH
range 8.0—8.9 and predominantly Fe(III)-GR
exists in the system when pH higher than 8.9 [30].
The phase formation process on the steel surface
under rotation-corrosion dispergation conditions
is carried out in the pH range from 7.0 to 9.0 pH
[2, 27]. Thus, both structures (lepidocrocite and
Fe(I1I)—Green Rust) co-exist under RCD con-
dition.

The average pH value of 7.0—9.0 in the reaction
area does not permit to explain the appearance of
the schwertmannite mineral. Schwertmannite is a
ferric oxyhydroxysulfate with the general formula
Fe,O4(OH); , (SO,), and 1 < x < 1.75 [10]. The
mineral is formed in the presence of high SO42_
concentrations (from 1000 to 3000 mg/dm?3) [14]
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at pH values between 2.5 and 4.5 [10, 45]. The
explanation of its presence in our experiments can
be found using electrochemical researches. Hetero-
geneity of the steel composition and the presence
of anodal and cathodal areas on its surface create
the differences in the local pH values that was
confirmed using the complex indicator ferroxil (the
mixture of phenol-phthalein and potassium
ferricyanide) that had been added into electrolyte
[3]. The anodal areas were colored to pink due to
the hydroxyl liberation (alkali medium) and the
cathodal areas were colored to blue due to the
ferrous iron liberation (acid medium). Usually
anodal areas associate with corrosion holes and
pittings where not only pH value is low but also the
concentration of sulfate and chloride anions is
heightened. Such conditions are optimal for the
schwertmannite precipitation. So, schwertmannite
precipitates from supersaturated solutions mainly
owing to the oxidation of ferrous iron to ferric iron
and transforms with the time into goethite and
jarosite [4, 8].

Probably schwertmannite hydrolyse resulting in
the goethite (a-FeOOH) formation goes according
to the following reaction [12]:

Fe,04(OH), , (SO,). +2xH,0 -
— 8a-FeOOH + xSO,%~ + 2xH™. ()

The phase transformation of schwertmannite
into goethite in water solutions as well as in natural
samples goes very slowly and depends on the pH
value. E. g. the work [39] documented the increase
of the transformation rates with increasing pH and
fixed a complete transformation of schwertmannite
to goethite in deionized water within ~100 days.
The transformation time of >514 days was reported
for natural samples incubated in original pore water
[22]. But on the steel surface under the RCD con-
ditions the presence of the schwertmannite "hedge-
hogs" was observed after 24 h. Probably the particle
size can play an important role in the rate of the
phase transformation. According to the study [5]
the colloidal schwertmannite (~5 nm) that was for-
med at pH 2.8—4.5 under the hydrolysis of ferric
species transformed within ~1 h into nanogoethite
(<50 nm) at pH 5.5—6. The process catalyzed by
Fe2* decreases the stability of the schwertmannite
crystals and leads to the structural rearrangements
and formation of the more stable goethite particles.
The solubility of ferrous iron decreases at pH > 7
and Fe2* jons can be incorporated into the oxy-
hydroxide lattice with its further transformation
into mixed Fe2*/Fe3* hydroxide sheets as primary
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building units of Green Rust. At that sulfate ions as
a part of schwertmannite crystal lattice adsorbed
on the goethite surface and finally intercalated in
the GR lattice. Thus study [5] showed that schwert-
mannite and nanogoethite are the only precursors
for the formation of GR(SO,*").

On the contrary the study [31] postulated the
schwertmannite as an intermediate phase (in terms
of crystallinity and kinetics of formation) to the
least and most crystalline forms of two- and six-
line ferrihydrite, respectively.

The analysis of the mass-balance and £, — pH
diagrams shows [37] that when both Fe?* and
SO42* are present in the dispersion medium the
magnetite particles are never observed as an
intermediate product of Green Rust oxidation,
only lepidocrocite can be formed in the system.
The same result was shown in [44] where the lepi-
docrocite particles as well as the goethite particles
were formed due to the process of the Green Rust
oxidation. According to the diagram of electro-
chemical potential (£) — pH, only three mineral
phases Fe(OH),, Green Rust and o.-FeOOH) exist
under the following condition: the range of pH
values from 7.0 to 9.0 and the electrode potential
area ranges from —0.45 to —0.25 V. Such physico-
chemical conditions are similar to the RCD condi-
tion in the iron based systems. The selective forma-
tion of either lepidocrocite or goethite particles
strongly depend on the iron oxidation [24]. The
elements added to weathering steels may accelerate
transformation of y-FeOOH to a-FeOOH [44].
The general reaction of the hydroxysulfate Green
Rust oxidation into iron oxyhydroxide (lepido-
crocite) under the RCD conditions may be the
following:

Fell Fe!ll (OH),,SO, - 8H,0 + 0, -
— 6y-FeOOH + 2H* + SO, + 10 H,0. (3)

Green Rust as a precursor of magnetite was
mentioned in some corrosion investigations [33].
On the contrary, according to [43] only the direct
oxidation of the ferric and ferrous complexes
Fe(OH), ¢~ and Fe(OH)y(zfy) leads to the forma-
tion of the magnetite particles under corrosion
conditions. The study of [32] confirms that the
GRz(SO42—) can be converted into a.-FeOOH and
Fe,O, particles through the dissolution and preci-
pitation of ferrous and ferric compounds in the
aqueous solution. But the research [42] demon-
strates that the formation of magnetite due to dis-
solution-precipitation process can be realized un-
der N, atmosphere (under anoxic conditions). The
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similar reductive condition can be observed when
the near surface layer is formed during the RCD
process. According to our XRD data, the magnetite
reflexes are present on the patterns obtained when
the oxidation of the system is limited or the con-
centration of ferric and ferrous iron in the disper-
sion medium is small. The additional experiment
shows that when the steel surface contacts with
distilled water and is further substituted with the
ferrous sulfate solution it does not lead to forma-
tion of magnetite particles [28]. Only GR(SO42‘)
and iron oxyhydroxides are present on the steel sur-
face. So, we state that the magnetite formation is
realized via interaction of ferric and ferrous dissol-
ved species but not via direct solid-state transfor-
mation of the Green Rust particles into magnetite.

Also, the analysis of our experimental data points
to the few independent ways for the development
of nanosized mineral phases on the steel surface
contacting with ferric and ferrous water solutions
under the RCD conditions. The heterogeneity of
the steel surface, the presence of anodal and catho-
dal areas, surface defects and pittings lead to the
creation of local physical-chemical conditions on
the small parts of steel surface. In particular the
heterogeneousness of the steel substrate for the
particle formation can be denoted as a dominant
cause of the iron-oxygen mineral variability. The
formation of the primary particles changes the
local physical-chemical conditions, especially pH
value and oxygen quantity, that are the critical
parameters for their further development. The che-
mical composition of dispersion medium makes
additional alterations in the development of mine-
rals. For example, the presence of the dissolved
ferric iron (as a strong oxidant) leads to increasing
of corrosion processes and reducing of ferric iron
in cathodal areas [3]. Our results permit to trace
the development of the following mineral phases:
hydroxysulfate Green Rust, lepidocrocite, goethite
and magnetite. The presence of other mineral pha-
ses on the steel surface can be fixed only on the
SEM images. X-ray diffraction method does not
show the reflexes of the two- and six-line ferrihyd-
rite and schwertmannite because they can be
overlapped by iron oxyhydroxide peaks as well as
the quantity of such mineral phases is not enough
(<5 %) for XRD-identification.

The most probable phase transformations on the
steel surface contacting with ferric and ferrous
water solution at pH 3.5—9.0 are the following: 1.
The appearance of schwertmannite in pittings (ano-
dal areas), its phase transformation into ferrihydrite
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or goethite and further into Green Rust via dis-
solution-precipitation; 2. The formation of Green
Rust on cathodal areas via interaction of ferric and
ferrous micellar species and its solid state trans-
formation into Fe(I1I)-GR or lepidocrocite under
oxidative conditions as well as its dissolution and
precipitation into lepidocrocite and goethite; 3. The
precipitation of magnetite via the interaction of the
ferric and ferrous micellar species or via dissolution
of Green Rust under reductive conditions; 4. The
oxidation of magnetite followed by formation of
lepidocrocite or goethite. The phase transformation
process on the steel surface contacted with FeSO,
water solution under acid conditions (CFe(II) =
= 1000 mg/dm3, pH 1.5) can be described via
Green Rust formation, probably as a result of
schwertmannite dissolution, and its further solid
state transformation into lepidocrocite. General
process on the steel surface contacted with alkaline
solution (Cp,y;, = 1000 mg/dm?3, pH 11.5) in the
presence of ferrous species connected with the
formation of magnetite nanoparticles.

Conclusions. 1. The structures of hydroxysulfate
Green Rust, lepidocrocite and goethite belong to
the main mineral phases formed on the steel surface
under oxidative and reductive conditions. Magne-
tite particles appear on the steel surface when it
contacts with low concentration of ferrous iron so-
lutions in the wide range of pH.

2. Schwertmannite, ferrihydrite and Fe(IlI)—
Green Rust are clearly seen on the SEM images as
intermediate phases. The simultaneous presence of
different minerals that are the components of the
phase transformation chains points to the conti-
nuity of the phase formation process. The hete-
rogeneity of the steel surface and presence of
anodal and cathodal areas together with structural
defects are found as other reason for the variety of
mineral composition.

3. The following chains of phases indicating
transformation on the steel surface contacting with
ferric and ferrous water solution are supposed:
1) schwertmannite — ferrihydrite) or goethite —
Green Rust via dissolution-precipitation process
in the corrosion pittings (anodal areas); 2) Green
Rust — Fe(II1)-GR and/or lepidocrocite via solid
state transformation (cathodal areas); 3) dissolved
Green Rust or ferric and ferrous micellar species —
magnetite under reductive conditions; 4) magneti-
te — lepidocrocite or goethite under oxidative
conditions; 5) Green Rust — lepidocrocite in acid
medium and 6) ferric and ferrous micellar spe-
cies — nanomagnetite in alkaline medium.
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PO3BUTOK I'NTAPOKCUCYIIbPATHOI'O GREEN RUST HA TIOBEPXHI CTAJII,
SIKA KOHTAKTY€ 3 BOAHUMU PO3YNHAMMU FeSO, I Fe,(SO,),

3a I0IOMOTOI0 METOMIB PeHTIreHO(ha30BOTO aHAN3Y in Sifu Ta CKaHYBAJIBHOI €JIGKTPOHHOI MiKPOCKOITii TIPOBEIEHO J10-
CIIKEHHS TIpolieciB popMyBaHHSI Ta TTIEPETBOPEHHS TigpokcucyabdaTHoro Green Rust GR(SO 42‘) (cynbdartHoro doiire-
PUTY) Ha TIOBEPXHi CTall, AKa KOHTAaKTye 3 BomHuMu pozunHamu FeSO, ta Fe,(SO,); 3a OKMCHUX Ta BiTHOBHMX yMOB.
[MokazaHo, 1110 KOJIOITHO-XiMiYHII MEXaHi3M PO3BUTKY MiHepaJIbHUX (ha3 BUZHAYAETHCS JIOKATBHUMMU (hi3UKO-XiMiYHUMU
YMOBaMU Ha MOBepXHi cTaii. Tak, Ha 11 aHOAHUX AUISTHKAX BilOYBa€ThCsl pO3UMHEHHSI Ta MEepeocaiKeHHs CJIaOKOOKPUC-
TaJTi30BaHUX MiHEPATiB B PSIAY: IIBEPTMAHHIT — TeTUT (bepurinput) — Green Rust, a Ha KaTOTHUX TUISTHKaX — TBEPIO-
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(dazne neperBopeHHs Green Rust B iioro okucHeHy (popmy Fe(I111)—GR a6o nemimokpokit. @opMyBaHHS HAHOPO3MipHUX
YaCTMHOK MAarHeTUTY DEeali3yeThcsl 3a OOMEXEHOTO HAIXOMKXEHHSI KUCHIO Ta OOYMOBJIEHO B3a€MOIIEI0 MilleISIPHUX
crpykryp Fe(Il) i Fe(I1I) a6o nmpomykTiB po3unHeHHST Green Rust.

Knrouosi crosa: Fe(11)—Fe(111) mapyBarti moasiliHi rinpokcuau, rimpokcucyibdaTHuii Green Rust, HAHOYaCTMHKU, CYJib-
(atHuit doitreput, mBepT™MaHHiT, Fe(I11)—Green Rust, neminoKpoKiT, MarHETUT, TIOBEPXHSI CTalli, OKUCHO-BiTHOBHi YMOBH.
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PASBUTHUE TMAPOKCUCYJIBOATHOI'O GREEN RUST HA TIOBEPXHOCTHU CTAJIU,
KOHTAKTHWPYIOIIEN C BOJHBIMU PACTBOPAMU FeSO, U Fe,(S0,),

C noMoI1IbI0 METOIOB PEHTTeHO()A30BOr0 aHaIM3a in Sifu I CKAHUPYIOIIEH 3JIeKTPOHHON MUKPOCKOIMHU MPOBEACHO UC-
cliefoBaHue TpoleccoB OPpMUPOBAHUS U TpaHC(opMaLIMK ruapoKcucyabdatHoro Green Rust GR(SO42*) (cynbgarHoro
(oiirepura) Ha IOBEPXHOCTH CTaIU, KOHTAKTUPYIOILEH ¢ BoaHbIMU pacTBopamu FeSO, u Fe,(SO,); B OKUCIUTENbHBIX 1
BOCCTaHOBUTEJIbHBIX YCcJI0BUsIX. [loKa3aHO, YTO KOJUIOMIHO-XUMUYECKUI MEXaHU3M Pa3BUTHS MUHEPAJIbHBIX (a3 OIl-
penensieTcst JIOKaabHBIMU (PU3MKO-XMMUYECKUMM YCJIOBUSIMU Ha MOBEPXHOCTU CTajiu. Tak, Ha ee aHOIHBIX ydacTKax
MPOMUCXOIUT PACTBOPEHUE U MepeocaxkaeHre c1ab00KPUCTAIM30BaHHbIX JUCIIEPCHBIX MUHEPAJIOB B PSIAY: IIBEPTMaH-
HUT — TeTuT (heppurnaput) — Green Rust, a Ha KaTOIHBIX y4acTKax — TBepaodasHas TpaHchopmanst Green Rust B ero
okucieHHyw dopmy Fe(Ill)-GR wim nenumokpokut. O6pazoBaHre HAHOPA3MEPHBIX YACTUIl MarHeTUTa MPOXOIUT B
YCJIOBUSIX OTPAaHUYEHHOIO JOCTyMa KKMCJIOpoJa M OOYCIOBJIEHO B3aMMOIEHCTBMEM MULIEJUISIpHbIX cTpykTyp Fe(ll) u
Fe(III) wiu nponykroB pactBopeHus: Green Rust.

Karoueswie cnosa: Fe(Il)—Fe(I1l) cnouctbie nBoiiHbIE TMAPOKCUIIBI, TUAPOKCUCYIb(haTHbIN Green Rust, HAHOYACTULIBI,
cynbdarHbiit poitreput, wBeprMaHHUT, Fe(I11)—Green Rust, nenuaoKpOKUT, MarHETUT, TTOBEPXHOCTb CTaJIM, OKMUCIIU-
TeJIbHO-BOCCTAHOBUTEJIbHBIEC YCIOBUSI.
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