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THE MECHANISM OF FORMATION

OF THE ULTRA DISPERSE IRON OXIDE MINERALS
ON STEEL SURFACE IN PRESENCE

OF Cu(ll), Ag(l), Au(lll), Pt (IV), Pd(lI)

Process of formation of ultra disperse iron oxide minerals on steel surface by its contacts
with air oxygen and dispersion medium containing ions of cuprum, argentums, aurum,
platinum and palladium was studied. The formation of phase’s hydroxysulphate Green
Rust, magnetite and lepidocrocite on steel surface by concentrations of electropositive
metals 1—10 mg/dm’ was shown. Mechanism of phase formation occurs by two stages:
adsorption of ions from dispersion medium on Green Rust surface with partly reduction
of ions and oxidation of GR to magnetite or lepidocrocite and reduction of the rest metal
ions on magnetite surface. Interacting iron oxide phases with electropositive ions add
colloidal stability to composite particles.

Novadays the ferromagnetic nanosized particles with different
physical-chemical, colloidal-chemical and crystallographic properties are
widely used for medical and biological aims [1, 2]. At first, the use of
such structures is connected with the creation of range of medicals and
new means of diagnostics of oncological diseases [3, 4]. Nanosized
particles with magnetic properties have particular biological activity
dependent on their nature and could be used to investigate the processes
in organism [5, 6] and to create new functional materials of medico-
biological purpose [7, 8]. At present the undisputed leaders which are
used in medico-biological researches are most common ultra disperse
iron oxides of maghemite y-Fe,O, or magnetite Fe,O, because of their
biocompatibility [9]. They are formed by co-precipitation of ferric and
ferrous salts in alkalescent dispersion medium [10], by high-temperature
synthesis [11], by mechanochemistry [12], by sol-gel synthesis [13], by
red-ox potential method [14, 15], by a reverse micelle method [16] and a
range of other methods including addition of stabilizing substance [17,
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18]. At the same time, a lot of publications are
devoted to the use in medicine and biology of
composites and composition materials that consist
of maghemite or magnetite particles covered with
precious metal, for example, aurum [19-22]. Such
structures are used for separation of biological
objects, for example, proteins or other [23, 24],
immunoassay, imaging of magnetic resonance,
contrast enhancement, drug delivery [25] et al. The
aim of the investigation is the studying the process
of nanosized iron oxide particles formation on steel
surface by its contact with water solutions
containing cuprum cations and ions of precious
metals.

Objects and methods

The formation of the particles was carried out
on the surface of the steel electrode (St-3) that
contacted by rotation alternately with air oxygen
and dispersion medium [26]. As dispersion medium
has been chosen the solutions of cuprum sulphate
with concentrations from 1 to 100 mg/dm? at value
of pH in range from 2.5 to 12.0 and solution of
precious metals: argentums, aurum, platinum,
palladium, with initial concentrations 1 and
10 mg/dm3. The process of phase formation was
carried out until stationary condition, when in the
system the content of dispersion medium
(composition of ferrous, ferric, cuprum, precious
metals) and value of pH was stabilized. The
chemical analysis was carried out by the standard
methodics [27]. Phase compositions of ultra disperse
iron oxide structures was determined by X-ray
diffraction (XRD), transmission electron microscopy
(TEM), electronography [28].

Results and discussion

The investigation of the process of formation of
the ultra disperse iron oxides on the steel surface in
the presence of cuprum ions

Studying the process of the formation of the ultra
disperse iron oxides minerals on steel surface was
carried out depending on value of pH of the
dispersion medium and the concentration of cuprum
ions in it.

The Fig. 1 represents the result of the chemical
analysis, that by initial concentration of Cu(Il) =
= 100 mg/dm?, shows the occurrence of the
classical reaction of cementation, when because of
the difference of standard electrode potentials
cuprum ions are reduced on steel surface and iron-
constituent is desolated with entering ferrous-ions
in dispersion medium.

Process of phase formation depends on pH value
and can continue from 2 to 3 hours at pH = 3.0 to
24 hours at pH = 6.0, when the maximum amount
of cuprum-ions (~85%) is bond from dispersion
medium of steel surface. It is accompanied by
changing of pH value to sub acid.

For example, the final value of pH at initial pH =
= 3.0 grows to pH = 5.0 and at initial pH = 6.0 it
went down to pH = 5.2.

The access of air oxygen in system leads to
oxidation of ferrous-ions and phase formation on
steel surface, as well as in dispersion medium. The
residual concentration of Fe(III) does not exceed
the 4.2 mg/dm3. The decrease of initial
concentration of Cu(Il) to 1-10 mg/dm?® changes
of mechanisms of the process of phase formation:
cations of cuprum practically are not reduced on
steel surface and they participate in formation of
iron oxide phases.

At the same time, the agglomeration of ferrous-
ions in dispersion medium does not occur; the final
ferric concentration there is in the range 0.6—
1.7 mg/dm?, and concentration of ferric-ions does
not exceed 0.3 mg/dm?3. The final value of pH
changes less than one.

Whereas, in such conditions the binding of the
cuprum-ions hardly occurs; for example, at the value
pH = 6.5 and the initial concentration of Cu(Il) =
1 mg/dm? the final concentration decreased of
= 0.95 mg/dm’. Atthe initial concentration of 10 mg/dm?
in the dispersion medium remains 8.25 mg/dm? of
cuprum-ions.

Analysis of the ultra disperse iron oxide phases
shows the formation in the system of iron
oxyhydroxides — goethite a-FeOOH and
lepidocrocite y-FeOOH with addition of spinel ferrites,
admittedly magnetite Fe,O,, which (pre)dominates
in the content of the sediments at the initial
concentration of Cu(Il) = 100 mg/dm? (Fig. 2).
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Fig. 1. Kinetic of the concentration of cations of ferrous (a) and cuprum (b) by the process of phase formation on
steel surface at its contact with cuprum sulphate solution with initial concentration of Cu(II) 100 mg/dm? and at pH
value: / and 4 at pH =3.0; 2 and 5 at pH=4.5; 3 and 6 at pH=6.0
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Fig. 2. XRD-data of iron oxide phases formed in the near surface layer of the steel electrode at the concentration of
Cu(I) 100 mg/dm? at pH values: 7 —3.0; 2—4.5; 3—6.0 and in dispersion medium. Numbers correspond to the phases:
I —lepidocrocite y-FeOOH, 2 — goethite a-FeOOH, 3 — magnetite Fe,O,
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Fig. 3. XRD-data of iron oxide phases formed in the near surface layer of the steel electrode (@) and its surface layer (b)
at the initial concentration of cuprum-ions 1 mg/dm? and pH value 6.5. Numbers correspond to the phases:

I —lepidocrocite y-FeOOH, 2 — magnetite Fe,0,

Fig. 4. Magnetite particles formed on the steel surface

by its contact with solution of cuprum sulphate

Atthe intensity of XRD-reflexes it is possible to
make an assumption that the most intensively the
formation of lepidocrocite y-FeOOH occurs at
neutral medium and spinel ferrites — at value of pH =
=4.5.

At the initial concentrations of cuprum-ions 1—
10 mg/dm? in the composition of the surface
structures there dominate the phases of spinel
ferrites and lepidocrocite y-FeOOH (Fig. 3). As a
rule, on the steel surface two layers of iron oxide
phases are formed where the outer (near surface)
layer (Fig. 3a) is characterized the more intensive
reflexes of oxyhydroxides than phases of the inner
(surface) layer (Fig. 3b).

The absence of cuprum containing phase in
sediment composition, for example, cuprum ferrite,
makes us think about the binding of cuprum ions by
sorption on surface of iron oxyhydroxides or
replacing ferric-cations in the structure of magnetite
Fe,0,.

Fig. 4 shows TEM image of magnetite Fe,O,
formed on steel surface by its contact with cuprum
sulphate solution by concentration Cu(II) 1 mg/dm?.

Thus, our investigation shows that the formation
of ultra disperse iron oxide minerals on the steel
surface in the presence of cuprum ions in water
medium is possible by two mechanisms: oxidation-
reduction with reduction of cuprum-ions and
oxidation of iron and oxidation of ferrous-ions with
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Fig. 5. Kinetic of changing the concentration of ferric and ferrous ions in the process of phase formation on steel

surface in the presence of precious metals: platinum (7)
argentums (3) — Fe total, 6 — Fe(III)

formation of iron oxyhydroxides and magnetite
phases.

The investigation of the process of formation
of the ultra disperse iron oxide minerals on the
steel surface in the presence of the precious
metals

The process of phase formation on the steel
surface was carried out by its contact with solution
containing precious metals, there were argentums,
aurum and palladium with the concentration of metal
ions of 1 mg/dm?; argentums and platinum with the
concentration of metals 10 mg/dm?.

According to the data of chemical analysis the
presence of precious metals in dispersion medium
activates the anodic solution of the iron with
agglomeration of ferric and ferrous ions in the
dispersion medium. The final concentrations of total
ferric and ferrous ions by addition of platinum were
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— Fe total, 2 — Fe(Ill); palladium (3) — Fe total, 4 — Fe(IIl),

C, mg/dm?
10 g
A
\ —A— —O0—
813 R
.\\
W\
6 W
| \
\
4= 0\
N
2~ \\ N A
ﬂ-).—.—_T—_-—\_L___.___: —— .
I R ST - S gy e Sy 0
0 5 2,5 35 45 55 65 7,5

Igt

Fig. 6. Kinetic of binding of ions of precious metals: a —
platinum, » — palladium, ¢ — aurum, d — argentums



HAHOYACTUL|bI, HAHOKNACTEPbI, HYNIbMEPHbIE OEbEKThI

8

TV (1stege) &

<0 :Am

(090°1T€D) < (O0M) ®

M:@ (120) «(1
(0z0) *
(0z1) «
A
(020) «
| | |
sﬁ .
1_4,_34 (T15°¢€) @
oot DS

(00Z°150) «

(090°1€1) < (O01) ®
€ 0 (1 rv+

1800 —
1400 —
1000 —
600 —

80

60

40

20

80

60

40

20

20

20

~Naonn

(Ooth)e

44900

(11¢)
*

(00Z°150) 4,
(0ov) &

(I1Do ©

(I19)e

080) «
T e

07D e

(I1De
(020) «

(gD o

(0z1) «
0IDo

1000 —
800

600 —

400 —

4900

(1o

(00Z°1S0) <
(oov) &

(11D 0.2

*

(020

(og1) ©
*
(0z1) «

OIDo
(I1De

(020) «

900

700 —

500 —

300

80

60

40

20

80

60

40

20

20

20

(arg
*
| |
[ [
§ 8
(orh) &
~aene (119 @
o (zey) &
4 €0 %
(00Z°150) «
(oor) ®
(1rg)
4 (1€0) «
(070 *
| |
= =
u [e%)

80

60

40

20

80

60

40

20

20

20

HaHnocmpykmypHoe mamepuanosedeHue, 2010, Ne 3



[FI/ARI© CTPYKTYPHOE o

=
— —
800 g *— a_]
o -
54 = o~ ¢ 2
8 8 °-3 4
e Q *¥-7 <
600 _— hl}
’-\lf)
Se ~ 2
N — A
~ A —
e | =L

400

200

20 40 60 80

Fig. 7. XRD-data of structures formed on the steel surface by its contact with solution of: argentums — near surface
layer (a), surface layer (b); aurum — near surface layer (c), — surface layer (d); platinum — near surface layer (e),
surface layer (f); palladium — single layer (g). Numbers correspond to the phases: / — lepidocrocite y-FeOOH; 2 —
magnetite Fe,O,, 3 — goethite a-FeOOH, 4 —silver Ag’, 5 —aurum Au’, 6 — platinum Pt°, 7 — palladium Pd°

40 mg/dm® and ferric ions — 1 mg/dm?; by addition
of argentums were 28.5 and 0.17 mg/gm?,
correspondingly; by addition of palladium were 55.0
and 3.36 mg/gm’, correspondingly, and in the presence
of aurum were 70.0 and 5.2 mg/gm?, correspondingly
(Fig. 4). Fig. 5 shows the kinetics of concentrations
of precious metals in dispersion medium on the
formation of the iron oxide minerals process. The
concentration of platinum decreases drastically from
10 to 2 mg/gm? during 15 minutes and than gradually
decreasing to the final concentration > 0.08 mg/dm?.
On the opposite the content of palladium (1 mg/dm?)
does not change during 24 hours and only after 70
hours decreases to 0.06 mg/dm3. The initial
concentration of aurum (1 mg/dm?®) decrease during
several hours to 0.4 mg/dm?, and then slowly
decreases to 0.07 mg/dm3 at the end of phase
formation. The content of argentums decreases from
10t0 0.01 mg/dm? during 15 minutes. The initial value
of pH = 2.5 in systems with platinum, palladium and
aurum by process of phase formation increases on
average to pH = 5.3 and in systems with argentums
increases from 5.0 to 9.4.

As show the obtained data, the main phases of
iron oxides there are lepidocrocite and magnetite.
The process of phase formation in such a system
goes throws the stages of origin on the steel surface
the phase of hydroxysulphate Green Rust, its

HaHocmpykmypHoe mamepuanosedeHue, 2010, Ne 3

transformation to phase of iron oxyhydroxides and
than to phase of magnetite Fe,O,.

Fig. 8 shows the TEM images of ultra disperse
minerals formed on steel surface in the presence
of the precious metals in dispersion medium.

On the basis of our own data and literature sources
it is possible to make conclusions that the process of
interaction of iron oxides with low concentration of
metals from dispersion medium can go at any stage of
formation and transformation of iron oxide phases.
Articles [29, 30] show that limited oxidation in the
system results in formation on steel surface derived
structures of Fe(II)-Fe(Ill) layered double hydroxides —
Green Rust. The same result was obtained in our
system, where on steel surface by its contact with
water dispersion medium after processing the surface
by solution of sulphuric acid shows the origin of
hydroxysulphate Green Rust particles is observed,
which is proved by the XRD-data in situ [31]. Due to
the presence the ferrous iron the structure of Green
Rust possesses high reducing activity with respect to
the components of the dispersion medium, especially
precious metals. For example, the research [32] shows
that ions of aurum, argentums, cuprum and mercury
by their addition in water suspension of Green Rust
are reduced to metals and structure of Green Rust in
its turn is oxidized to the phases of magnetite or
oxyhygroxides. The distinction of the studying our

1]
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Fig. 8. The TEM images of iron oxide particles on steel surface that were formed in the presence of ions of precious
metals in dispersion medium: a — argentums, b — aurum, ¢ — platinum, d — palladium

system is that red-ox reaction goes as a single process
and not as two separate as it was shown in the previous
case. So, in our research there was made
ferromagnetic composite compound core of
maghemite and shell of argentums [33].

The initial mechanism of such interaction was
sorption. At the same time, the sorption interaction
of hygroxy complexes of cuprum and precious
metals with iron oxide phases could go at the stage
of formation of oxyhydroxides without the process

HaHnocmpykmypHoe mamepuanosedeHue, 2010, Ne 3



[RIA\RI© GTPYKTYPHOE

of phase transformation [34, 35] or with next phase
transformation to phase of the corresponding spinel
ferrite or magnetite and incorporating of cations
from dispersion medium to lattice of iron oxides
minerals [36].

Process of sorption could take place on iron oxide
surface [37, 38]. In this case the metathesis
between adsorbed cations and ferrous iron in lattice
of magnetite is more likely. At that the formation of
nonstoichiometric complicated oxides or solid
solutions is possible.

Having analyzed kinetic of chemical composition
of dispersion medium, XRD-data and TEM images
it is possible to assume that in the system of steel
electrode contacting with water solutions of cuprum
and precious metals the process of bonding the
metals-ions by iron oxides goes by two mechanisms.
In the first process cuprum, aurum, argentums,
platinum, palladium reduction occurs in structure of
Green Rust with its transformation to phase of
magnetite with including of part of ions into the
structure of the iron oxide. That assumption is
proved by the course of kinetic curves, there are
the extremes that depend on sudden decrease of
cation concentrations and contains of surface
structures among which the phase of magnetite
dominates. In the second process the decrease of
cation concentrations slows down after the
formation of magnetite. Obviously, the following
redacting of remains of the metals from dispersion
medium occurs on the surface of magnetite by it’s
partly oxidation to lepidocrocite.

That was confirmed by XRD-data. The curves
simultaneously show the reflexes of oxyhydroxides
and weak reflexes of reduced metals. Low intensity
of peaks of aurum, platinum, palladium and
argentums depends on their small (at the breaking
point of sensitivity (~5%), concentrations.
Decreasing initial pH value to acid medium changes
of phase composition to formation of oxyhydroxides.
The modification of the surface of iron oxide
particles by layer of precious metal gives them of
colloidal stability, which was shown in our articles
[39] by the example of composites maghemite —
argentums, maghemite — platinum. That opens the
possibility of their practical use for investigation of
biological systems.

HaHocmpykmypHoe mamepuanosedeHue, 2010, Ne 3

Conclusions

1. The result of studying the process of formation
of ultra disperse iron oxide minerals on steel surface
by its contact with air and dispersion medium
containing of cuprum, argentums, aurum, platinum,
palladium ions shows that the formation of the
structures of iron-oxides occurs within y-row: Green
Rust — lepidocrocite — magnetite Fe,O,.

2. The phase composition of iron oxides
depends on concentration of electropositive
metals in dispersion medium. On the example of
cuprum it is shown that by concentration of Cu(II)
100 mg/dm3 in the system there occurs the
classical reaction of cementation including the
ionization of metal iron and redacting of cuprum
ions on steel surface. Decreasing of concentra-
tion of cuprum to 1-10 mg/dm? changes the
mechanism of phase formation: on steel surface
magnetite formed.

3. In the presence of precious metals the process
of phase formation occurs by two mechanisms. At
first the process of reduction of argentums, aurum,
platinum and palladium take place into GR structure
with its transformation to the phase of magnetite
and possibly including of ions in its lattice. At second
the reduction of remaining ions from dispersion
medium take place on magnetite surface by its partly
oxidizing to lepidocrocite .

4. By addition of precious metals in the system
on stage of iron oxides particles formation their water
sols obtaine the colloidal stability. Their new
properties can be used by investigation of biological
systems.

Hccnenosan mponecc GOpMHPOBAHUS YIBTPaIUCIIEPCHBIX
JKETe300KCUTHBIX MUHEPAJIOB Ha TIOBEPXHOCTH CTAJIH IIPH €€
KOHTAaKTe C KMCIOPOIOM BO3yXa M AUCIEPCUOHHON Cpenoi,
cozepkaliel HOHbI Men, cepedpa, 30J10Ta, TUIATHHBI ¥ HajlIa-
Just. [TokazaHo, YTO IpK KOHIEHTPALUAX IEKTPOTIOT0KUTEIb-
HBIX MeTADIOB 1—10 MI/M3 Ha TOBEPXHOCTH CTAITH 00OPa3yrOT-
cst CTPYKTYphl Tuapokcucynbgdarnoro Green Rust, marseru-
Ta U Jenunokpokura. ®azoobpazoBaHne MPOXOIUT B JIBE
cTaguu: 1) agcopOust HOHOB AUCIIEPCUOHHOM Cpebl Ha Mo-
BepxHOocTH GR ¢ BoccTaHOBIIEHHEM YacTH HOHOB 10 MeTaJlIa 1
oxucneHrneM GR 10 MarHeTuTa WM JeMUIOKPOKUTA; 2) BOC-
CTaHOBJIEHHE OCTATOYHOH KOHIIEHTPAIINH HOHOB 3JIEKTPOIIONO-
JKMTETBbHBIX METAJJIOB Ha MOBEPXHOCTH MarueTtura. B3aumo-
JIeHCTBHE JKEeTe300KCUIHBIX (ha3 ¢ AIEKTPONOTIOKUTETHHBIMA
MOHaMH MPHJAET YaCTULIaM KOJUIOUIHYIO yCTOHYHBOCTD
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Knwouesvie cnosa: ynompaoucnepcruie s#cene300KCUOHbLE M-
Hepanvl, pazoobpazosanue, 61a20POOHbIe MemAailbl

JocnimpkeHo nporec GopMyBaHHS YIBTPaIUCIEPCHUX 3al1i30-
OKCHIIHHX MiHEpaJIiB Ha TOBEPXHI CTai IpH ii KOHTAKTi 3 KHCHEM
TOBITPS Ta IUCTICPCIHHUM CEPEIOBHIIIEM, SIKE MICTHTh I0HH MiJIi,
cpibia, 30J10Ta, IIATHHY Ta anafito. [lokasaHo, o 3a KOHIIEH-
Tpaliliif eIeKTPONO3UTHBHHUX 10HIB 1—10 MI/aM? Ha IOBEPXHi cTai
YTBOPIOIOTBCS CTPYKTYpH Tigpokcucymbdaraoro Green Rust,
MarHeTuTy W Jemigokpokity. ®a3oyTBopeHHs BinOyBa€eTbCs y
IBi cTamii: 1) agcopOuist 10HIB AUCTIEPCIHHOTO CepeIoBUINA HA
noBepxHi GR 3 BITHOBIICHHSIM YaCTHHH 10HIB JI0 METaJTy i OKHC-
HeHHsIM GR 710 MarHeTuTty abo JIeTiToOKpOKITy; 2) BiTHOBICHHS
3QJIHIIIKOBOT KOHIIGHTPALlil iOHIB €JIEKTPOIIO3UTHBHIX METAJIIB HA
TOBEpXHI MAarHETHUTY. B3aemois 3ami300KkcuIHAX (a3 i3 eneKT-
POMO3UTHBHUMH iOHAMH Ha/Ia€ YaCTHHKAM KOJIOTTHOT CTIHKOCTI.

Knrwwuoei cnosa: ynompaoucnepcHi 3a1i300kcuoHi minepanu,
azoymeopenns, 61a20pooHi memanu
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