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The peculiarities of the formation of iron-oxygerustures on steel surface due to its contact with
aqueous dispersion medium within a wide range ofvpldes and in presence of cobalt and silver have
been studied by X-ray diffraction in situ. It hasebh shown that well crystallized cobalt- and iron-
containing spinel ferrites are formed at neutral pblue of aqueous medium. The contact of steehcirf
with alkaline medium results in formation of weadilystallized iron oxyhydroxides. The structurdegii-
docrocite is formed on steel surface due to itstactnwith acid dispersion medium in absence of meta

ions such as cobalt and silver.

INTRODUCTION

The problem of nowadays which is formu-
lated for scientists who are studying the systems
with nanosized objects is the directional obtaining
of the individual particles with particular phys-
icochemical, colloid-chemical and mineralogical
properties [1]. When introducing an insignificant
addition of such particles into macrosystems and
composite materials of different nature they ac-
quire new physicochemical properties [2]. The
nanosized particles with para- and ferrimagnetic
properties are the most required for medical and
biological aims, for example as magnetic carriers
for direct delivery of medical preparations in a
magnetic field [3], target therapy [4], diagnostics
of a range of diseases [5].

Numerous methods of formation of the iron-
oxygen particles of different crystallographic
modifications include the electrochemical synthe-
sis on the surface of iron (steel) [6] and inert
(gold, silver, platinum) [7] electrodes. The advan-
tages of such systems lie in limiting the admix-
ture quantity in iron oxide and controlling the
process of phase formation. Addition of different
compounds such as metal salts into the system
gives a possibility to get the particles of spinel
ferrites [8] or ‘core-shell’ composites [9] that
have wider variety of use than simple iron oxides
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and hydroxides. A study on the initial stage of
formation of the iron-oxygen structures on steel
surface should allow us to expand the spectrum of
iron oxides, oxyhydroxides, and spinel ferrites
and to define the most important parameters of
synthesis controlling this process.

The present work is an extension of the inves-
tigation of the processes of phase formation on
steel surface by its contact with air oxygen and
aqueous dispersion medium. In our previous arti-
cle [10] a process was shown of the formation of
surface iron-oxygen particles caused by the con-
tact of steel with ferric and ferrous aqueous solu-
tions. The results showed the formation of the
Fe(ll)-Fe(lll) layered double hydroxides at the
initial stage of the phase formation that were
transformed into structures of magnetite, goethite
or lepidocrocite depending on the presence of
oxidant and ferrous or ferric irons in dispersion
medium. The aim of this work is to study the preces
of the formation of the surface iron-oxide struetur
due to the contact of steel surface with aqueolus so
tion within a wide pH range and in the presence of
cobalt chloride and silver nitrate in aqueous gmiut

EXPERIMENTAL

The process of the formation of different
iron-oxygen structures on steel surface have been
carried out by procedure described in [10]. For
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the experiment the carbon steel was used contain-

ing %: 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. The main method of investigation was
X-ray diffraction in situ. An additional method
was scanning electron microscopy. The disper-
sion media were aqueous solutions within wide
range of pH values (from 1.5 to 11.0) prepared by
addition of definite quantities of hydrochloric
acid or sodium hydroxide solutions into disper-
sion medium. For the preparation of the cobalt-
containing solutions, cobalt chloride was used
with cobalt concentration of 100 mg/drAnd for
silver-containing solution, silver nitrate was cho-
sen with silver concentration of 1 mg/inThe
range of pH values with added cations was from
2.5t0 11.0.

The process of formation of the iron-oxygen

the surface composition of iron-oxygen structures
and their phase transformations.

Analysis of XRD-data shows the formation
mainly of the phases of Green Rust, lepidocrocite
and magnetite on steel surface. An additional
phase is goethite.

At the pH value of 1.5 in aqueous dispersion
medium both ferric and ferrous iron as well as
mainly mononuclear ferric hydroxocomplexes —
Fe(OH)" and Fe(OHJ' can be present. XRD-data
show that under such condition as the initial
phase after 2 hours of carrying out the process
lepidocrocite (020) and (120) is formed. The in-
tensity and quantity of the X-ray reflexes gradu-
ally increase. Lepidocrocite remains as the only
phase up to the stationary state of the system
(72 h). By the increasing the initial pH value to
4.0 in dispersion medium, ferric iron forms the

structures was carried out to the stationary state separate phase of amorphous ferric hydroxide and

of the system that meant the constant phase com-

ferrous iron is still in the form of hydrated

position and mass of the surface structures as well cations. After one hour of the contact of steel

as the chemical composition of the dispersion
medium. For the chemical analysis of the disper-

with dispersion medium on its surface, the phase
of lepidocraocite is formed. Magnetite is reflected

sion medium, the standard procedure was usedon XRD-pattern after 5 hours and its intensity

[11].
RESULTS AND DISCUSSION

The influence of the pH value on the forma-
tion of iron-oxygen structures on steel surface.
The study on the process of formation of the iron-
oxygen structures on steel surface within a wide
range of pH value was carried out considering the
state of ferrous and ferric iron in dispersion me-
dium. Our investigation [12] shows five charac-

increases more than three times to the stationary
state of the system (48 h). At the pH value of 6.5
in the system, the hydrolysis starts of the ferrous
iron with the formation of the FeOHomplex.
After 2 hours, lepidocrocite appears, and after
5 ones, magnetite appears on the surface. The
accumulation of magnetite on steel surface under
such a condition is faster than the accumulation
of lepidocrocite. The system is stabilized after
48 hours of contact. At the pH = 11.0, ferric and

teristic ranges of pH values defining the processes ferrous hydroxides form the precipitate in the sys-

of arising and developing iron-oxygen structures
of different crystallographic modifications which
run due to various mechanisms. At the same time,
on the basis of experimental data [13] and the
analysis of the thermodynamic functions of the
reaction of the phase formation [8] a supposition
was made about the behavior of the systeth Fe
(Steel) — HO -G, capable to change the pH val-
ues of the initial solution in the wide range of pH
to neutral value. Direct testing of this factornggi
specified indicators (nitrasin yellow and phenolic
red) shows the pH value in the range from 7.0 to
9.0 on steel surface. So, the XRD-investigatiotnef
process of phase formation on steel surfacsitu
should allow us defining the degree of the infl@enc
of the pH value in the bulk of dispersion medium on
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tem. As XRD-data show, the surface structures
are weakly crystallized and diffraction patterns
show only some reflexes of Green Rust | and low
intensity peaks of lepidocrocite. After 24 hours of
the phase formation on steel surface, two peaks
appear of magnetite (311) and (220) which inten-
sity insignificantly grows. Figure 1 shows the
kinetic regularities of changing of the % mass of
lepidocrocite (Fig. & and magnetite (Fig. 1b)
depending on the value of initial pH of dispersion
medium.

On the base of the data obtained, the opti-
mum condition for direct formation of the iron
oxyhydroxide — lepidocrocite is acid dispersion
medium and for magnetite formation is neutral
dispersion medium.

XOTIM2011. T.2. Ne 1



The Influence of the pH Value and the Cation Composition of Dispersion Medium on the Formation

Intensity of reflexes, rel.unit

Intensity of reflexes, rel.unit

Fig. 1. Intensity of X-ray reflexesa — lepidocrocite
b — magnetite formed on steel surface duésto
contact with dispersion medium at initigH

1,04 A-
0.9
0,84 —A—2 —m—4
0,74 o———

i / '
06 , Ve \
0,54 / / A\
0,4- o RN

T / ¢'“ YA “‘\
0,34 / L AN

| /

072_ '¢ .
01d m—

1,0 A
09]  —amn £
0,8-
%y
0,61 il vy
0,5+ i
04- 1'1
03- ,.'/"I o
02| /
L L

0,14 ‘

: . —
0 2 3 4 Time, In

values:1-1.5;2-4.0;3-6.5;4-11.0

The possible reactions can occur in such con-

ditions are: for oxyhydroxides

2Fe(OH) + 0,5Q — 2FeO0H + HO
Fe(OHY* + OH — Fe(OH) —

— FeOOH +H

Fe(OH)' + 2Fe(OH)+ 0,5Q —

— 3FeOOH + HO + H" (3)

and for magnetite (or spinel ferrite):
2+
2Fe(OH)*+ Me +1/20,—

— McFeO,+ H,O+2H (4)
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2Fe(OH) +Me(OH), + 1/20, —
— McFeO, +HO+2H (5)
2Fe(OH), + Me(OH), + 1/20, —
— MeFeO, + 3H,0 (6)
whereMe(Il) = Fe(ll), Co(ll).

The absence of the vivid reflexes on the
XRD-patterns of Green Rust can indicate that this
structure is not accumulated on steel surface and
undergoes the phase transformation immediately
after formation of lepidocrocite or magnetite
phases. The development of the lepidocrocite or
magnetite can run either independently from each
other (at pH = 6.5) or they are the chain links of
the phase transformation: lepidocrocite—magnetite
(at pH=4.0).

The formation of the iron-oxygen structures
on steel surface due to its contact with the cobalt
chloride aqueous solution. The addition of cobalt
ions into the dispersion medium influences the
phase composition of ultra disperse iron-oxygen
particles and leads to the formation the iron-
cobalt spinel ferrite as an additional phase [14].
This process to a considerable degree depends on
the pH value of the dispersion medium contacting
with steel surface and does not significantly de-
pends on the quantity of cobalt ions in the solu-
tion. Cobalt ions undergo to hydrolysis within the
range of pH 6.6-9.2 (b§c.qy = 1 mol/dri) and
at the range of pH 9.2-14.1 cobalt remains as hy-
droxide in the system [15].The investigation of
the phase composition of the surface structures
was carried out depending on the speciation of
cobalt in the dispersion medium.

As XRD-data show (Fig.d), in the presence
of cobalt ions on steel surface, spinel ferritel(31
is formed during one hour and its intensity picks
increase during 24 hours. The lepidocrocite phase
appears only after 24 hours from the beginning of
the process of phase formation (Fi¢p).2During
next 24 hours the intensity of spinel ferrite re-
flexes slowly decreases and that of lepidicrocite
reflexes increases. The possible mechanism of
this process is the destruction of spinel ferfibe,
example by oxidizing ferrous iron in the lattice.
When the dispersion medium contains cobalt hy-
droxide, the formation of surface structures is
connected with that of weakly crystallized iron
oxyhydroxides — lepidocrocite and goethite (Fig.
3c). The phase of spinel ferrite is identified only
after 24 hours of phase formation (Fig).2
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Figure 3 shows the SEM-images of steel sur-
face. There are the areas of the iron-oxygen struc-
tures appearing on the defects of surface (Bigo)3
and the initial iron-oxygen structure (Figc)3
The absence of the Green Rust reflexes on the X-
ray patterns can be explained by its location on
the defects of steel surface (in the pittings) isd
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It should be noted that under experimental
conditions the structure of spinel ferrite can con-
tain ferrous iron as well as cobalt cations. But
the identity (similarity) of interplanar spacing of
magnetite and cobalt spinel ferrite makes it im-
possible to use X-ray diffraction to divide these
structures. Therefore to define the ratio Fe:Co in
the structure of spinel ferrite the X-ray fluores-
cence analysis was used which allowed us to
estimate the iron and cobalt content in the phase.
The influence of the cobalt concentration in dis-
persion medium on the chemical composition of
spinel ferrite was studied within a wide range of
Ceoqy (from 1 to 1000 mg/di. The results
show that in all the samples the cobalt to iron
ratio is of 7-13% to 93-87%, respectively. So,
by varying cobalt concentration in neutral dis-
persion medium, it is impossible to form
nanosized spinel ferrite particles containing dif-
ferent amounts of ferrous iron and cobalt. The
formation mechanism of spinel ferrites under
experimental conditions is described by the reac-
tions (4)—(6) related to the formation of magnet-
ite on steel surface contacting with aqueous so-
lution within pH range of 4.0-6.5 (in the bulk) or
by addition of ferrous iron into the system at
neutral dispersion medium [10].

The formation of the iron-oxygen struc-
tures on steel surface due to its contact with
aqueous solution of silver nitrate. Salt adding
into dispersion medium contacting with steel
leads to the formation of iron-oxygen phases
on its surface and can also lead to reducing
silver on the surface of iron oxides [16]. The
formation of surface iron-oxygen structures in
presence of AgN@in dispersion medium de-
pends on hydrolysis of silver characterized by
formation of silver oxide AgO and occurs at
pH values of 6.2 (&.=1 mol/dni) and 8.2-11.2
(Cag+=0.01 mol/dr) [15]. The partial solubil-
ity of silver oxide in aqueous results in exis-
tence of other forms of silver: AgAgOH and
Ag(OH), [17]. An investigation of the forma-
tion of the surface structures in presence of
silver was carried out for its cationic and hy-
droxide forms. As XRD-data show, in the pres-
ence of silver ions in dispersion medium the
phases of lepidocrocite and magnetite are formed
on steel surface after 1 hour of contact (Fa&). 4
The intensity of the magnetite reflexes grows
faster than that of lepidocrocite but at the statio
ary state of the system it gets down (Fig). 4
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Fig. 4. XRD-data of surface strures formed on ste
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Due to the interaction of the aqueous solu-
tion of silver hydroxide with steel surface,
XRD-pattern shows the reflexes of lepido-
crocite, goethite, and Green Rust | (Fig).4
Interplanar spacing of Green Rust | allows us
to identify the structure obtained as hydroxy-
carbonate GR (C§)) [18]. After 24 hours of
conducting the process on steel surface, the
phase of magnetite is identified with intensity
reaching a maximum at stationary state of the
system (70 hours). Figure 5 shows SEM-
images of the steel surface with areas where
the iron-oxygen structures appear.

The mechanism of formation of iron-
oxygen structures on steel surface, probably,
consists in the formation of ferrous hydroxide
and its transformation to the Fe(I)-Fe(lll)
layered double hydroxides and then to phase
of lepidocrocite and magnetite:

2Fe + Q + 2H,0 — 2Fe(OH);

6Fe(OH)2 + 0,50+ CO, + 2H,0 —
—)Fe”4Fe“|2(OH)12CO3'2H20;

AFE" + 2F€" + 120H+ CO% + 2H,0 —
— Fé|4Fé”2(OH)12003'2H20;

Fée',Fe" ,(OH),,CO32H,0 + O, —
— 6y-FeOOH + HCO; + 4H,0;

Fée',Fe",(OH),,CO5-2H,0 + 0,5Q —
—2FeFg0, + H,CO; + TH,0;

2yFeOOH + Fe(OI—Q<—> Fngo4 + 2H20;

So, the optimum condition for the forma-
tion of magnetite particles on steel surface in
presence of silver ions is the neutral dispersion
medium and relatively low concentration of
silver (0.1-1 mg/dr}). Evidently the process
of the formation of lepidocrocite and magnet-
ite is connected with phase transformation of
the Fe(ll)-Fe(lll) LDH formed on steel sur-
face as initial structures.

CONCLUSIONS

The investigation of the formation of iron-
oxygen structures on steel surface due to its
contact with aqueous dispersion medium
within the pH range of 1.5 to 11.0 shows a de-
pendence of the phase composition on the
conditions of carrying out the process. So, in
acid dispersion medium on steel surface well
crystallized iron oxyhydroxide — lepidocrocite

XOTM2011. T.2. Ne 1
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is formed; in weak-acid and neutral medium 5. Mornet S., Vasseur S., Grasset F., Duguet E.

the main iron-oxide structure is magnetite. In
alkaline dispersion medium the surface struc-
tures of oxyhydroxides are lepidocrocite and
goethite characterized by weak crystallization.

An addition of cobalt cations into disper-
sion medium on steel surface leads mainly to
the formation of the structure of cobalt spinel
ferrite. The addition of cobalt hydroxide into
dispersion medium does not lead to the forma-
tion of spinel ferrite. The final products of
phase formation are weakly crystallized iron
oxyhydroxides.

The contact of steel surface with aqueous
solution of silver nitrate leads to the formation
of magnetite and in the presence of silver hy-
droxide, the typical surface structures are
weakly crystallized iron oxyhydroxides.

The results of the research allows us to de-
tect the optimum conditions for the formation
of the structure of lepidocrocite on steel sur-
face in acid dispersion medium and that of
magnetite in neutral dispersion medium in the

absence of cations in both cases. The cobalt 9.

spinel ferrite is formed in the presence of co-
balt ions in neutral dispersion medium. All the
structures formed in alkaline dispersion me-
dium are weakly crystallized iron oxyhydrox-
ides.
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BB Besimunnan PH i KaTiOHHOTO cKJIaqy QMCNEPCiHHOrO cepeoBHINA
HA YTBOPEHHS 3J1i30-KHCHEBUX CTPYKTYP HA MOBEPXHi cTaJi
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Memoodom penmeenoghazoeozo ananizy in SitU docriooiceno ocobausocmi hopmysans 3a1i30-KUCHEBUX CIMPYKIYD
Ha NOGepxXHi cmai npu it KOKMAaKmMi 3 OOHUM OUCNEPCIUHUM cepedosuyemM Yy wupokomy dianazomi 3uavenv pH ma 6
npucymnocmi kobanemy i cpibna. Iloxkaszano, ujo 006pe oKpucmanizosani cmpykmypu gepuwnineni — mazHemumy i
Gepumy Kobanbmy ymeoproomvcsa npu HeumpanvHux snavenusx pH cepedosuwa. Ilpu konmaxmi cmani 3 aysHCHUM
OQUCnepCiliHuM cepedosUeM Ha NOBEPXHI Y BCIX BUNAOKAX YMBOPIOIOMbCS CIAOKO OKPUCMANIZ08AHI OKCULIOPOKCUOU
saniza. Cmpykmypa 1eniookpoKimy ymeopioemucsi Ha NO8EPXHi cmani npu il KOHMAKmi 3 KUCIUM OUCHEPCIliHUM ce-
pedosuugem 3a 8I0CYMHOCMI KAMIOHIS.
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Ha GopMHUpPOBaHHeE KeJ1e30-KHCJIOPOIHBIX CTPYKTYP HA MOBEPXHOCTH CTAJIH
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Memooom penmeenoghazoeozo ananuza in SitU uccrnedoganvl 0cobeHHOCMU HOPMUPOBAHUSL HCENE30-KUCTOPOOHBIX
CMPYKMYp HA NOBEPXHOCMU CMAAU NPU ee KOHMAKMmMe ¢ 800HOU OUCNEPCUOHHOU CPeOoll 8 WUPOKOM OUANnda3oHe
snauenuti pH u 6 npucymemesuu xobanema u cepebpa. Ilokasano, umo xopouio OKpUCMALIUZ08AHHbIE CIMPYKIYPbl
Geppuwnunenu — macnemuma u eppuma Kobarbma Qopmupyiomca npu HeumpaibHuix 3Havenusx pH cpeowr.
Ilpu xonmaxkme cmanu co wenouHol OUCNepCUOHHOU cpedoli Ha NOBEPXHOCMU 80 8CeX CYyUaAaAxX obpa3yIomcsa cia-
60 OKpUCANTU308AHHBIE OKCUSUOPOKCUObL dcenesd. Cmpykmypa 1enuooKkpoKuma oopasyemcs Ha no8epxXHOCHU
cmany npu ee KOHMaKme ¢ KUCA0U OUCNEPCUOHHOU Cpedoll 8 OMCYMCmBUe KamuoHO8.

100 X®TMM2011. T. 2. Ne 1



