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EFFECT OF TEMPERATURE ON KINETIC REGULARITIES
OF FORMING NANOSIZED PARTICLES ON STEEL SURFACE
CONTACTING WITH AQUEOUS DISPERSION MEDIUM

O.M. Lavrynenko*, V.Yu. Starchenko, S.V. Netreba, VA. Prokopenko

Ovcharenko Institute of Biocolloidal Chemistry aftidnal Academy of Sciences of Ukraine
42 Academician Vernadsky Avenue, Kyiv, 03142, dkrai

The specific character of forming nanosized stmetuon steel surface contacting with air and
aqueous dispersion medium in the range of temperstfrom 3 to 70 °C has been studied. The
development of iron-oxygen structures leads to malggical yrow. As the initial structure the
hydroxycarbonate Green Rust under the most comditibbas been found. Two branches of phase
transformation scheme under full and limited oxidathave been suggested. The optimum condition
for forming lepidocrocite is low temperatures (25-&€) and for forming magnetite is middle ones
(50 °C). The kinetic regularities of the XRD-pickn@unts of lepidocrocite and magnetite from
temperatures were calculated.

leads to forming weakly crystallized iron
INTRODUCTION oxyhydroxides, such as lepidocrocifeFeOOH
The interest in nanosized ferromagnetic and goethiten-FeOOH [4]. So, pH rate plays a
materials leads to the search of new methods of definite role in the mechanisms of the phase
their synthesis. Our investigations [1] are dirdcte  formation, but it is limited by the electrochemical
to getting nanosized iron-oxygen structures of properties of the system [5]. One of the
different crystallographic modifications in the determinate parameters of carrying out the
system of a rotating steel electrode which process of the phase formation can be the
alternately contacts with aqueous dispersion temperature on steel surface, specifically due to
medium and air oxygen. The most important its influence on hydrolysis and oxidation of
parameters of the phase formation processing in ferrous species [6, 7].
such a system are chemical composition and pH The influence of the temperature on the phase
value of dispersion medium, presence of oxidant composition of surface structures and kinetic
and temperature. The influence of temperature on regularities of their development on steel surface
the process of forming nuclear particles of were chosen as the purpose of the present
protolepidocrocites (Green Rusts) and ferrihydrite investigation.
in the St3—HO-0, system was presented in our
previous work [2]. The understanding of the role MATERIALS AND METHODS
of steel surface attracts our attention to thimare The method of forming iron-oxide surface
of nucleation and growth of iron-oxygen structures was described in [3, 4]. We use the
structures. The surface processes on steel surfaceotating steel disk for creating a plug-in steel
when it contacts with aqueous solution containing electrode contacting with air oxygen and aqueous
ferric and ferrous iron were studied in [3]. The solution. The temperature conditions are provided
results showed the presence of hydroxysulphate by application of TS-1/80-SPU thermostat. The
Green Rust on steel surface as the initial phase process of the phase formation is carried out at
which further developed in the range pfow the following temperatures: 3, 10, 25, 35, 50 and
iron-oxygen structures. Addition of cobalt and 70 °C. As dispersion medium the distilled water
silver cations into dispersion medium does not and cobalt chloride water solution with
change the phase composition of nanosized Cgoqy = 100 mg/dmare chosen. The pH value for
precipitates on steel surface. Spinel ferrite all systems is 6.5. The process of the phase
structures are mainly the products of the reaction formation leads to the stationary state of the
in neutral medium, but increasing the pH value system.
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As the main investigation methods of X-ray
diffraction in situ, scanning electron microscopy
(SEM) and math methods of data-processing
operation are used.

RESULTS AND DISCUSSION

XRD-data show the structures of iron-oxygen
morphological y-row which are nucleated and
grown on steel surface in the temperature range
from 3 to 70 °C. Fig.1l shows certain XRD
patterns of the structures formed at different

temperatures.
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Fig. 1. XRD patterns of irorexygen structures whi
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are formed on steel surface contacting withewa

dispersion medium in the temperaturange
from 3 to 70 °C are the followingi— 3 °C 72h;
b-10°C 72hg — 25°C 48 hd — 35 °C 1(h;
e—50 °C 21 hf — 70 °C 1&; in presence cob
ions:g — 10 °C 75 hh — 50 °C 72h. Number
correspond to the phasds:= hydroxycabonat:
Green Rust;2 — goethite a-FeOOH, 3 -
lepidocrocite y-FeOOH; 4 — spinel ferrits
(magnetite FeR®, or cobalt ferrous spin

394

ferrite); 5 — iron F&

So, at 3 °C weak reflexes of lepidocrocite
y-FeOOH as the only phase are present on steel
surface during the whole experiment. The
temperature increasing to 10°C results in
appearing magnetite Fef as the second phase
after 48 h of the process carrying out. At 25 °C
the reflexes of lepidocrocite and magnetite are
shown on XRD-pattern after 2 h of the process.
During 72 h the reflex intensity of both phases
increases step-by-step. At 35 °C the quantity of
lepidocrocite increases during 10 h, and then it
does not change. The quantity of magnetite grows
during 48 h and then it decreases after 72 h of the
process. Their first reflexes appear after 2 h
contact of steel surface with aqueous medium.
Under such conditions the phases of Green Rust |
and goethite a-FeOOH are present in the
composition of surface structures. At 50 °C the
intensity of lepidocrocite reflexes gradually
increases and the intensity of magnetite reflexes
achieves its maximum after 48 h of contact and
then it insignificantly decreases. At 70 °C the
following three phases are formed in the system:
lepidocrocite, magnetite and a small amount of
goethite. The quantity of lepidocrocite and
magnetite grows during 9 h and 18 h respectively;
in both cases it reaches its maximum and then
decreases. The biggest goethite picks are noticed
on XRD pattern after 9 h of the process; its
intensity decreases and then later does not
change. In presence of cobalt ions, the structure
of cobalt ferrous spinel ferrite is dominant. The
content of lepidocrocite and Green Rust is
insignificant.

The amount (in relative units) of
lepidocrocite and magnetite picks after 5 and 48 h
of the phase formation are shown in Rg.and
Fig.2b respectively. The reflexes of lepidicrocite
(120) and magnetite (311) were chosen for
comparing. The points related to cobalt spinel
ferrite are presented in Figh #or comparing with
ferrous spinel ferrite (magnetite). As a result of
regularities presented the process of lepidicrocite
formation does not depend on the temperature
during initial five hours of experiment, but after
48 h the content of lepidocrocite sharply
decreases in the temperature range from 35 to
70 °C. On the contrary, the content of magnetite
depends on the temperature of the process
carrying out. So, after 5h the differences in picks
intensity of magnetite depending on the
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temperature are not big, but after 48h this spherical form and their size is ~50-80 nm (F&. 3
regularity grows to 50 °C and then goes down. The cobalt ferrous spinel particles are showngni.

The analysis of the system containing cobalt
ions shows some similarity in the behaviour of
magnetite and ferrous cobalt spinel ferrite. So, at %
50 °C during 5h and 48h the intensity of spinel
ferrite pick (311) in presence of cobalt is only a
little lesser (Fig. B).
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02_’ )| A - Fig. 3. The ironexygen structures formed on si
' ! r”A sufface in the temperature range from :
E : . 70 °C: a — hydroxycarbonate Green R
0" 25 35 50 70 T.°C (10 °C, 75 h)b — lepidocrocite (10 °C, 75 h);
. b _ _ c— lepidocrocite (25°C, 10h); d-
Fig. 2. The temperature regularities of thekpintensity lepidocrocite (50 °C, 5h);e— magnete
on XRD patternsa — lepidocrocitepp — spine (70 °C, 5 h);f— cobalt ferous spinel ferrit
ferrites. Numberscorrespond to:1 — 5 h; g25 °C. 10 h% i
2-48 h, 3 — cobalt ferrous spinel ferrit The analysis of the mechanisms of the phase
5 h; 4 — cobalt ferrous spinel ferrite, 48 h formation on steel surface shows a few ways

possible under experimental condition. The most
probable way is connected with the formation of
ferrous hydroxide Fe(OHR)r Fe(ll)-Fe(lll) LDH
and their transformation to lepidocrocite or
magnetite (Fig. 4).

Fig. 3 shows the morphology, size and shape
of the iron-oxides particles formed at different
temperatures on steel surface. TEM images
(Fig. 33) show a Fe(ll)-Fe(lll) LDH as initial
phase on steel surface. That structure belongs to

the first type and presence of carbonate-ions and  g./OITy e e
XRD pattern indicate it as hydroxycarbonate Fe(OH), P 7 Fe?OH
Green Rust PgFé",(OH),,C0O53H,0. Formation Fel Fe,”\ j, ,], !
of such structure under experimental conditions is By F

. : . : — FeFe0
possible during saturation of the system with GRLCO: ) 2
ferrous iron, its slow oxidizing on steel surfatte Fig. 4.A scheme of the phase transformatior

surface structuregossible under full and limit

system contact with air, and as a result presehce o o
oxidation

carbonate species in it. The above mentioned
conditions were described in [8]. The factors which determine the initial
The lepidocrocite particles are needle-shaped species and chemical reactions in the system are
(Fig. 3b). At a higher temperature of the phase oxidizing condition and presence of ferrous iron
formation, the needles of lepidocrocite would beemo  in dispersion medium. So, the oxidizing way is
deformed (Fig. 8,d). The magnetite particles are of marked by a dashed line (Fig. 4). The way of the
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phase formation, when the oxidant is limited and the concentration corresponding to the maximum
ferrous iron is present, is marked by a firm line height of the peak on X-ray diffraction pattern.
(Fig. 4). The reactions describing the phase  ©Cuu
formation are presented below.

The first way. The formation of ferrous
hydroxide from ferrous iron on steel surface (1) 06
and under hydrolysis in solution (2)

Fe*+ 20H— Fe(OH) (1)
F&* + 2H,0 — Fe(OH) + 2H'". (2)

The formation of hydroxycarbonate Green Rust
Fée',Fe",(OH);,CO;3H,0 (GR(CQ?)) from GG
ferrous hydroxide

0.8

0.4+

0.2

8Fe(OH) + O, + HCO; + 2H,0 —
— Fé',Fd"' (OH),,CO;3H,0+2FeO0H+OH  (3)
8Fe(OH) + O, + CO;* + 3H,0 —
—Fé'Fd'(OH),,.CO;3H,0+2FeO0H+20H  (4)

0 20 a0 60 ik

The formation of lepidocrocite-FeOOH B

) Fig. 5. Dependences of relative concentrations
2Fe(OH) + 0,5Q — 2y-FeOOH + HO. ®) FeOOH &) and FeFg, (b), C/Cnax ON Stee
The oxidation of Green Rust with the formation surface in timet. Numbers correspond 1
of lepidocrocite temperaturest — 25;2 - 35,3-50;4—-70 °C
Fe',Fe" (OH)1,CO53H;0 + Oy — An approximate estimate of concentration

velocity change (FekR®, and y-FeOOH) was
— 6y-FeOOH + HCO; + SHO.  (6) done taking into account the accumulation of
The oxidation of magnetite with the formation of lepidocrocite and magnetite phases on the
lepidocrocite surface, partial transformation of lepidocrocite
) phase into magnetite one and decreasing
2FeFe0, + 0,50 + 3H,0 — 6y-FeO0H. ) concentration of both phases due to the certain
The second way. Direct transformation of  physicochemical processes such as destruction or
Green Rust to magnetite FeBg under low diffusion into the bulk. The differential equation

oxidation condition system was created in order to describe these
I el . process
Fe'Fe" ,(OH),,CO53H,0 + 0,5Q — Q. Co Kk, C—k.C,
— 2FeFg0, + H,CO; + 8H,O.  (8) dt
The formation of magnetite Fef® in presence 2 = K,Cop K, . C, — Kp,C,
of ferrous iron dt
2y-FeOOH + F& _ FeFeO, + 2H'. 9) whereC,; — FeFegO, concentratlc_)nkll - ree_lc_tl_on
rate constant of Fep®, formation from initial
The presence of cobalt ions in the system and its substance,k, ,;, — reaction rate constant of

interacting with ferrous and ferric spices leads to  FeFgO, formation from y-FeOOH, k;, — rate

forming a cobalt ferrous spinel ferrite according constant of FeR®, concentration decreasinG;

to different reactions: — y-FEOOH concentrationk,; — reaction rate

2Fe(OH)+Co?+0,50, — CoFeO+H,0+2H, (10) constant of y-FeOOH formation from initial
substance, k,, —rate constant of y-FeOOH

2Fe(OHy+CoOH'+0,5Q — CoFgO+2H0+H". (11) concentration decreasing. One can suppose that

Relative concentrations of FeBs and concentration of_ initial_su!ostance is constant
y-FEOOH, C/Cma 0n the disc surface were (CocFbeMEHUIt of integration is as follows
estimated using the X-ray diffraction. The time
dependences af/Cnax are shown in Fig. 5Cpax
is the concentration corresponding to the
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The coefficients k;, and k,itkyy) at
different temperatures were obtained by
approximating experimental findings by the
equations (12). Fig. 6 shows the dependences
of ki, and k_.1+kz,) on the temperaturé.

k

—e—
—ih— -2
0.15 4

0l =
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T T T T T
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Fig. 6. Reaction constant ratd: — k;, and 2 —
(ko1 tko2) Versus the temperatufe

For most processes, the reaction
constant depends on the temperature
exponentially. It's expressed by the

Arrhenius equation

_E
kOeRT,

In the case of constaky,

E
Oexg — =2 |.
oz F{ RT
In the case of constants sum one can use the
equation

k, , +k,, = Aexp(—ij + Bex;{— ij

RT RT
whereE,_,; andE,, — activation energyh andB —
coefficients.

Approximate value of activation energies
E;»~16.2 kd/mol andE,_,;~E;»~21.5 kJ/mol (at
T<50 °C) was obtained by approximating
experimental findings by the Arrhenius functions.
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At T>50 °C both dependences are not compatible
with Arrhenius equation. It can be explained by
appearance of more complicated reactions.

CONCLUSION

The investigation of forming nanosized
structures on steel surface contacting with
aqueous solutions in the temperature range
from 3 to 70 °C shows the phase development
in the iron-oxygen morphologicat-row. As
initial structures the Fe(ll)-Fe(lll) LDH -
hydroxycarbonate Green Rust are found and
their formation is connected with the specific
conditions in the system such as low oxidation
level, presence of ferrous iron in dispersion
medium, and contact of the steel surface with
air. The lepidocrocite and magnetite FeBge
phases are typical of the whole temperature
range and small amount of goethite appears
only under limited conditions. In presence of
cobalt ions the structure of cobalt ferrous
spinel ferrite is formed on steel surface. The
mechanisms of the phase formation depend on
oxidation condition and saturation of the
dispersion medium by ferrous iron. Two
branches of phase transformation scheme
under full and limited oxidation were
suggested. The kinetic regularities were
calculated for the lepidocrocite and spinel
ferrite  formation and for the phase
transformation of lepidocrocite into spinel
ferrite. The optimuntondition for the forming
lepidocrocite is low temperatures (25-35 °C)
and for forming spinel ferrite is middle

temperatures (3. PEL -\ ~Eg
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BnuiuB Temnepatypy Ha KiHeTH4Hi 3271€KHOCTI YTBOPEHHSI HAHOPO3MIiPpHHX YaCTHHOK Ha
MOBEPXHI CTaJi, AKAa KOHTAKTY€ 3 BOAHUM JUCIIEPCIHHUM cepeloBUIleM

O.M. JlappuHenko, B.1O. Crapuenko, C.B. Herpe6a, B.A. IIpokonenko

Inemumym 6ioxonoionoi ximii im. @./]. Osuapenxa Hayionanvhoi akademii nayk Yrpainu
bynve. Akademixa Bepnaocokozo, 42,Kuis, 03142 Vkpaina ibcc@ukrpost.ua,

Hocnioaceno ocobaueocmi opmysants HALOPOIMIPHUX CIMPYKMYD HA NOBEPXHI cmAlli, KA KOHMAKMYE 3
nogimpsam [ 600HUM oucnepciunum cepedosuwem y oianazoui memnepamyp 3—70 C. Pozeumox 3zanizo-
KUCHEBUX CMPYKmMyp 8i00y8acmuvcsa y MedHcax mMopponoziynozo Ypaoy. Buxionow cmpykmypoiw 6usHaueHo
2iopokcikapbonamnuti Green Rust3anpononosano cxemy pazosux nepemsopensv 3a 080Ma 2IAKAMU: NOBHO-
20 ma obmednceno020 okucheHHs. Onmumanoii yMO8U YMEopeHHs JeniO0KPOKIMmy 6U3HAYEHT 3a HUZLKUX MeM-
nepamyp (25-35 °C),a macnemumy — 3a cepeonix (50 °C). Pospaxosano KinemuuHi 3a1eHCHOCMI 8EAUYUHU
ougpaxyiinux nikie 1eniookpokimy ma mazuHemumy 8i0 memnepamypu.

Biusinue TeMnepaTypbl Ha KHHETHYeCKHeE 3aBUCMMOCTH (GOPMHUPOBAHNS HAHOPA3MEPHBIX
YacTHUIl HA OBEPXHOCTH CTAJIM, KOHTAKTUPYIOIIIEH ¢ BOJXHOM IMCIIEPCHOHHOM cpeaoi

E.H. Jlappunenko, B.1O. Crapuenko, C.B. Herpe0a, B.A. IIpokonenko

Hnemumym 6uoxonnouonoi xumuu um. @.J]. Osuapenxo Hayuonanvhou akademuu Hayk YKpaurvl
oynve. Akademuxa Bepnaockozo, 42,Kues, 03142 Vkpauna, ibcc@ukrpost.ua

Hccneoosanvl ocobennocmu Gopmuposanus HAHOPAIMEPHBLIX CMPYKMYP HA NOGEPXHOCMU CMAU, KOH-
maxkmupyowet ¢ 6030YX0M U 600HOU OUCNepPCUOHHOU cpedoll 8 duanazone memnepamyp 3—710 C. Paszsumue
JHCENe30-KUCTOPOOHBIX CIMPYKIMYD NPOUCX00UM 8 NPedeadax Mop@orosuiecko2o ypsada. B kxauecmee ucxoonot
cmpykmypol Ovin 63am euopokcuxkapoonamuviii Green RustlIpedaoowcena cxema ¢azosvix mpancgopmayuti
O 08YM 6eMEAM. NPU NOIHOM U NPU 02PAHUYEHHOM OKucieHuu. OnmumansHele YCious GopmMuposanus jie-
nudokpoxuma onpedenenvl npu nuskux memnepamypax (25-35 °C),a macnemuma — npu cpeonux (50 °C).
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Paccuumanvl kunemuueckue 3a8UCUMOCMU BeIUYUHbL aud)paKUUOHHblx nuKoe JlenudOKpmcuma u machemuma
om memnepamypbl.
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