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Abstract

The influence of temperature on electrochemical and chemical dissolution of chromium was studied
in the acidic sulphuric solutions. The hydrogen evolution reaction, as well as the anodic dissolution and
chemical dissolution of chromium from activated surfaces in sulphuric acid solutions pH 1 follow the
Arrhenius law, with the apparent activation energies of 35 kJ mol”, 58 kJ mol” and 62 kJ mol”, respec-
tively. The higher activation energy of the chemical dissolution of chromium leads to the signifycantly
noticeable chemical corrosion on elevated temperatures in comparison with the electrochemical corro-

sion.
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INTRODUCTION

Simultaneously with the electrochemical
dissolution of chromium occurs its chemical
dissolution, which does not depend on po-
tential and that, in certain circumstances, is
dominant process of dissolution, especially
at elevated temperatures [1-9]. Chemical
dissolution is the cause of occurrence the
hydrogen evolution, which is not subjected
to the laws of electrochemical kinetics.

Determination the activation energy of
chemical chromium dissolution, electroche-
mical chromium dissolution, cathodic hy-
drogen evolution and temperature depend-
ence on electrochemical corrosion rate was
determined and analyzed in this paper. Also,
texture of chromium was determined using
the OIM method (orientation imaging mi-
croscopy). Determination of chromium con-
centration in solution was carried out by the
atomic absorption spectroscopy (AAS). The
anodic and cathodic polarization curves

were recorded, and also, electrochemical
corrosion rates were determined using the
various electrochemical methods.

EXPERIMENTAL PART

Before testing, the surface of chromium
samples was mechanically polished gradu-
ally with abrasive paper to the grade 1000.
The solution for testing was 0.1 M Na,SO, +
H,SO,4, pH 1, which was purified condu-
cting through testing solution of pure nitro-
gen.

A three-part glass electrochemical cell
with water jackets for thermostationing, with
an auxiliary Pt electrode and a saturated
calomel electrode (SCE) as the reference
electrode were used for electrochemical tests.

The chromium electrode was cathodi-
cally activated at -0.900 V for 120 s to the
aim of removal thesurface oxide layer before
each test. Oxide layer is spontaneously cre
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ates on the chromium surface in contact with
air. Electrochemical measurements were
made using the potentiostat-galvanostat
PAR 273.

RESULTS AND DISCUSION

Figure 1 shows the inverse polar image
of chromium, obtained by the OIM method.

Figure 1 Texture (111) of the chromium electrode is obtained by the OIM method.
The approximate grain size can be estimated on the basis of the scale given in Figure

The temperature influence on chemical
and electrochemical chromium dissolution
in temperature the range from 291 to 353 K
in aqueous sulphuric acid, pH 1 was carried
out.

Cathodic polarization curves, recorded at
different temperatures at 291 to 343 K in
sulphuric acid pH 1, are shown in Figure 2.
Figure 2 shows that with an increase in tem-
perature, the rate of hydrogen evolution in

-800

The grains with the orientation (111) are
marked with blue colour and it can be seen
that a large number of grains on the chro-
mium surface has exactly this orientation.
The size of chromium crystal grains was
also determined, which have been the small
dimensions, with a high degree of in orien-
tations. In fact, these are separate grains
with their own orientation.

111

oo 101

creases, while the Tafel slope variation with
the temperature was at theoretically ex-
pected levels. An inset in Figure 2 shows the
dependence of current density logarithm as a
function of reciprocal temperature for de-
termination the apparent activation energy
for hydrogen evolution at -0.860 V. The
apparent activation energy 35 kJ mol™ is
for cathodic reaction of hydrogen evolu-
tion.

Figure 2 Chatodic polarization curves for chromium electrode in aqueous solution of
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The anodic polarization curves of chro-
mium in the solution of sodium sulphate and
sulphuric acid pH 1, recorded at different
temperatures, were shown Figure 3. The
shape of polarization curves is similar, ex-
cept that the curves at higher temperatures
are shifted towards higher current densi-
ties, as it might be expected. The Arrhe-
nius dependence at -0.750 V is shown

in inset in Figure 3. The apparent activa-
tion energy E, ., = 58 kJ mol™ obtained for
the reaction of the active anodic dissolu-
tion. This indicates that the anodic reac-
tion is more dependent on temperature
than the cathodic reaction. The corrosion
potential change with temperature in a
direction of more negative potentials also
explains this.
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Figure 3 Anodic polarization curves of chromium electrode in sulphuric
acid solution pH 1, at various temperatures

The electrochemical current density
Jeorer IS determined by extrapolation the
Tafel slope on corrosion potential and by
the Stern-Gery linear polarization method,
while the total chromium dissolution rate
jiotr Was determined analyzing the solution
with atomic absorption spectrophotometry,
and they are shown in Figure 4. It can be
seen from Figure 4 that the overall rate of
dissolution or equivalent current density
with temperature is higher than the electro

chemical corrosion current density. A sig-
nificant part of electrochemical corrosion is
the chemical corrosion of chromium at all
temperatures. That difference increases
with temperature as it can be seen in Figure
4. At 353 K, the total dissolution rate is
about four times higher than the electro-
chemical corrosion rate. It means that the
chemical dissolution rate at this tempera-
ture is for approximately three times higher
than the electrochemical dissolution rate.
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Figure 4 Total current density obtained analytically (®) and corrosion current density obtained
electrochemically at different temperatures (o) for the chromium electrode

As it is shown in Figure 4, the overall
corrosion rate ji at all temperatures that are
used in this experiment are higher than the
electrochemical corrosion rates jere. This is
the result of chemical dissolution of chro-
mium, which takes place directly by reaction
of water molecules and atoms of chromium
from the electrode surface and not depend-
ent on potentials. Differences between the
total chromium dissolution rate determined
analytically jiotana @nd electrochemical disso-
lution rate jere VS. the reciprocal tempera-
ture is plotted on the inset in Figure 4. The
apparent activation energy was determined
from the slope of this linear dependence and
it is 62 kJ mol™. The high value of activation
energy indicate that the influence of tem-
perature on reaction of chemical dissolution
is large and that contribution of chemical
corrosion to the overall corrosion rate is

higher at the elevated than the lower tem-
peratures. This should be kept in mind if
using data for corrosion rate, obtained at
room temperature, for predicting the corro-
sion behaviour at elevated temperatures. The
similar differences in terms of temperature
influence likely existing in case of corrosion
of other metals that corrode electrochemi-
cally and chemically (i.e., Fe, Ni, Mn and
other metals).

After immersion into testing solution,
the chromium electrode is in a passive
state with the characteristic corrosion po-
tential E.,r 1. During the cathodic polariza-
tion at -0.900 V, for several tens of sec-
onds, the passive films are dissolved,
whereby the electrodes activated and the
corrosion potential E.,, , is then formed.

The chatodic curves recorded on pas-
sive chromium in form of the Tafel dia
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grams for different temperatures are pre-
sented in Figure 5. It can be noted that
cathodic Tafel slope is approximately
-0.060 V dec™ and that the current density
increases with temperature. The inset in Fi-
gure 5 shows the Arrhenius dependence,

obtained at -0.520 V. The apparent acti-
vation energy was determined, that is
29 kJ mol™. Slightly lower value of activa-
tion energy is than obtained in the process of
hydrogen evaluation on the activated chro-
mium surface (35 kJ mol™).
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Figure 5 The chatodic Tafel plots for passivated

Accordingly, the corrosion of active me-
tallic chromium in an aqueous solution of
sulphuric acid pH 1 consists of two simulta-
neous processes corrosion, the electroche-
mical corrosion and chemical dissolution.
With increase of temperate, significantly
increases the anodic dissolution, chemical
dissolution, and cathodic hydrogen evolution
on the bare chromium surface, as well as on
the surface coated with chromium oxide in
0.1 M Na,SO, + H,SO,solution, pH 1.

Reaction of the hydrogen evolution, an-
odic dissolution and chemical dissolution on
the activated chromium surface in sulp-huric
acid solution, pH 1 in temperature range of
293 to 353 K followed the Arrhe-nius de-
pendence with an apparent activation energy
of 35 kJ mol™.58 kJ mol™ and 62 kJ mol™,
respectively. The apparent activation energy
of the hydrogen evolution reaction on chro-
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chromium electrode at different temperature

mium oxide covered surface has value of
29 kJ mol™.

CONCLUSION

Corrosion of the active metallic chro-
mium in aqueous sulphuric acid pH 1 simul-
taneously flowed by electrochemical and
chemical mechanism. The rate of che-mical
corrosion is obtained as difference of the
total and electrochemical corrosion rate.

Reaction of the hydrogen evolution, an-
odic dissolution and chemical dissolution of
Cr from chromium-activated surface in sul-
phuric acid solution, pH 1 at temperature
from 291 to 353 K followed the Arrhenius
law from the apparent activation energy of
35 kJ mol?, 58 kJ mol™ and 62 kJ mol™,
respectively. A high activation energy of
chemical dissolution of chromium, at ele
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vated temperatures causes to significantly
higher chemical corrosion, compared to
electrochemical corrosion. The apparent
activation energy of hydrogen evolution on
the chromium-covered oxide layer has a
value of 29 kJ mol™.

As the result of simultaneous occurrence
of reaction of hydrogen evolution on the
oxide-covered chromium surface and rea-
ction of anodic dissolution of chromium
through the passive film, the stable corrosion
potential E.,; was formed. The other corro-
sion potential was formed as the results of
cathodic hydrogen evolution and anodic
dissolution on the bare chromium surfaces,
when the chromium surface is depasivated
(by cathodic activation, or mechanical ac-
tion, etc.). In this case, the stable corrosion
potential E, , establishes.
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HEMIJSKO | ELEKTROHEMIJSKO RASTVARANJE HROMA NA
SOBNOJ I NA POVISENIM TEMPERATURAMA ™

Izvod

Ispitivan je uticaj temperature na elektrohemijsko i hemijsko rastvaranje hroma u kiselim rastvorima
sulfata. Reakcije izdvajanja vodonika, anodnog rastvaranja i hemijskog rastvaranja hroma sa aktivi-
rane povrsine hroma u rastvoru sumporne kiseline pH 1 slede Arenijusovu zavisnost sa prividnom ener-
gijom aktivacije 35 kJ mol, 58 kJ mol i 62 kJ mol”, respektivno. Velika energija aktivacije hemijskog
rastvaranja hroma dovodi na povisenim temperaturama do znatno izrazenije hemijske korozije u odnosu

na elektrohemijsku koroziju.

Kljuéne redi: hemijska korozija hroma, elektrohemijsko rastvaranje, prividna energija aktivacije

uvoD

Paralelno sa elektrohemijskim rastvara-
njem hroma odvija i njegovo hemijsko
rastvaranje, koje ne zavisi od potencijala i
koje je u nekim uslovima dominantan proces
rastvaranja, naro€ito na povisenim tempera-
turama [1-9]. Hemijsko rastvaranje hroma je
uzrok pojavi izdvajanja vodonika, koje ne
podleze zakonitostima elektrohemijske kine-
tike.

U ovom radu vrSeno je odredivanje
energije aktivacije procesa hemijskog rastva-
ranja hroma, elektrohemijskog rastvaranja
hroma, katodnog izdvajanja vodonika i
temperaturne zavisnosti brzine elektrohe-
mijske korozije. Takode, odredena je teks-
ture hroma primenom OIM metode (orienta-
tion imaging microscopy). Odredivanje
koncentracije hroma u rastvoru je vrSeno
primenom atomske apsorpcione spektro-
skopije (AAS). Vrseno je snimanje anodnih
i katodnih polarizacionih krivih i odredi-

vanje brzine elektrohemijske korozije prime-
nom razli¢itih elektrohemijskih metoda.

EKSPERIMENTALNI DEO

Pre ispitivanja, povrSina uzoraka hroma
je mehanicki polirana stupnjevito brusnim
papirom do fino¢e 1000. Rastvor za ispiti-
vanje je bio 0,1 M Na,SO,4 + H,SO,, pH 1,
koji je deaerisan provodenjem precis¢enog
azota. Za izvodenje elektrohemijskih ispiti-
vanja koriS¢ena je trodelna staklena elektro-
hemijska celija sa vodenim plastom za
termostatiranje, sa Pt pomoénom elektrodom
i zasi¢enom kalomelovom elektrodom
(ZKE) kao referentnom elektrodom.

Pre merenja, elektroda hroma je aktivi-
rana katodnom polarizcijom na -0,900 V
tokom 120 s radi uklanjanja povrsinskog
oksida, koji se na hromu uvek spontano
stvara u dodiru sa vazduhom. Elektro-
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hemijska merenja su izvedena primenom
potenciostata-galvanostata PAR 273.

REZULTATI I DISKUSIJA

Na slici 1 je prikazana inverzna polarna
slika uzorka hroma dobijena OIM metodom.

Plavom bojom je oznacena orijentacija zrna
(111) 1 vidi se da veliki broj zrna na povr$ini
elektrode ima upravo tu orijentaciju. Takode
odredena je veli¢ina kristalnih zma, Koja su
bila malih dimenzija sa velikim stepenom
razorijentisanosti. Zapravo, to su zasebna
zrna sa sopstvenom orijentacijom.

111

oo 101

Sl. 1. Inverzna polarna slika, tekstura (111) elektrode hroma dobijena OIM metodom.
Orijentaciona velic¢ina zrna se moze proceniti na osnovu razmere date na slici

Ispitivan je uticaj temperature na hemij-
sko i elektrohemijsko rastvaranje elektrode
Cr u temperaturnom intervalu od 291 do
353 K u vodenom rastvoru sumporne kise-
ling, pH 1.

Katodne polarizacione krive snimljene
na razli¢itim temperaturama iz oblasti od
291 do 343 K u sumpornoj kiselini pH 1 su
prikazane na slici 2. Sa slike se vidi da se sa
poveanjem temperature povecava brzina

-800

izdvajanja vodonika, pri ¢emu je varijacija
Tafelovih nagiba sa temperaturom bila u
teoretski ocekivanim okvirima. IseCak na
slici 2 prikazuje zavisnost logaritma gustine
struje kao funkcije reciproéne temperature,
za odredivanje prividne energije aktivacije,
za reakciju izdvajanja vodonika na
-0,860 V. Prividna energija aktivacije za
reakciju katodnog izdvajanja vodonika je
35 kJ mol ™.

-820 4 Ekor
> o [ ] Favey Wal |
E a0 o e
g e} L ] O Y
2 -860 &) [}
W 5 e h
©
S oeaod| ¢ 221K L,
g e 303K
&'5 4 313K Q b
wo004| 4~ 323K )
o 333K
= 343K
-920 T —

O Eyar=850 mV

-1
Eq kat = 35 kJ mol

24 i
) om 28 30 a1 32 33 34 35
a0’ i

100

T
1000

T
10000

Gustina struje, j/ pA cm’

Sl. 2. Katodne polarizacione krive za elektrodu hroma u vodenom rastvoru
0,1 M Na,SO4 + HySOy, pH 1 na razlicitim temperaturama
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Na slici 3 su prikazane krive anodne
polarizacije hroma u rastvoru natrijum-
sulfata i sumporne kiseline pH 1 snimljene
na razli¢itim temperaturama. Oblik polariza-
cionih krivih je sli¢an izuzev $to su krive na
veéim temperaturama pomerene prema
ve¢im gustinama struje, kao §to se moglo i
ocekivati. Arenijusova zavisnost za -0,750 V

prikazana na iseCku na slici 3 daje prividnu
energiju aktivacije za reakciju aktivnog
anodnog rastvaranja od E,,, = 58 kJ mol ™.
To ukazuje da anodna reakcija vise zavisi od
temperature nego katodna reakcija, Sto
takode objasnjava promenu korozionog
potencijala sa temperaturom u smeru nega-
tivnijih potencijala.

-400
ST —o— 297K
. . —e— 303K
500 4 %, E?,an:E’B kJ mol —£— 313 K
. —a— 323K
4 E2s 0— 333 K
24 > — 343 K
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I p
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N
o -700
>
LLI -
Exor
-800
-900 T T T T T T T T T T
1.5 2.0 2.5 3.0 3.5 4.0 4.5

log (Jjg / nA cm'z)

Sl. 3. Anodne polarizacione krive za elektrodu hroma u rastvoru
sumporne kiseline pH I na razlicitim temperaturama

Gustina struje elektrohemijske korozije
Jrorel je odredivana ekstrapolacijom Tafelo-
vih nagiba na korozioni potencijal i Stern-
Gerievom metodom linearne polarizacije,
dok je ukupna brzina rastvaranja odredivana
analizom rastvora primenom atomske apsor-
pcione spektrofotometrije juan, 1 prikazane
su na slici 4. Sa slike 4 se moze videti da je
ukupna brzina rastvaranja, odnosno ekviva-
lentna gustina struje za sve temperature veca
nego gustina struje elektrohemijskog rastva-

ranja tj. elektrohemijske korozije. To poka-
zuje da postoji pored elektrohemijskog
znacajno hemijsko rastvaranje hroma na
svim temperaturama. Ta razlika se povecava
sa povetanjem temperature kao §to se moze
videti sa slike 4. Na 353 K ukupna brzina
rastvaranja je priblizno Cetiri puta veca nego
elektrohemijska brzina korozije. U isto vre-
me to znaci da je brzina hemijskog rastvara-
nja na toj temperaturi priblizno tri puta veca
nego brzina elektrohemijskog rastvaranja.
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elektrohemijski na razlicitim temperaturama (o) za elektrodu hroma

Kao $to je prikazano na slici 4, ukupne
brzine korozije j, na svim temperaturama
koje su koris¢ene pri ovim eksperimentima
su veée nego elektrohemijske brzine koro-
Zije jwore. Ta razlika je posledica hemijskog
rastvaranja hroma, koji se odvija direkthom
rekcijom molekula vode i atoma hroma sa
povrsine elektrode i koji ne zavisi od
potencijala. Razlike izmedu ukupne brzine
rastvaranja odredene analitiCki  jukanar |
elektrohemijskih brzina korozije jyerer SU
nacrtane u zavisnosti od recipro¢ne vred-
nosti temperature na iseCku na slici 4. Iz
nagiba te pravolinijske zavisnosti se moze
odrediti prividna energija aktivacije i ona
iznosi 62 kJ mol™. Visoka vrednost energije
aktivacije ukazuje da je uticaj temperature
na reakciju hemijskog rastvaranja prilicno
velik i da je doprinos ukupnoj brzini koro-
zije ve¢i u oblasti povisenih nego nizih

temperatura. To treba imati u vidu kada se
koriste podaci o brzini korozije dobijeni na
sobnoj temperaturi za predvidanje korozio-
nog ponasanja na povisenim temperaturama.
Vrlo je moguce da sli¢ne razlike u pogledu
uticaja temperature postoje u slucaju koro-
zije ostalih metala koji korodiraju i elektro-
hemijski i hemijski (tj. Fe, Ni, Mn i drugi).

Hrom se nalazi u pasivhom stanju posle
uranjanja u rastvor za ispitivanje, sa karakte-
ristiénim korozionim potencijalom Eyq; Koji
odgovara pasivnom stanju hroma. Tek
katodnom polarizacijom na -0,900 V u toku
nekoliko desetina sekundi, pasivni films se
rastvara, pri cemu se elektroda aktivira. Tada
se formira korozioni potencijal Eyyo Koji
odgovara aktivnom hromu.

Katodne krive snimljene na pasiviranom
hromu, prikazane u obliku Tafelovog dija-
grama za razliCite temperature predstavljene
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su na slici 5. Uocava se da je katodni Tafe-
lov nagib priblizno jednak -0,060 V dek™ i
da se gustina struje povecava sa tempe-
raturom. Ise¢ak na slici 5 predstavlja Areni-
jusov dijagram dobijen na -0,520 V sa koga

se moze odrediti prividna energija aktivacije
koja iznosi 29 kJ mol™. To je nesto manja
vrednost nego energija aktivacije za izdva-
janje vodonika na aktiviranoj povrsini hroma
(35 kJ mol™)

L = 0 Eg=520mV
400 - pasivni Cr Ey,. e
e ! r‘g"” Eq =28 kI mal!
)
> 440 - 0 @ CAD P
E 31.2
E O e LAD . .
X 29 30 31 32 a3
ﬁ -480 O e LAD Pl
>
L O e AAD
S 520 i AD
o
c c
8 ° 303K NS
n? e 313K
-5604| & 323K O e A AD
4 333K 5 0A an
o 343K ST
600 e — rrr— T — e
0.1 1 10 100 1000 10000

Gustina struje, ji / pA cm‘2

Sl. 5. Katodne Tafelove zavisnosti za pasiviranu elektrodu B sa slike 4.29. na razlicitim temperaturama

Prema tome Kkorozija aktivnog metalnog
hroma u vodenom rastvoru sumporne Kkise-
line pH 1 se sastoji od dva simultana koro-
ziona procesa, elektrohemijske korozije i
hemijskog rastvaranja. Pokazano je da se na
Cr elektrodi u rastvoru 0,1 M Na,SO, +
H,SO,4, pH 1 sa poviSenjem temperature
znacajno ubrzavaju reakcije anodnog
rastvaranja hroma, hemijskog rastvaranja
hroma, katodnog izdvajanja vodonika na
Cistoj metalnoj povrSini, kao i na povrSini
hroma prevucenoj oksidom.

Reakcija izdvajanja vodonika, reakcija
anodnog rastvaranja i reakcija hemijskog
rastvaranja hroma sa aktivirane povr§ine u
rastvoru sumporne kiseline pH 1 u tempera-
turskom intervalu od 293 do 353 K slede
Avrenijusovu zavisnost sa prividnom energi-
jom aktivacije 35 kJ mol?, 58 kJ mol™ i
62 kJ mol™, respektivno. Prividna energija
akti-vacije reakcije izdvajanja vodonika na

hromu prekrivenom oksidom ima vrednost
29 kJ mol™.

ZAKLJUCAK

Korozija aktivnog metalnog hroma u
vodenom rastvoru sumporne Kiseline pH 1
se odvija paralelno elektrohemijskim i he-
mijskim mehanizmom. Brzina hemijske ko-
rozije se dobija iz razlika ukupne i elektro-
hemijske brzine korozije.

Reakcija izdvajanja vodonika, reakcija
anodnog rastvaranja i reakcija hemijskog
rastvaranja Cr sa aktivirane povrsine u rast-
voru sumporne kiseline pH 1 u temperatur-
nom intervalu od 291 do 353 K slede Areni-
jusovu zavisnost sa prividnom energijom
aktivacije 35 kJ mol?, 58 kJ mol™ i 62 kJ
mol™, respektivno. Velika energija aktivacije
hemijskog rastvaranja hroma dovodi na
povisenim temperaturama do znatno izra-
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zenije hemijske korozije u odnosu na
elektrohemijsku koroziju. Prividna energija
aktivacije reakcije izdvajanja vodonika na
hromu prekrivenom oksidnim filmom ima
vrednost 29 kJ mol™.

Korozioni potencijal je posledica simul-
tanog odvijanja reakcije izdvajanja vodo-
nika bilo na oksidom prekrivenoj povrsini
hroma sa reakcijom anodnog rastvaranja
hroma kroz pasivni film obrazujuéi stabilni
potencijal Eyo1 ili katodnim izdvajanjem
vodonika i anodnim rastvaranjem ogoljene
povrsine kada se povrSina hroma depasivira
na neki nacin (katodnom aktivacijom,
mehani¢kim delovanjem itd.). U tom slu-
¢aju uspostavlja se stabilni korozioni poten-
Cijal Exor2-
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