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The protective ability of inhibitors against cori@s of steel in aqueous saline solutions is
ensured under such metal potentials and pH vahasatcording to the Pourbaix diagram
transfer the Fe—J system to a thermodynamically stable state ofdigd oxides of Fe (llI).
Under such conditions the binary mixtures of intdts of oxidation and salt passivation
form highly efficient synergistic compositions thay provide a full metal protection.
For aqueous saline solutions the isomolar serigbadds proposed and its expediency is
proved for the purposeful design, investigation aachposition optimization of inhibitive
mixtures with synergistic effects. It is shown tkta complex-forming process has a pre-
dominant role in the protective mechanism of inikei mixtures based on organic ligands
that are capable to form the slightly soluble ca®rpk with metal ions. The highly effi-
cient inhibitive mixtures for steel protection iqueous saline solutions based on the pro-
posed approach are developed.
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Protection of steel in aqueous saline solutionagugihibitor methods is usually
achieved with suppression of the anodic partiattiea by transferring the metal
surface to a passive state. A wide range of passs/avith different mechanism of
protective action are proposed [1-4]. At the saime tindividual inhibitors and their
technical analogues demonstrate a moderate prateetficiency. Furthermore, such
passivation inhibition may be considered as dangedue to high risks of develop-
ment of the localized corrosion damage in the adsthe passive film discontinuity
that may lead to the equipment faults even withntiveor metal losses.

Higher protective properties and better cost efficy may be achieved using spe-
cially designed synergistic compositions that destiate the overadditive effect of
their components. Such compositions are widely @gegdrotection of metals in acidic
[1, 3] and neutral media [2, 4], and can be desigrased on byproducts and Industrial
waste materials [5]. Thus, the purposeful desigmigfures that utilize the synergy phe-
nomena is a promising approach to the developnfahedigh-performance inhibitive
compositions that may be implemented using the idanseries method [6-7].

The presented paper is focused on the thermodynanailysis of conditions for
the electrochemical corrosion of steel in aquealise solutions and preconditions to
achieve its passivation. A wide range of topicduding further development of con-
cepts about the mechanism of action of individahlhitors and their synergistic mix-
tures, correlation between the protective efficieand the nature of the mixture com-
ponents and their concentration ratio, as welhasrole of the metal potential and pH
of the medium are discussed.
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Materials and experimental methods.Individual inhibitors and their binary
compositions based oXO;, anions (NO,, ClO3, BrO3, 103), and based on anions,

that may form the slightly soluble salts with’Feations Giog_, PO, polyhexame-

tylene guanidine (PHMG)), as well as the adsorptigre surfactants (monoethanola-
mine (MEA), diethanolamine (DEA), and triethanolami(TEA)) for inhibiting the
carbon steel corrosion in neutral media are ingatd. Aqueous saline solutions have
the composition: 0.3 g/l NaCl; 0.3 g/l pg0O, and 0.3 g/l NaHC®

Corrosion tests and determination of the inhibéficiency were performed gra-
vimetrically according to the standard procedurgadsure time at 2% temperature of
carbon steel 08kp in neutral solutions was 168e. fatio of the solution volume (ml) to
the area of metal sample (8mvas 10:1 .The inhibition efficiency was deternurey
the equationZ =[(K,, - Ki;)/ K] I00%, the inhibition coefficient — by the equation
Y =Kn/ K, whereK,, Ky, is the corrosion rate of metal in solutions withaod with

inhibitor (K, = AnY(S ), whereAmi s the loss of the sample weight,Sjs the sample
area, m; T is the exposure time, h).

Polarization measurements were carried out usipgtentiostat P582¥ in po-
tentiostatic regime in a three-electrode cell vediparated cathodic and anodic compart-
ments. Carbon steel 08kp was used as the workaujredle, platinum — as the counter-
electrode and an Ag|AgCI|KCl(sat.) electrode —hesreference one. In this paper the
potential values are given with respect to the mbimdrogen electrode potential.

Investigation of the morphological characteristicel elemental composition of
the surface protective films of the inhibitive comsfiions was carried out with the
scanning electron microscope (EVO-50, Zeiss, Geyinequipped with the energy-dis-
persive detector (INCA PENTA FETx3, Oxford Instrunte. Co., UK) and using Au-
ger microprobe JAMP-9500F in the scanning electnisroscopy mode.

EV Results and discussion.
[ | Investigation of the main kine-
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Fig. 1. Pourbaix diagram for the Fe;system. significant influence on the
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steel corrosion resistance. According to the Paxrbemgram, the increase in the pH
value leads to a transition from the corrosion poisl — hydrated cations of iron (ll)
toward the iron (ll) hydroxide. A vertical line fhahe E—pH diagram (Fig. 1) corres-
ponds to the change of the stable form of the mtsdaccording to reaction (1) that is
also in line with the obtained SEM images and elgalecomposition of the surface
(Fig. 3):

Fe’* + 2H, O= Fe(OH)+ 2H. (1)

Increase in pH value leads to the rise in oxygemerd that is observed in the
surface layer that is especially strongly markethism Fe(OH) stability area. Analysis
of elemental composition of the surface layer shtvas after exposure to the modeled
aqueous saline solutions with different pH valuedikygen content tends to increase the
pH that is also accompanied by the corrosion rateahse.

Polarization measurements show
that the increase in the pH value leads t« = 3

. . . T 2

a gradual shift of the corrosion potential ¢ ﬁ
toward a positive direction and a slight ﬁ
inhibition of anodic reaction of metal ioni- ™" /

zation that occurs in the active area. In the_ , ; >
area of thermodynamically stable Fe(@H) \‘—\_‘\*\\_\‘\
(Fig. 1) a small passivation section due tc-0.2 1 3

formation of the protective film on the
metal surface may be observed (Fig. 2). 0 25 50 75 100 7106, Alem?

The mechanism of action of the
individual nitrite ion may be attributed to
its adsorption on the metal surface via th
active electron pair osgf — hybridized
orbital on the central nitrogen atom. The
proposed interpretation is also supported by ttigtifat the nitrate ion, despite being its co-
ordinated analogue, does not exhibit inhibitiveperties due to a lack of such electron pair.

It is also in line with the investigation of thénfi on the steel surface after expo-
sure to the aqueous saline solution with additiboriNaNO, at pH 7.3 using SEM.
Despite moderate reduction in corrosion rate=(99%) in the presence of sodium nit-
rite, a significant corrosion damage may be obskwm the metal surface (Figd)3
Elemental composition of the surface layer shovwesajppearancef nitrogen that indi-

cates the presence of adsorbe@, -ions.

Addition of sodium nitrite to the tap water modeb#l 7.3 leads to the inhibition of
anodic reaction of the steel corrosion, shiftgpdtential toward the positive direction thus
providing a moderate decrease in the corrosion Aatording to the Pourbaix diagram for
the Fe—-HO system, the corrosion products would be the lwdr&e (ll) ions that are
found to be a thermodynamically stable form undiesé conditions. According to the
polarization measurements the sodium nitrite\netsially no influence on the kinetics of
the cathodic reaction. Cathodic portion of the podgion curve contains the diffusion
wave of the depolarizer reduction while the anpdizess of metal ionization occurs in the
active area (Fig. 4). Oxide passivation may onhatigeved in the potential area above the
Flade potential (0.1 V) that corresponds to anreatexnodic protection (Fig. 4). According
to the Pourbaix diagram, this also correspondsead-e—HO system transition to the state
of stability of the hydrated iron (Ill) oxides thaky form dense passive films (Fig. 1).

It is shown that the corrosion rate in the presefagtrite ions may be significantly
decreased and virtually complete metal protecti@y tme ensured by shifting the pH
value to the region where the system will be tramsfl to a passive state owing to hy-
drated iron oxides, according to reaction (2) tioatesponds to crossing of line 4 (Fig. 1):

(o)

Fig. 2. Cathodic (curvel-3) and anodic
e(curve:~‘,1’—3') polarization curves for carbon
steel 08kp in background aqueous saline

solution at pH1, 1' — 8;2,2' —9;3,3 - 10.
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Fig. 3. SEM images of carbon steel after exposure + without exposure;

b — background aqueous saline solution at pH&-3background aqueous saline solution
at pH 10;d — presence of NaNG30 mmol/l) at pH 7.38;

e — presence of NaNG30 mmol/l) at pH 10. Exposure time 168 h.
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Fig. 4. Cathodic (curves-3) and anodic

(curvesl'-3') polarization curves for carbon
steel 08kp in1, 1' — background aqueous
saline solution2, 2' — in the presence
of NaNGQ, (30 mmol/l) at pH 7.38;

3,3 —in the presence of NaNO
(30 mmol/l) at pH 10.

The SEM images of the film formed
at pH10 in the presence of nitrite ions
show mostly uniform morphology while
some signs of local corrosion damage
may still be observed (Fig.eB This is
also supported by the analysis of elemen-
tal composition that shows the increased
content of oxygen at pH 10 that is in line
with theoretical expectations. It should
also be noted that some amount of nitro-
gen is registered for the film formed at
pH 10. By the given presence of nitrogen
in the protective film we may conclude
that under these conditions two individu-
al factors — adsorption of nitrite ion that
caused the positive shift of the potential
and increased pH value of the environ-
ment results in the oxide passivation of
the metal surface with thermodynamical-
ly stable hydrated iron (Ill) oxide (Fig. 1).

Inhibitive action of XO3 oxyaniones

(X = ClI, Br, 1) is usually attributed to
their reduction and acceleration of the
cathodic partial reaction [9] that may also

be supported by the representation based on thbd&houliagram (Fig. 1).
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In the presence of such strong oxidi-% /%
zing agents the steel potential rises to thiEs*
values where Fe—® system shifts to the
state with thermodynamically stable hyd-
rated iron (lll) ions that result in oxide
passivation of the metal surface Accordinggée
to the electrochemical measurements th
anodic portion of the polarization curves in g
the presence of studied oxyanionesg
contains the full passivation zone at both!
pH 7.38 (Fig. &) and pH 10 (Fig. I6). At T2ei® e,
the same time the cathodic polarization of  Fig. 5. SEM image of carbon steel
steel rises significantly, while the oxygen after exposure to aqueous saline solution
reduction waves are not recorded in the inthe presence of 30 mmol/l KGO
presence of such additives.

Analysis of the morphology of the iron (lll) oxidiégm formed in the presence of
KCIO; (Fig. 5) shows a uniform structure without sigrispiiting damage that is in
good agreement with electrochemical measuremettiie vts elemental composition
does not include halogen atoms which is also i ith the proposed interpretation.
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Fig. 6. Cathodic (curvels—4) and anodic (curveE—4') polarization curves for carbon steel 08kp
at pH 7.38§) and 10 p): 1, 1' — background aqueous saline soluti®r2' — in the presence
of KCIO; (30 mmol/l);3, 3' — in the presence of KBE®30 mmol/l) and4, 4’ — in the presence
of KIO3 (30 mmol/l).

The inhibitory properties of silicates, phosphatex] borates are usually attributed
to the steel surface blocking with their slighttyluidle salts with the iron (Il) cations
that are formed in the previous stages of corroskbrthe same time the factor of hyd-
rolysis of additives as salts of weak acids andngtases is usually not taken into ac-
count. Hydrolysis results in a significant alkatiaion of the medium, which depending
on the inhibitor concentration, may reach pHO...11. The steel corrosion potential
and pH value increase that leads to the RE®-blystem transition to the metal passive
state (Fig. 1). It can be assumed that an incrieae pH value of the solution due to
addition of silicate or phosphate causes the faonaif the hydrated iron (ll) oxides.
This process occurs when the system crosses tlieabdine 7 of the diagram with
subsequent oxidation by oxygen in the aerated smeanedium (at the intersection of
line 5 of the diagram) due to the corrosion potdrghift in the presence of slightly
soluble salts of iron (II):
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Fe(OH), + H,0= Fe(OH}+ H +7, (3)
0, +2H,0+ 4e= 40H.

Such interpretation is supported by the compositinalysis using Auger spect-
roscopy that showes the presence of significantuamof oxygen and silicon in the
formed film (61.7 at.% and 10.3 at.%, respectively)

Under these conditions there is a combined actfotwo factors that affect the
corrosion process — the formation of the iron (tXide film and insoluble salts of the
iron (1) on the metal surface. As a result the passivation zones are recorded on the
anodic portion of the polarization curves (Fig. 7).

Inhibitors of a number of organic amines in aquesaisitions behave like weak
bases and cause alkalization of the medium. Thiesion potential of the steel in the pre-
sence of TEA is shifted toward the positive direetand the pH value reaches pH 9.5
at the additive concentration of 30 mmol/l. Accaglito the Pourbaix diagram, under
these conditions the hydrated oxides of iron (kcdme thermodynamically stable.
However, they are not capable to ensure signifioagtial passivation compared to the
hydrated oxides of iron (Ill) (Figs. 1 and)7 It can be assumed that in the presence of
the individual amines additives there is also aualusuperimposition of the adsorption
of the surfactant and the oxide passivation ofntle¢al with iron (II) hydroxides.
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Fig. 7. Cathodic (curvek-3) and anodic (curveBE—3') polarization curves for carbon steel
08kp:a: 1, ' — background aqueous saline soluti®drg’ — in the presence of &0,
(30 mmol/l), anch: 1, ' — background aqueous saline solut&r®’ — in the presence of MEA
(30 mmol/l),3, 3" — in the presence of TEA (30 mmol/l).

It is shown that individual additives have speaififawbacks that may be addressed
by combining inhibitors of different nature for abting the synergistic mixtures. The
binary mixtures of inhibitors with different mechams of action of a number of oxo-

anions XOg3 that have active unbound electron pairs Sfrspbrid orbitals of an acidi-

fier with such inhibitors as silicates, phosphatggnidines or amines, are capable to
simultaneously shift the metal potential toward positive direction and pH of the me-
dium toward higher values (Fig. 1). That leadshi® formation on the metal surface of
the thermodynamically stable hydrated oxides af ifidl) that according to the results
of the X-ray diffraction and phase analysis hagetlgite structure modified with inso-
luble salts of iron (ll) or adsorbed amines.

Analysis of the morphology of the protective filfasmed in the presence of different
inhibitive mixtures at optimal concentration ratibthe components (NaNM&SiO; as
1:2; KCIO;:Na:SiO; as 1:2; NaN@QPHMG as 2:1) shows that anticorrosive perfor-
mance has been significantly improved comparechyaradividual additives (Fig. 8).
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Fig. 8. SEM images of carbon steel after exposuagtieous saline solution in the presence
of synergistic mixture (total concentration 30 mf)ok — 10 mmol/l NaN@+ 20 mmol/|
Na,SiO;; b — 10 mmol/l KCIQ + 20 mmol/l NaSiO;; ¢ — 10 mmol/l PHMG + 20 mmol/l NaNO

Elemental composition of the carbon steel surfacdy the results of Auger-spectro-
scopy) after treatment in: 1 — 10 mmol/l NaNQ and 20 mmol/l NgSiOs; 2 — 10 mmol/l
KCIO 3 and 20 mmol/l NaSiO;; 3 — 10 mmol/l PHMG and 20 mmol/l NaNQ

Spectrum C N 0] Nal Si S C Ca Fe  Total
1 (key toFig. 8)| 25.4| 1.0| 59.14 0.2/ 128 0.2 — 0/1 1.0 100.00
2 (key toFig. 8)| 19.7| 14| 636 —| 128 - - - 1.80 100/00
3 (key toFig. &)| 37.6| 25.5| 21.2 0.4 - 01 o. - 15.2 100,00

It should be noted that elemental composition efabtained film in the case of
KCIO; + N&SiO; (see Table, spectrum 2) shows no presence oficélarhat is an

evidence of partial or full reduction O3 oxyaniones on the metal surface creating

the preconditions for the protective film formatidn the case of NaN@PHMG mix-
ture (see Table 1, spectrum 3) the oxygen consembtiably lower while the concentra-
tion of nitrogen is significantly higher comparedather mixtures. The obtained results
correspond to the structure of the phase film iglhsly soluble PHMG-Fe complexes
with some inclusion of iron oxide indicating thadttcomplexation process has a pre-
dominant role in the protective mechanism of thetame.

The efficiency of the mixtures depends on the camepts nature, their mecha-
nism of action and the concentration ratio in agragsive medium that should be
adjusted to obtain the optimal protective perforaganUsing the isomolar series
method it is shown that the dependence of theieffiy of binary compositions in
relation to the ratio of molar concentrations of @omponents at a constant total
concentration has an extreme character where im¢ghéma the best protection of steel

is achieved. The gravimetric measurements showat imary compositionsxO,,

(NO,, CIO3, BrOgz, 103) with salts of type Nz5iOs; NagPQy, PHMG or amines are
able to significantly exceed the protective effiwg of their individual components,
exhibit the synergy phenomena and provide full ggtibn of steel against corrosion
(Fig. 9). According to the polarization studiestioé electrochemical behavior of steel
in aqueous saline solutions, synergistic inhibitimixtures cause a shift in the metal
corrosion potential toward the positive directiardahe transition of its surface to a
passive state (Fig. 10).

The passivation zone extends over a wide rangenofle potentials while the
pitting potential is significantly distant from tlerrosion one that is in line with the
gravimetric and morphology studies. A significantlider passivation zone than in the
case of individual components, some inhibition athodic processes and low current
density of full passivation (that does not excemd ficroamperes per square centime-
ter) result in a greatly improved performance & slgnergistic mixture.
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Fig. 9. Dependence of the inhibition efficiency &arbon steel in the agueous saline solution on
the ratio of molar concentrations of the individbamponents in isomolar mixtures (total con-
centration 30 mmol/l)a —1 —NaNG, + NgSiO;; 2 — NaNQ + NgPQO;; b — PHMG + NaNG;

c—1- KCIO; + NaSiO;; 2— KBrO; + NaSiO;; 3 — KIO; + Na,SiOs.

Important advantage of synergistic binary compostgiis that they are capable to
retain high efficiency at elevated temperaturesiante presence of 3% NaCl [7, 10].
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Fig. 10. Cathodic and anodic (withpolarization curves for carbon steel 08kp inphesence
of:a—1, 1' — background aqueous saline solut@&2’ — NaNQ (10 mmol/l) + NaSiO;
(20 mmol/l);b -1, 1' — background aqueous saline solutidr2 —KCIO; (15 mmol/l) +

+ N&SiO; (15 mmol/l);3, 3' — KBrO; (10 mmol/l) + NaSiOs; (20 mmol/l)
and4, 4' — KIO; (10 mmol/l) + NaSiO; (20 mmol/l).

It is worth noting that the extreme character & dependence in binary mixtures
also applies to such parameters as corrosion paitecirrent density of full passiva-
tion, and the pitting potential that should be tak&o account during development and
optimization of the novel high-performance metaltpction methods [7].

CONCLUSIONS

It is shown that the protective action of the inttils and their synergistic mixtu-
res on the corrosion of steel in aqueous salinetisok is ensured under such metal
potentials and pH values that according to the Baixrdiagram transfer the system to
the state of thermodynamically stable hydrated {iitl) oxide. Specifically designed
binary mixtures of inhibitors with different mecham of action exhibit the synergistic
effects that allow one to achieve the high inhilgitefficiency. Such compositions are
capable to retain high protective efficiency in sggive medium and at elevated tem-
peratures. The isomolar series method has beemgrdmnd its feasibility for purpo-
seful development and composition optimizationndifilbitive mixtures with synergistic
effects has been demonstrated. Highly efficienibiihg compositions have been de-
veloped for steel protection in aqueous salinetswia as well as for application as in-
hibiting components of technological fluids for thecesses of electro-spark and me-
chanical processing of steel. It has been shovat tife complex-forming process has a
predominant role in the protective mechanism ofhitive mixtures based on organic
ligands that are capable to form the slightly sldwmmplexes with the metal ions.
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PE3IOME. Tloka3aHo, 1110 3aXUCHY 3JaTHICTh 1HriOITOpIB Mij 4ac KOpo3ii cTai y BOXHO-

COJIbOBUX PO3YMHAX 3a0e3MeueHO 3a TAKUX MOTEHIialliB MeTainy Ta pH cepenosuina, ki 3a giar-
pamoro ITypbe nepeBoasars cucremy Fe—HO y TepMoanHaMiqHO TPUBKHH CTaH TigpaTOBAHUX
okcuniB hepymy (III). 3a ux ymoB 6iHapHi cymimii iHTiGITOPiB OKCHIAHOI i CONMBOBOT MacHBa-

mii

YTBOPIOIOTh BUCOKOE(EKTHBHI CHHEPriuHi KOMIO3MLIi, sKi 34aTHI 3a0e3nedyBaTH IOB-

HUH 3aXUCT MeTay. st BOZTHO-COIbOBUX PO3YMHIB 3aIIPOMIOHOBAHO METO 130MOJISIPHUX Ce-
piii Ta 1OBEJIEHO AOUIIBHICTh HOr0 3aCTOCYBaHHS IS LIJIECHIPSIMOBAHOI PO3POOKH, ONTHMI-
3amii cKkaaay 1 JOCHiDKeHHS cyMilied iHri0iTopis 3 edexramu cuHeprizmy. Takox MmokasaHo,
10 KOMIIJIEKCOYTBOPEHHS BiJirpae BU3HAYAIbHY POJIb y 3aXUCHOMY MEXaHi3Mi IIpU 3acTocy-
BaHHI CyMillleil Ha OCHOBI OPTaHIUHUX JIITAHIB, SKi 3/1aTHI YTBOPIOBATH MaJIOPO3YHHHI KOM-
IJICKCHI CIOJIYKH 3 i0HaMu MeTaniB. Ha OCHOBI 3ampornoHoBaHUX MiIX0/iB pO3pO0IIeHI BHCO-
Koe(eKTHBHI IHTIOITOPHI CyMillli JJIs 3aXUCTY CTajl Y BOJHO-COJbOBUX PO3UHHAX.

PE3FOME. Tloka3zaHo, 4TO 3allUTHAas COCOOHOCTh MHTMOUTOPOB MPU KOPPO3UHU CTaIIU

B BOJIHO-COJIEBBIX PAcTBOpax o0ecreyrBaeTcsl IpU TaKMX MOTeHIHantax meramia u pH cpe-
Ibl, KoTopble o nuarpamme Ilyp6s nepesonsat cucremy Fe—HO B Tepmoaunamuuecku yc-
TOWYHMBOE COCTOSIHUE THAPATUPOBAaHHBIX OKCHIOB Jxene3a (III). B atux ycnoBusix OuHapHbIE
CMECH MHTHOUTOPOB OKCUJHOHM M COJNEBOI maccuBaluu oOpa3yloT BhICOKOI((HEKTUBHbBIE CHU-
HEpruveckue KOMIIO3HIUH, KOTOpbIe CIIOCOOHBI 00ecreynBaTh IOJNHYIO 3alIUTy MeTajula.
JUi1si BODHO-COJIEBBIX PAaCTBOPOB MPEI0KEH METOA N30MOJLSIPHBIX CEpPHi U T0Ka3aHa I1eJ1eco-
00pa3HOCTh €ro MCIOIb30BaHMS JUIS LIeJICHAPAaBICHHOM pa3paboTKH, ONTHMHU3ALUHN COCTaBa
W HCCICNOBaHUSA cMmeceil MHruOuTopoB ¢ 3ddextamu cuHeprusma. Takke NMOKa3aHO, 4TO
KOMITIEKCOOOpa30BaHUEe OKA3bIBACT JOMHHHUPYIONICE BIMSHHE B 3aI[UTHOM MEXaHU3ME IpU
UCIIONIb30BAaHUM CMeCell Ha OCHOBE OPTaHMYECKUX JIMTaHIOB, KOTOPBIE CIOCOOHBI 00pa3oBbI-
BaTh CI1a0OPacCTBOPUMBIC KOMILICKCHBIC COCJUHEHHsS C MOHaMM MeTautoB. Ha ocHoBaHuuM
MPEAJIOKEHHBIX MOJIX0A0B pa3paboTaHbl BHICOKOA()(EKTUBHBIE MHTHOUPYIOIIME CMECH s
3aIIUTHI CTAIH B BOJHO-COJICBBIX PAaCTBOpAX.
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