Vietnam Journal of Science and Technology 56 (2) (2018) 174-183
DOI: 10.15625/2525-2518/56/2/10599 check\é“

A STUDY ON THE LOCALIZED CORROSION INHIBITION FOR
MILD STEEL IN SALINE SOLUTION

Nguyen Dang Nam"*, Nguyen To Hoai?, Pham Van Hien®

Y nstitute for Basic and Applied Research, Duy Tan University, 3 Quang Trung,
Da Nang City 550000, Viet Nam
*PetroVietnam University, 762 Cach Mang Thang Tam Street, Long Toan Ward,
Ba Ria City 790000, Viet Nam
3Faculty of Chemical Engineering, Bach Khoa University, VNU-HCM,
268 Ly Thuong Kiet Sreet, District 10, Ho Chi Minh City 700000, Viet Nam

"Email: ndnam12a18@gmail .com
Received: 7 August 2017; Accepted for publicat®iMarch 2018

Abstract. In this study, 0.45 mM yttrium 4-nitrocinnamate fMO.Cin)s) embedded in various
aqueous chloride solutions, which has been stualied possible localized corrosion inhibition
system using electrochemical techniqgues and surfawdysis. Furthermore, a wire-beam
electrode (WBE) exposed to NaCl solutions contg@nif{4NO,Cin); compound. The results
indicated the possible application of a WBE in dating and monitoring the localized corrosion
inhibition. Moreover, Y(4NG@Cin); compound showed an excellent localized corrosion
inhibition at 0.01 M due to high inhibition perfoamce and good protective film formation. It
also indicated that addition of 0.45 mM Y(4hn); compound increased the localized
corrosion inhibition with a decrease of theé @i concentration in the investigated solutions. A
new method of localized corrosion inhibition estiiba has been developed using a WBE which
shows a consistent result with electrochemical andace analysis data. In addition, other
electrochemical techniques and surface analysisalae used for not only ensuring but also
confirming the localized corrosion inhibition.

Keywords. mild steel, localized corrosion inhibition, elemthemical techniques, surface
analysis, wire beam electrode.
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1. INTRODUCTION

Mild steel is most widely used in various indugtrapplications such as oil and gas,
chemical plants and water treatment due to thedast and high strength [1]. However, in case
of practical applications, it is totally a diffetescenario which should face a poor corrosion
resistance in all kinds of aggressive environmenth as industrial cleaning, acid corrosion in
the acid picking processes, acid rain, and oil weitlification, as well as ocean environment [2,
3]. Therefore, many attempts have been recommefaiemiitigating the steel corrosion using
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the control of its microstructure [4], coatings,[Strface treatments [6], adding certain alloying
elements [7], and self-assembly of organic molecule a solid surface or at the solid-liquid
interface [8], as well as the corrosion inhibitg8s13]. Among these methods, addition of
corrosion inhibitor to the environment has beerm#&rdously used as the ideal way for
improving corrosion resistance of steel due todb&t savings, easy to use, and not interrupting
any processes. Consequently, many studies haveimesstigated the corrosion inhibitions and
its mechanism in steels [9-13]. Chromates and nuaids are widely used as corrosion
inhibitors due to the effective corrosion protestitlowever, they pollute the environment and
are also hazardous to human health and might ceaseer, particularly chromate-based
inhibitors [14, 15]. Therefore, it needs more efifex inhibitors, which is environmentally
friendly and ecologically acceptable, arising tleguirement to develop the new generation
corrosion inhibitors which can be suitably usedccambating corrosion and replace chromate
and molybdate technologies. Imidazoline and itsvdéwves have been typically recommended
as the suitable candidates for replacing chromadienaolybdate technologies due to their high
effective corrosion inhibition. However, the loa@d corrosion inhibition of these compounds is
still questionable, since a small number of minoodes and major cathodes have been formed
on the steel surfaces immersed in inhibited systngining these compounds, resulting in the
localized corrosion [16]. Thus, the localized csrom inhibition systems need to be developed
further, more efficiently, and environmentally ficty.

Currently, our work is on rare earth organic comms, some of which have been shown
the superior protective corrosion of steel oveoragkr period. We have recently developed the
new yttrium 4-nitrocinnamate - Y(4NGin); - to replace chromate, molybdate, imidazoline and
its derivative technologies [17-19]. While corrasimhibition itself is not new, there has been
little study on inhibitor properties using new etechemical techniques such as the wire beam
electrode to measure and evaluate the informatégarding localized corrosion inhibition.
Understanding and managing localized corrosion lvgllcritical to improve the lifetime of steel
in the aggressive environments. Therefore, thiskviarther extends the study of the corrosion
and localized corrosion inhibition mechanism by eththe Y(4NQCin); compound mitigates
steel corrosion and localized corrosion [17]. A bimation of aggressive environments
dependent potentiodynamic polarization (PD), etmttemical impedance spectroscopy (EIS),
and wire beam electrode (WBE) has been utilizeccdoelate the inhibition performance
response with the surface characterizations.

2. EXPERIMENTAL

The details of the synthesis and characterizabdbnY(4NO,Cin); compound as an
investigated corrosion inhibitor in this study daa found in the previous publication [17, 20].
0.45 mM Y(4-NQCin); was added to 0.01, 0.10, and 0.60 M NaCl solutiordistilled water
using reagent grade sodium chloride purchased Sama Aldrich with 12 hours of stirring.
The steel used as working electrodes and coupores falricated from sheet as 1 cm x 1 cm x
0.3 cm for the electrochemical measurements arnfdcguanalysis. The exposed area of these
specimens was 1 ¢énand was finished by grinding with 1200-grit silicoarbide paper. Three
electrode system including a steel specimen, aitita, and a saturated calomel electrode as the
working, counter, and reference electrodes was fmedlectrochemical measurements. After
immersion of the sample for 10 h in the naturallyaded solution with and without inhibitor
addition, the EIS and PD were performed using a ¢$fem with a commercial software
program for AC measurements. The frequency of E$&tranged from 10 kHz to 10 mHz using
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the 10 mV of peak to peak amplitude of the sinumoigerturbation. Potentiodynamic
polarization tests were carried out at a rate b66®.mV/s ranging from an initial potential of -
250 mV vs. E, to 0 mVisce of anodic potential. The WBE wasade from one hundred identical
steel wires embedded in epoxy resin, insulated fe@oh other with a thin epoxy layer for
investigating the trend of localized corrosion amulbition of steel in the investigated solutions.
The diameter of each wire is 0.19 cm and acted asnsor and simulated as a corrosion
substrate. The WBE surface was ground by 100, &@,1200-grit silicon carbide papers, then
rinsed with deionized water and ethanol before deerformed in three liters of solution.
Y(4NO,Cin); compound was injected into the testing cell ateB0 min period of initial
corrosion testing and measured after 10 h of imimersme. The mapping galvanic currents
between a chosen wire and all the other wires @ddgether using a pre-programmed Auto
switch device and an ACM Auto ZRA indicated therosion processes. The galvanic current
data were performed and characterized using proesdike that described in a previous
publication [17]. To investigate the relationshiptwieen the electrochemical properties and
surface morphology, the specimens were examinestagning electron microscopy (SEM) and
attenuated total reflectance Fourier transformaifl spectroscopy (ATR-FTIR, Alpha-FTIR
spectrometer) after immersion for 10 h in solutiahsoom temperature.

3. RESULTSAND DISCUSSION

Figure 1 indicates the EIS results in the Nygais Bode formats obtained from the mild
steel immersed in different NaCl concentration 8ohs after 10 h of immersion time.
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Figure 1. EIS results of mild steel after 10 h immersiorahn 0.01, (b) 0.10,
and (c) 0.60 M NacCl solutions.
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Figure 1(a) shows the impedance spectra in the &driine Nyquist plots, additionally, Fig.
1(b and c) presents the Bode plots (impedance aadepangle vs. frequency). The results
clearly show that the impedance value increasel avitecrease in NaCl concentration. Whereas,
solution resistance decreased with a decrease @i &ancentration, indicating that NaCl could
decrease the resistance of the solution. In addditiee radius and the size of the capacitive loops
were much changed with chloride-contained solutignglicating that the electrochemical
behavior of mild steel has been strongly affectgdhb concentration. The equivalent electrical
circuits were shown in Fig. 2(d) and were emplotedit the EIS of the mild steel in solution
containing different Clconcentration. The equivalent circuit used tdHé EIS data displaying
two capacitive loops for all specimens. The chargfehe impedance spectra in both size and
shape effects with the Ttoncentration including the decrease in the céipacioop in size,
showed that the rust layer formed on the steebasartlestroyed under the @losion.
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Figure 2. EIS results of mild steel after 10 h immersio®id5 mM Y (4NQCin); solutions containing
(a) 0.01, (b) 0.10, and (c) 0.60 M NaCl, and (d)iealent circuit for fitting the EIS data.

Table 1. Electrochemical impedance measurements of steeénsed in solutions containing different
NaCl concentration without and with 0.45 mM Y (4Mn); addition; (R, is replaced by Ry for
uninhibited systems).

Y(ANO,Cin); NaCl R EPE"m Rim gPE" R

(mM) M)  (Q.cnf) (nFlend) n(0~1) (Q.cnf) (wFlend) n (0~1) (Q.cnf)

0.00 0.01 378 148 0.6905 518 198 0.7170 1823
0.45 256 2 0.0007 10800 9 0.7953 190100
0.00 0.10 50 894 0.7520 79 238 0.7720 1448
0.45 66 200 0.8028 507 66 0.7899 2194
0.00 0.60 8 618 0.8038 9 489 0.7832 1016
0.45 11 382 0.7686 363 107 0.7864 1354
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Figure 2(a-c) shows the EIS results in the Nygamst Bode formats obtained from the mild
steel immersed in different NaCl concentration sohs containing 0.45 mM Y (4N{Zin); after
10 h of immersion time. The results indicated thatdiameter of the semicircular was increased
and an improvement of a more capacitive surface fihs also observed when Y (4pEn);
compound was added to the NaCl solutions, indigative formation of the protective layer.
Furthermore, the impedance and phase angles iedredth adding Y(4N@Cin); compound to
solution and decreased with"@ontaining solution due to the formation of suefdidm. This
indicates that the addition of an amount of Y(48@); compound improves protective film
formation on the steel surface. Combination the @& with surface analysis including SEM
and ATR-FTIR, the equivalent circuit in Figure 2{@as recommended for fitting the EIS data
using the Zsimpwin program. This equivalent cireodludes the solution resistance)(Bf the
test electrolyte between the working electrode #nedreference electrode, the constant phase
element CPE;, of the protective film/electrolyte interface, thetective film resistancesR of
the protective film formed on the steel surface] #éime charge transfer resistancg & the
substrate/protective film (or rust) interface. Télectrochemical information after fitting was
given in Table 1. A significant decrease in soluticesistance was obtained when NacCl
concentration increased, whereas rust and chaagefér resistance strongly decreased with an
increase in NaCl concentration. These values isectavith a decrease in NaCl concentration,
indicating the compact protective film formed ore tbteel surface. It also shows that the
protective and double layer capacitances decreabked Y(4NQCin); compound was added to
solutions and these values decreased with a decie&§4NG,Cin); compound concentrations,
indicating a more capacitive surface film. A betewverage of the surface has been reached,
when Y(4NQCin); compound was added to solution containing loweCINancentration due
to an increase in film and charge transfer restgsiand a reduction of the protective and double
layer capacitances.
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Figure 3. (a) Potentiodynamic polarization curves of mildedimmersed in: (a) different NaCl solutions

and (b) 0.45 mM Y(4NgCin); solutions containing different NaCl concentratioaisd (c) effect of NaCl
concentration on corrosion rate of mild steel ¥50mM Y (4NG,Cin)s solution.
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Figure 3(a and b) shows the representative podyriamic polarization curves observed
from steel electrodes after 10-hour elapsed fomt of steel immersed in different NaCl
solutions and 0.45 mM Y (4Ng@in); solution containing different NaCl concentratiofihe
results demonstrated active material behaviorcatdig that a passive film was absent from the
steel surfaces immersed in different NaCl solutidthswever, an information of the protective
layer formation was performed, when the steel sedaimmersed in 0.45 mM Y(4NQin)s
solution containing different NaCl concentratiorsurthermore, higher corrosion current
densities were observed on the steel specimensrgamhén the NaCl solutions and the corrosion
current density increased with an increase in Ne@®@icentration, indicating the additional
aggressiveness of Tlon. Addition of Y(4NQCin); strongly decreased the corrosion current
density in all solutions (from 5.73, 6.51, and 882cm? for steels in 0.01, 0.10, and 0.60 M
NaCl solutions without inhibitor to 0.03, 1.60, a@d7 pA/cm? with 0.45 mM Y(4NQCin),
solutions containing 0.01, 0.10, and 0.60 M Na&$pectively)

Figure 3(b) also shows that in NaCl solutions comag Y(4NO,Cin);, the inhibitor
significantly influenced both the anodic and caibdtanches. Additionally, the cathodic curves
indicating diffusion-limited oxygen reduction regisiwere also obtained. Figure 3(c) indicates
the corrosion rates determined from potentiodynapalarization curves in Fig. 3(a and b).
Corrosion rate decreased significantly when 0.45 W{MINO,Cin); was added to solutions. In
addition, increasing Clion concentration increased corrosion rate oflstedoth solutions
without and with 0.45 mM Y(4NgTin); addition. The corrosion rates are calculated fthen
corrosion current density, based on Faraday’s 22} |

Corrosion rate (mm/ys 316x10" xiyy, XM 0

szxp

where 3.16x 1 is the metric and time conversion facti, the corrosion current density
(A/lcm?), M is the molar mass of the metal (g/motels the number of electrons transferred per
metal atomF is Faraday’s constant, apds the density (g/cfi).
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Galvanic current as a local electrochemical patam&as determined using a wire beam
electrode in NaCl solution and 0.45 mM Y(4pin); solutions containing different NacCl
concentrations as shown in Fig. 4. The resultscatdd that the galvanic current distribution
maps of WBE surfaces immersed in different NaCl cemtration solutions without
Y(4NO,Cin); addition in Fig. 4(a-c) showed severe corrosioe ¢t a formation of a small
number of minor anodes and major cathodes, reguhitocalized corrosion. Highest corrosion
could be happened at the maximum anodic currersityesue to a dissolution of the most active
anode. The huge positive current density resultsiame electrons moving out from the most
active anode to cathodic positions when NaCl comagan increases. Thus, pitting corrosion
increased with an increase in NaCl concentratiothéninvestigated solution. This agrees with
the high rate of corrosion and pitting observegatarization and EIS results as well as SEM
results described below. Interestingly, randomritiistion of minor anodes and major cathodes
on the WBE surface was performed when 0.45 mM Y (4DiQ); was added to solutions even
with higher NaCl concentration, resulting in theydalation of small anode and large cathode
phenomenon as shown in Fig. 4(d-f). Therefore, 0N Y(4NO,Cin); addition promotes

100 pm

(d) (e) ®
Figure 5. SEM images of mild steel surfaces after 10 h insmo@rin (a) 0.01, (b) 0.10,

and (c) 0.60 M NacCl solutions, and 0.45 {4 NO,Cin); solutions containinga) 0.01,
(b) 0.10, and (c) 0.60 M NaCl.

Figure 5(a-c) represents the SEM images of stedhces after 10 hour-immersion in
different NaCl concentration solutions. It is inglied that a significant difference of surface
morphologies was observed on steel surface dueetgitting corrosion. An increase in NaCl
concentration was accelerated by severe corrosiertalthe inward penetration of Ctesulting
in not only pitting corrosion but also severe ceiwo attacking outside the pit when NacCl
concentration increased. However, no pitting waseoked on the steel surface immersed in
solutions containing 0.45 mM Y(4NQin); as shown in Fig. 5(d-f). It is suggested that
Y(4NO,Cin); addition inhibited the localized corrosion of $tieeNaCl solutions. The results in
Fig. 5(d-f) also indicated that an increase of NaGhcentration in 0.45 mM Y(4NQin);
solution increased the rough level of the steelaser due to a more aggressive environment,
resulting in lower inhibition efficiency obtainebim electrochemical results.

Figure 6 represents the attenuated total refleet&acirier transform infrared spectroscopy
(ATR-FTIR) results of Y(4N@Cin); powder as raw materials and the mild steel susfafeer
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10-hour immersion in 0.45 mM Y (4N@Gin); solutions containing 0.01, 0.10, and 0.60 M NaCl,
respectively. Figure 6(a) describes ATR-FTIR resfilitaw Y(4-NQCin); powder and indicates
that thev(C=C)yopenyi bands of the ¥ 4-nitrocinnamate complexes are presented aroubd 16
and 1643 cm, respectively. The ¥ complexes occurred at 1553 and 1420'cmould be
attributed to thev,d CO,) andv{(CO,) absorptions, respectively. While the absorptioh¥ (4-
NO,Cin); assigned to the 1512 and 13467'chands correspond to the{NO,) andv{NO,)
[17,20]. Figure 6(b) indicates ATR-FTIR spectralod steel surfaces after 10-hour immersion in
0.45 mM Y(4NQCin); solutions containing 0.01, 0.10, and 0.60 M Na€@pectively. The
main peaks were observed around 1651 and 1643attributed to C=C ring from propenyl
group. Thev.{CO,) andv{CO,) absorptions could be assigned around 1553 an@ &A®.
Particularly, thev,dNO,) andv{NO,) absorptions assigned to the peaks around 1553 42@l
cmi’. The absorption peak intensities of the Cw(0,), andv(NO,) absorptions on the steel
surface increase with a decrease in NaCl concenmtraindicating the formation of a mixed
metal 4-nitrocinnamate species on the steel surfibese phenomena are attributed to the
presence of the mixed metal 4-nitrocinnamate spani¢he protective film on the steel surface,
acting as barrier layer to mitigate the generallandlized corrosions. Therefore, the interaction
of hydrated iron oxide/hydroxide with 4-nitrocinnate and yttrium oxide/hydroxide
precipitation on the steel surface promoted then&dion of an adherent, continuous protective
layer, resulting in general and localized corrosidnibition [17-19].

0.01 M NaCl

ATR units
ATR unite

0.10 M NaCl

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
400 600 800 1000 1200 1400 1600 1800 2000 2200400 600 800 1000 1200 1400 1600 1800 202ROC
Wavenumber (cff) Wavenumber (cff)

(a) (b)
Figure 6. ATR-FTIR spectra o (4NO,Cin); powder as raw material and mild steel surface aftehour
immersion in 0.45 mMY (4NO,Cin); solutions containingg) 0.01, (b) 0.10, and (c) 0.60 M NacCl.

4. CONCLUSIONS

This paper mainly reports the advantage of theNQ#in); compound to perform highly
efficient inhibitor suitable for mitigating corrasi and localized corrosion of mild steel in an
aggressive chloride environment. The results indat#hat corrosion rate of mild steel increased
with an increase in Clion in aggressive solutions due to lower corrostomrent density,
corrosion product and charge transfer resistamseaiell as higher pitting corrosion. Fortunately,
the severe corrosion has been prevented by thdiaddif Y(4NQ,Cin); compound to the
aggressive chloride solutions due to the formadiban evidence protective film via the bonding
on the Y(4NQCin); molecules onto the mild steel surface. The Y(48i@); compound showed
an increased inhibition performance for mild steehggressive solution containing lower Cl
ion concentration due to the formation of a prowecfilm layer on the mild steel surface.
Surface analysis also indicated that the formatifdloimetallic and 4-nitrocinnamate compounds
as a barrier layer on the steel surface becauseagerative adsorption of ionic species with
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chemisorbed molecular NOand COO, as well as ¥ hydrolysis on the neighboring adsorption
sites for the mild steel immersed in solution conitey lower CTI ion concentration. Furthermore,
EIS showed that Y(4N&Zin); compound added to solution increased the progeetind charge
transfer resistances with a decrease in iGh concentration in the investigated solutions.
Interestingly, the WBE results indicated that th@tNO,Cin); compound promoted uniform
corrosion rather than localized corrosion, sugggsibcalized corrosion inhibition, which plays
a very important role in corrosion protection. Idddion, the study also suggested that an
excellent agreement was observed among the suafedgsis, electrochemical and WBE results
for evaluating the performance of corrosion andliaed corrosion inhibition.
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