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Abstract

The effects of surface roughness, chloride ions, and molybdate ions on the corrosion behavior
of pure iron was thoroughly investigated in bicarbonate/carbonate solutions at 22°C. Open
circuit potential versus time, polarization resistance versus time, potentiodynamic polarization,
electrochemical impedance spectroscopy (EIS), and scanning electron microscopy (SEM)
were used for this investigation. The results demonstrated the presence of up to 2% molybdate
jons does not enhance the corrosion resistance of pure iron in chloride-free
bicarbonate/carbonate solutions. Moreover, molybdate ions and surface roughness have little
effect on the passivity of iron in chloride-free bicarbonate/carbonate solutions. The effect of
molybdate and surface roughness, however, changed in the presence of chloride. Iron with
relatively smooth surface finish showed better corrosion resistance than iron with relatively
rough surface finish. Moreover, the presence of molybdate improved the corrosion resistance
of iron when chloride was present. The passive current densities decreased while the pitting
potential increased in the presence of molybdate for both smooth and rough surface finish.
SEM images taken after two days of immersion (at the open circuit potential) in chloride-
containing solutions did not show any signs of pitting corrosion. SEM images taken after the
polarization tests showed pitting corrosion in chloride-containing solutions in the absence of
molybdate. Interestingly, SEM images taken after polarization did not show signs of pitting in
chloride-containing solutions when 2% molybdate was present. The presence of molybdate
enhanced the iron resistance to localized corrosion. Finally, the constant phase element can be
treated as a non-ideal capacitor in chloride-free solutions for both the relatively smooth and
relatively rough surface finish. In chloride-containing solutions, the constant phase element
can be treated as a non-ideal capacitor for the relatively smooth surface finish, but not the
relatively rough surface finish.
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1. Introduction

Passivity and passivity breakdown of metals and alloys have been extensively reported in
the literature. J. Soltis reviewed the passive film formation and breakdown in metallic
materials including iron alloys [1]. Angathevar Veluchamy et al. published a critical
review on the passive film formation and breakdown on iron electrode under different
conditions including the effect of halides [2]. Reinforcing steel bars (rebars) can be
exposed to carbonate, bicarbonate, and chloride [3]. Moreno et al. reported a minimum CI™
concentration of 0.05% is required in order to induce passivity breakdown of reinforced
steel in simulated concrete pore solution of bicarbonate/carbonate [3]. Yong Teck Tan
et al. concluded that bicarbonate/carbonate ions have an inhibitive effect on the pitting
corrosion of AISI 1020 carbon steel tested in saturated Ca(OH), in the presence of chloride
ions [4]. N.N. Andreev et al. concluded that the corrosion of reinforced steel occurs early
in the course of steel hardening in chloride-containing concrete. Moreover, the growth rate
of corrosion spots decreases significantly once the curing process is completed [5]. I.A.
Gedvillo et al. concluded that steel is prone to pitting corrosion during the initial stage of
concrete hardening with pitting corrosion intensified by the presence of chloride [6].

Molybdate ion (MoO3; ) has been gaining widespread acceptance as a non-toxic
environmentally friendly inorganic corrosion inhibitor [7]. On the other hand, MoO;~ has
been reported to increase the repassivation rate and to enhance resistance to localized
corrosion [8—12]. In acidic chloride-containing solutions, the mechanism of inhibition by
molybdate (MoO?") is thought to be a process of ion exchange, followed by the formation
of an insoluble film reported to be ferric molybdate (FeMoQ,). The adsorption produces a
layer that resists the corrosive effects to other anions, particularly chlorides and sulfates.
The precipitate hinder the transpassive reaction leading to lower current densities [11].
Furthermore, relatively low MoO?~ concentrations were reported to decrease the corrosion

resistance of various metals and alloys [8, 13—-18]. Yong Teck Tan et al. reported that
molybdate ions inhibited pitting corrosion of AISI 1020 carbon steel in Cl-containing
Ca(OH),/NaHCO; solutions [19]. It is worth mentioning that the tests were conducted
under the open circuit potential conditions only.

llevbare and Burstein reported that the presence of MoO? affected both passivity and

pit nucleation by deactivating the sites at which pit formation occurred and by reducing the
pit size; consequently, becoming more difficult for pits to develop into stable ones [20].

Furthermore, corrosion behavior is influenced by surface roughness and texture [21].
Burstein and Pistorius reported that the nucleation rate of metastable pits of 304 stainless
steel in solutions containing CI™ ions increased with increasing surface roughness [22].
Wang et al. reported an increase in charge transfer resistance (R values with decreasing
roughness for mild steel tested in ammonium chloride (NH4CI) solution [23]. Alshamsi and
Alblooshi reported that the corrosion rate of Fe increased with increasing surface
roughness in 0.1 M HCl and in 0.1 M H,SO, [18].
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The current work investigates the corrosion behavior of pure Fe in 0.3 M NaHCO; +
0.1 M Na,COs. The solution simulates carbonated concrete [3]. Moreover, the effects of
surface roughness, the presence of MoO3% and the presence of CI™ on the corrosion

behavior are discussed.

The novelty of this work is in the use of pure Fe instead of carbon steel in
carbonate/bicarbonate solutions. The use of pure iron instead of carbon steel minimizes the
effect of inclusions on the passivity breakdown. Moreover, the current work examines the
effect of MoOj~ as a corrosion inhibitor in the absence and presence of CI” ions using

different surface roughness.

2. Experiments

Commercial Fe (99.99+ %) was tested in 0.3 M NaHCO; + 0.1 M Na,COs solutions in the
absence and presence of MoO?%~ and/or CI™ at 22+1°C. An Fe rod, 2 mm in diameter, was
coated with epoxy, but the cross-sectional area (0.0314 cm?) was exposed to the testing
solution. The sample was wet-ground using only grit paper P120 in order to maintain a
relatively rough surface area. Alternatively, the sample was wet-ground using P120
followed by P320, P800, and finally with P1000 in order to maintain a relatively smooth
surface area. The sample was cleaned with deionized water in ultrasound bath, washed
with deionized water, and placed in a 3-electrode cell with platinum (Pt) as a counter-
electrode and saturated Ag/AgCl electrode as the reference electrode. Two sets of
experiments were conducted. In one set, the open circuit potential versus time (OCP
versus t) was conducted first, followed by electrochemical impedance spectroscopy (EIS).
In the other set, OCP versus t was conducted first, followed by the polarization resistance
versus time (R, versus t), and finally by the potentiodynamic polarization measurements.
The OCP was monitored for one hour prior to each experiment upon the immersion in the
solution. The R, versus t measurements were conducted at a scanning rate of 0.1 mV s
with experiments conducted at =20 mV versus the corrosion potential (E;). Four data
points were collected per R, versus t experiment. EIS experiments were conducted using an
applied alternating current (AC) potential of 10 mV with frequencies ranging from 0.005 to
100,000 Hz. The potentiodynamic polarization experiments were initiated at —250 mV
versus the corrosion potential (E.), scanned to +700 mV using a scanning rate of 1.0 mV s .
Magnetic stirring at a constant rate was maintained in all experiments. On average, three
independent experiments were conducted for all specimens. Data were collected
automatically with the aid of a potentiostat/galvanstat (Gamry G750). All data analyses
and extrapolations were performed using Gamry corrosion software (Gamry Echem
Analyst). The samples’ surface morphologies were examined using scanning electron
microscopy (SEM). The samples were cleaned in an ultrasound bath prior to SEM
examination. Table 1 lists the solutions used in this study.
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Table 1. Compositions of the solutions used in this study.

Solution Composition

1 0.3 M NaHCO3 + 0.1 M Na,CO3
0.3 M NaHCOj3 + 0.1 M Na,CO3 + 1% Na,MoO4
0.3 M NaHCO3 + 0.1 M Na,CO3 + 2% Na;MoO4
0.3 M NaHCOj3 + 0.1 M Na,CO3 + 1% NaCl
0.3 M NaHCOj3 + 0.1 M Na,CO3 + 1% NaCl + 1% Na;MoO4
0.3 M NaHCO3 + 0.1 M Na,CO3 + 1% NaCl + 2% Na,MoO4

o OB~ WN

3. Results and discussion

3.1. The corrosion behavior of Fe in the absence of Cl” ions

Figure 1(a,b) provides SEM micrographs of the polished smooth (P1000) and the rough
(P120) surface, respectively. Figure 2(a,b) shows the OCP versus t for Fe tested in 0.3 M

NaHCO; + 0.1 M Na,COj; as a function of MoO; and surface roughness. Figure 2a

represents smooth surface finish (P1000) while Figure 2b represents rough surface finish
(P120).
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Figure 1. (a) SEM micrograph of polished Fe surface with smooth surface finish (P1000).

(b) SEM micrograph of polished Fe surface with rough surface finish (P120).

All curves show steady increase in the OCP with time. Such steady increase in the
OCP with time can be attributed to the transformation of pre-existing non-protective film
to a stable protective one; the metal passivates in these solutions. Figure 3(a,b) shows R,
versus t curves with the average R, values reported in Table 2a. Figure 4(a,b) shows the
Nyquist plots for the smooth and rough surfaces, respectively. R, and a values (Table 2b)
were obtained by fitting the equivalent electrical circuit to the impedance data from the EIS
measurements. Figure 5 shows the circuit used to fit the data. The R, values in Table 2(a,b)
show that the presence of MoOj  resulted in little decrease in the R, values for samples
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with smooth surface finish (slightly higher corrosion rate). For the rough surface finish, the
R, values obtained from the R, versus t experiments show little decrease in the presence of
MoOj~ while the R, values obtained from the EIS show no change in the presence of
MoOj . Based on the above discussed results, the presence of MoOj3 does not enhance
the corrosion resistance in these solutions. In fact, small concentration of MoOj;~ might
decrease the corrosion resistance.
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Figure 2. (a) OCP vs. t of Fe in 0.3 M NaHCO3 + 0.1 M Na,CO3 with smooth surface finish
(P1000) (A: 0% Na,MoQy, B: 1% NaMoO,, C: 2% Na,Mo0,). (b) OCP vs. t of Fein 0.3 M
NaHCOj3; + 0.1 M Na,CO3 with rough surface finish surface (P120) (A: 0% Na;MoO,, B: 1%
Na;MoOy,, C: 2% Na,MoOQ,).
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Figure 3. (a) Rp vs. t of Fe in 0.3 M NaHCO;3 + 0.1 M Na,CO3 with smooth surface finish
(P1000) (A: 0% Na;MoOy4, B: 1% Na,MoO,, C: 2% Na;Mo00,). (b) Ry vs. tof Fein 0.3 M
NaHCO3; + 0.1 M Na,CO3 with rough surface finish (P120) (A: 0% Na;MoO,, B: 1%
Na;Mo0Oy, C: 2% Na,MoQ,)



Int. J. Corros. Scale Inhib., 2019, 8, no. 4, 835—849 840

500.0 koh

+A a R b
+B * .
* . 4+ B
*C
400.0 koh * ;s Ay A v a ¥
* + Ay, * * A
200.0 kohm AV &
. . av ®
= v iy
300 koh . e v = Ay *
5 v s v
= M AP B 5 $
g o v A4 g &
E 200.0koh A E v
N ¢ 7 4 R 100.0 kohm
v A &

®
1000koh —opyd /
0.000 onf

0.000 ohm 200.0koh 400.0 koh 600.0 koh £00.0 koh 0.000 ohm

0.000 ohm 100.0 kohm 200.0 kohm 300.0 kohm 400.0 kohm 500.0 kohr
Zreal (ohm) Zreal (ohm)

Figure 4. (a) Nyquist plots of Fe in 0.3 M NaHCO3 + 0.1 M Na,COj3 with smooth surface
finish (P1000) (A: 0% Na,Mo0y, B: 1% Na,MoQ,, C: 2% Na,MoO,). (b) Nyquist plots of Fe
in 0.3 M NaHCO3 + 0.1 M Na,CO3 with rough surface finish (P120) (A: 0% Na,MoO,, B: 1%
Na;MoOy, C: 2% Na,MoQ,).

Table 2a. R, values of Fe in different solutions in the absence of CI™ ions extrapolated from the R vs. t
curves.

Solution R, (kQ cm?)
0.3 M NaHCO3 + 0.1 M Na,COg3 (P1000) 38.8+£19.6
0.3 M NaHCOj3 + 0.1 M Na,CO3 + 1% Na,MoO, (P1000) 22.9+6.62
0.3 M NaHCOj3 + 0.1 M Na,CO3 + 2% Na,MoO, (P1000) 10.4+1.60
0.3 M NaHCO; + 0.1 M Na,CO; (P120) 17.1+14.3
0.3 M NaHCO3 + 0.1 M Na,CO3 + 1% Na,MoO, (P120) 11.7+£1.76
0.3 M NaHCO3 + 0.1 M Na,CO3 + 2% Na,MoO, (P120) 15.6+£3.83

Table 2b. R, and o values of Fe in different solutions in the absence of CI™ ions extrapolated from EIS
measurements.

Solution R, (kQ cm?) o
0.3 M NaHCO3 + 0.1 M Na,CO3 (P1000) 36.0+0.598 0.8394+0.00127
0.3 M NaHCOj3 + 0.1 M Na,CO3 + 1% Na,MoO, (P1000) 20.5+0.315 0.8167+0.001253
0.3 M NaHCO3 + 0.1 M Na,CO3 + 2% Na,MoO, (P1000) 30.1+1.06 0.802+0.001335
0.3 M NaHCO3 + 0.1 M Na,CO3 (P120) 17.7+0.375 0.8136+0.001358
0.3 M NaHCO3 + 0.1 M Na,CO3 + 1% Na,MoO, (P120) 18.0+0.318 0.8337+0.001295

0.3 M NaHCO3 + 0.1 M Na,CO3 + 2% Na,MoO, (P120) 17.6+0.346 0.8302+0.001287
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Figure 5. The equivalent circuit used to fit the EIS data. (CPE the constant phase element, R,
the polarization resistance, and the R, the solution resistance).

CPE is defined by the following equation [24]:
Z(CPE) =Y, (jo)™

in which Y, is the CPE constant, o is the angular frequency in rad s, j* = -1 is the
imaginary number, and a is the CPE exponent.

Further inspection of Tables 2a and 2b shows lower R, values for the rough surfaces
when compared to the smooth ones for a given solution. Clearly, the corrosion rate
increases with increasing surface roughness. The corrosion current density (ic) is expressed
by i. = B/R, where B is a constant represented by B = B,B¢/[2.3(Ba+c)] in which B, and B
are the anodic and cathodic Tafel slopes extrapolated from the polarization curves,
respectively. The physical meaning of the CPE depends on the value of a. CPE represents
resistance (Z[CPE] = R, a=0), capacitance (Z[CPE] = C, a=1), inductance (Z[CPE] = L,
a=—1), or Warburg impedance for (a = 0.5). The CPE is considered a non-ideal capacitor
when values of o are >0.8. Generally, deviation from an ideal capacitor (a=1) can be
attributed to heterogeneity and roughness. Inspection of Table 2b shows a values greater
than 0.8 for both smooth and rough samples. As a result, the CPE can be treated as a non-
ideal capacitor in these solutions.

Figure 6(a,b) shows the potentiodynamic polarization curves for Fe as a function of
MoO?~ concentration. Figure 6a represents smooth surface finish while Figure 6b
represents rough surface finish. Inspection of the curves in Figure 6 shows a passive region
above the E.. The presence of MoOj resulted in little effect on the passive current
densities. Considering all six curves in Figure 6, the passive current densities range from
approximately 13 nA cm to 32 pA cm 2 Due to such small range, it can be concluded
that the presence of MoO3~ and surface finish (rough vs. smooth) do not affect passivity of
Fe in these solutions. Figure 7 shows SEM images taken after the potentiodynamic
polarization experiments. The images show general corrosion only.
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Figure 6. (a) Potentiodynamic polarization curves of Fe in 0.3 M NaHCO3; + 0.1 M Na,CO3
with smooth surface finish (P1000) (A: 0% Na;MoO4, B: 1% Na;Mo0O,, C: 2% Na;MoO,). (b)
Potentiodynamic polarization curves of Fe in 0.3 M NaHCOj3; + 0.1 M Na,CO3 with rough
surface finish (P120) (A: 0% Na,MoO,, B: 1% Na;MoO,, C: 2% Na;MoO,).

Figure 7. (a) SEM of Fe after potentiodynamic polarization in 0.3 M NaHCO3 + 0.1 M
Na,CO3 (smooth surface finish P1000). (b): SEM of Fe after potentiodynamic polarization in
0.3 M NaHCOj3 + 0.1 M Na,COs3 (rough surface finish P120).

3.2. The corrosion behavior of Fe in the presence of CI™ ions
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Figure 8. () OCP vs. t of Fe in 0.3 M NaHCO3 + 0.1 M Na,COj3 + 1% NaCl with smooth
surface finish (P1000) (A: 0% Na,Mo0O,, B: 1% Na,Mo0Q,, C: 2% Na,MoOQ,). (b): OCP vs. t
of Fe in 0.3 M NaHCOj3 + 0.1 M Na,CO3 + 1% NaCl with rough surface finish (P120) (A: 0%
Na;Mo0Oy, B: 1% Na,MoQ,, C: 2% Na,MoO,).
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Figure 9. (a): Rp vs. t of Fe in 0.3 M NaHCO;3 + 0.1 M Na,COs3 + 1% NaCl with smooth
surface finish (P1000) (A: 0% Na;MoOy4, B: 1% Na;MoO,, C: 2% Na,MoO,). (b) R, vs. t of
Fe in 0.3 M NaHCO;3; + 0.1 M Na,CO3 + 1% NaCl with rough surface finish (P120) (A: 0%
Na,MoQy, B: 1% Na,MoOq,, C: 2% NazMOO4).
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Figure 10. (a) Nyquist plots of Fe in 0.3 M NaHCO3 + 0.1 M Na,CO3 + 1% NaCl with
smooth surface finish (P1000) (A: 0% Na;MoO,, B: 1% Na;Mo0O,, C: 2% Na;MoO,). (b):
Nyquist plots of Fe in 0.3 M NaHCO3 + 0.1 M Na,COj3 + 1% NaCl with rough surface finish
(P120) (A: 0% NaMoO,, B: 1% Naz;MoOy, C: 2% Na;MoOs,).

Figure 8(a,b) shows the OCP vs. t for Fe tested in 0.3 M NaHCO; + 0.1 M Na,CO3; +
1% NaCl as a function of MoOj; and surface roughness. Figure 8a represents smooth
surface finish (P1000) while Figure 8b represents rough surface finish (P120). Inspections
of Figures 8a and 8b, the OCP gradually increases before reaching a plateau after few
minutes from immersion. Then, the OCP starts to fluctuate combined with an overall
decrease in the OCP with time. The latter behavior is especially valid for curves A (0%
MoO3 ") and B (1% MoOj ). Curves C (2% MoO;") show less fluctuations in comparison
to curves A and B combined with a slight overall increase of the OCP with time. The initial
increase in the OCP with time can be attributed to the transformation of the preexisting
film to a stable film. However, due to CI attack, the film becomes less stable with the
possibility of metastable pits formation as indicated by the OCP fluctuations and its small
overall decrease with time. Curves C show less fluctuations, especially for the smooth
surface finish samples. The presence of 2% MoOj (curve C) enhances Fe resistance to
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corrosion. Figure 9(a,b) shows R, values vs. t curves with the average R, values reported in
Table 3a. Figure 10(a,b) shows the Nyquist plots for the smooth and rough surfaces,
respectively. R, and o values (Table 3b) were obtained by fitting the equivalent electrical
circuit (Figure 5) to the impedance data from the EIS measurements. The R, values
extrapolated from the EIS curves and reported in Table 3b follow the same trend of the R,
values extrapolated from R, vs. t curves and reported in Table 3a. Examining the R, values
in Tables 2(a,b) and Tables 3(a,b) reveals the following:

1. The R, values in the presence of CI" are lower than the R, values in the absence of CI”
for a given solution and surface roughness.

2. In the presence of CI', the smooth surface finish samples have higher R, values than the
rough finish samples.

3. In the presence of CI', the R, values increase with increasing MoO3~ concentration.

Table 3a. R, values of Fe in different solutions in the presence of 1% NaCl extrapolated from the R, vs. t
curves.

Solution Rp (kQ cm?)
0.3 M NaHCOj3 + 0.1 M Na,CO3 + 1% NaCl (P1000) 0.683+0.486
0.3 M NaHCO3 + 0.1 M Na,CO3 + 1% NaCl + 1% Na,MoO,4 (P1000) 2.43+1.02
0.3 M NaHCO3 + 0.1 M Na,CO3 + 1% NaCl + 2% Na,MoO, (P1000) 7.12+1.51
0.3 M NaHCO; + 0.1 M Na,COs + 1% NaCl (P120) 0.673+0.169
0.3 M NaHCO3 + 0.1 M Na,CO3 + 1% NaCl + 1% Na,MoO, (P120) 3.06+0.735
0.3 M NaHCOj3 + 0.1 M Na,CO3 + 1% NaCl + 2% Na,MoO, (P120) 4.43+0.278

Table 3b. Ry and a values of Fe in different solutions in the presence of 1% NaCl extrapolated from EIS
measurements.

Solution Rp (kQ cm?) a
0.3 M NaHCO3 + 0.1 M Na,CO3 + 1% NaCl (P1000) 4.89+0.0435 0.8365+0.001513
0.3 M NaHCO3 + 0.1 M Na,CO3+ 1% NaCl + 1%
Na;MoO, (P1000) 9.73+0.149 0.7856+0.001318
0.3 M NaHCO3 + 0.1 M Na,CO3+ 1% NaCl + 2%
Na;MoO, (P1000) 8.37+.07056 0.9005+0.001417
0.3 M NaHCO3 + 0.1 M Na,CO3 + 1% NaCl (P120) 1.15+0.01551 0.6951+0.001675
0.3 M NaHCO3 + 0.1 M Na,CO3+ 1% NaCl + 1%
Na;MoO, (P120) 2.38+0.03162 0.7426+0.001563

0.3 M NaHCO3 + 0.1 M Na,CO3 + 1% NaCl + 2%

Na;MoO, (P120) 3.71+0.04581 0.7638+0.00143
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Clearly, while the presence of CI ions increased the corrosion rate of Fe, the
addition of MoOj  enhanced the corrosion resistance of Fe in bicarbonate/carbonate
solutions containing CI". Inspection of the o values reported in Table 3b shows a range
from 0.6951 to 0.9005. Moreover, the lowest o values were obtained for the rough
surfaces. CI" is known to induce localized (pitting) corrosion. The lowest reported value for
all solutions (o = 0.6951) is obtained for a rough surface in the presence of ClI" and in the
absence of MoOj . Pitting corrosion is expected to occur under these conditions. As a
result, CPE cannot be treated as a capacitor.

Figure 11(a,b) shows the potentiodynamic polarization curves for Fe in 0.3 M
NaHCO; + 0.1 M Na,CO; + 1% NaCl as a function of MoO?  and surface roughness.
Comparing curves A in Figure 11 (presence of CI") to curves A in Figure 6 (absence of ClI")
shows that the presence of CI resulted in passivity breakdown at about —200 mV (pitting
potential). Comparing curve A in Figure 11a (smooth) to curve A in Figure 11b (rough)
reveals the rough surface resulted in smaller passive potential range in comparison to the
smooth surface. The presence of MoOj~ resulted in increasing the passive potential range,
lower passive current densities, and higher pitting potentials as seen in curves B and C in
Figure 11. Figure 12 shows SEM images of Fe surfaces under different conditions. Figures
12(a) and 12(b) show Fe with rough surface finish after one hour of immersion (at OCP) in
0.3 M NaHCO; + 0.1 M Na,COj3 + 1% NacCl in the absence and presence of 2% Na,Mo0OQ,,
respectively. Figures 12(c) and 12(d) show Fe with rough surface finish after 72 hours of
immersion. The images show general corrosion only with no signs of pitting corrosion.
Figures 12(e) and 12(f) show SEM images of Fe in 0.3 M NaHCO; + 0.1 M Na,CO; + 1%
NaCl in the absence of MoOj . Figures 12(g) and 12(h) show SEM images of Fe in 0.3 M
NaHCO; + 0.1 M Na,CO; + 1% NaCl in the presence of 1% MoO3 . Figures 12(i) and
12(j) show SEM images of Fe in 0.3 M NaHCO; + 0.1 M Na,CO; + 1% NacCl in the
presence of 2% MoO; . The SEM images were taken after the potentiodynamic
polarization experiments. While the presence of 1% NaCl resulted in pitting corrosion in
the absence of MoO%  and in the presence of 1% MoO; , the presence of 2% MoO;~
inhibited pitting corrosion. Based on the potentiodynamic polarization experiments and
SEM images, the presence of sufficient concentration of MoOj7  enhances the pitting
corrosion resistance of Fe in the presence of CI by increasing the pitting potential and
decreasing the passive current densities.
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Figure 11. (a) Potentiodynamic polarization curves of Fe in 0.3 M NaHCO3; + 0.1 M Na,CO3 + 1%
NaCl with smooth surface finish (P1000) (A: 0% Na;MoO,, B: 1% Na,Mo0Oy, C: 2% Na,MoO,). (b)
Potentiodynamic polarization curves of Fe in 0.3 M NaHCO3 + 0.1 M Na,COj3 + 1% NaCl with rough
surface finish (P120) (A: 0% Na;MoOQ,, B: 1% Na;MoO,, C: 2% Na;MoO,).

Figure 12. (a): SEM of Fe after one hour of immersion in 0.3 M NaHCOj3 + 0.1 M Na,COs + 1%
NaCl (rough surface finish P120). (b): SEM of Fe after one hour of immersion at the OCP in 0.3 M
NaHCO;3 + 0.1 M Na,CO3 + 1% NaCl + 2% Na,MoO, (rough surface finish P120).

I ARSNN
Figure 12. (c): SEM of Fe after 72 hours of immersion in 0.3 M NaHCOj3 + 0.1 M Na,CO3 + 1% NaCl

(rough surface finish P120). (d): SEM of Fe after 72 hours of immersion at the OCP in 0.3 M NaHCO3
+ 0.1 M Na,COs3 + 1% NaCl + 2% Na;MoOQ, (rough surface finish P120).
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Figure 12. (e): SEM of Fe after potentiodynamic p
NaCl (smooth surface finish P1000). (f): SEM of Fe after potentiodynamic polarization in 0.3 M
NaHCOj3; + 0.1 M Na,CO3 + 1% NaCl (rough surface finish P120)
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Figure 12. (g): SEM of Fe after potentiodynamic polarization in 0.3 M NaHCO3; + 0.1 M Na,CO3 + 1%
NaCl + 1% Na,MoO, (smooth surface finish P1000). (h): SEM of Fe after potentiodynamic polarization
in 0.3 M NaHCO;3 + 0.1 M Na,CO3 + 1% NaCl + 1% Na,MoO, (rough surface finish P120).
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Figure 12. (i): SEM of Fe after potentiodynamic polarization in 0.3 M NaHCO3 + 0.1 M Na,CO3 + 1%
NaCl + 2% Na,MoO, (smooth surface finish P1000). (j): SEM of Fe after potentiodynamic polarization
in 0.3 M NaHCO3 + 0.1 M Na,CO3 + 1% NaCl + 2% Na,MoO, (rough surface finish P120).
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Conclusions

4.1. In the absence of Cl:

1. The presence of MoQ;  does not enhance the corrosion resistance of Fe in 0.3 M
NaHCO; + 0.1 M Na,COs. Interestingly, small concentrations of MoO?~ might decrease

the corrosion resistance. This is true for smooth and rough surface finishes.

2. MoO7™ and surface finish do not affect passivity of Fe in 0.3 M NaHCO; + 0.1 M
Na,COs;.

3. The CPE can be treated as a non-ideal capacitor in 0.3 M NaHCO; + 0.1 M Na,CO; in
the absence and presence of MoQO? . This is true for smooth and rough surface finishes.

4.2. In the presence of CI ions:

1. The presence of Cl increases the corrosion rate of Fe in 0.3 M NaHCO; + 0.1 M
Na,COs.

2. The smooth finish surfaces have lower corrosion rates than the rough finish surfaces for
a given solution.

3. The corrosion rate decreases with increasing MoO3~ concentration.

4. The CPE can be treated as a non-ideal capacitor in 0.3 M NaHCO; + 0.1 M Na,CO; +
1% NaCl in the absence and presence of MoO7~ for the relatively smooth finish surface
but not the relatively rough surface finish where a is less than 0.80.

5. The presence of MoOj  enhances the pitting corrosion resistance of Fe in 0.3 M

NaHCO; + 0.1 M Na,CO3; + 1% NaCl by increasing the pitting potential and decreasing
the passive current densities.
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