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HIGHLIGHTS

« At a critical pH named passivation pH (pHp), the corrosion state changes from active to passive.

« An increase in the amounts of chloride and phosphate at R=1 causes a decrease in pHp.

« At pH > pHp, resistance to pitting corrosion significantly increases.

« The phosphate inhibition depends strongly on the amounts of both phosphate and chloride ions.
« The inhibition mechanism of phosphate is processed by the formation a duplex layer passive film.
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In this work, the impact of pH on the corrosion inhibition of carbon steel by phosphate ions in solutions
with different contaminations of chloride ions (1, 10, and 100 mmol L) with 1:1 phosphate to chloride
molar ratio was investigated using electrochemical methods including potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS). Moreover, the electrochemical results were comple-
mented using surface analysis methods, including scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), Raman spectroscopy, and Fourier transform infrared (FTIR) spectroscopy. The

g{&onrd:t;el obtained results showed that at the passivation pH (pHp), the corrosion state changes from active to pas-
Phosphate sive. The value of pH, decreases with an increase in the concentration of phosphate ions and the protec-
Solution pH tion against both uniform and pitting corrosion in the long term was improved. The phosphate inhibition
Chloride contamination on the carbon steel surface processed through the formation of a duplex layer, including iron (hydro)ox-
Passivation ides (inner part) and iron phosphate complexes (outer part).

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Corrosion phenomenon of steel in different environments may
cause some serious industrial problems, and using of corrosion
inhibitor is a promising method to prevent or minimize the
destructive effects [1-3]. Among various types of inhibitor, phos-
phate compounds as the inorganic inhibitors have some advan-
tages, including low cost and low toxicity [4-7]. Therefore,
various phosphate compounds such as trisodium phosphate (Nas-
PO,4), disodium hydrogen phosphate (Na,HPO4), and disodium
monofluoride phosphate (Na,POsF) have been used to control the
corrosion process in various applications such as concrete
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[3-5,8-15], drinking water distribution system [16], cooling water
systems [17], and boilers [18,19].

Many studies have been accomplished to understand the inhibi-
tion performance of phosphate on the iron surface in different envi-
ronments [20-23]. Generally, it has been accepted that the passive
film, formed on the iron surface in alkaline solution, consists of a
duplex layer where the inner part is composed of iron(hydro)oxides
and the outer part from iron phosphate complexes such as ferrous
hydrogen phosphate (FeHPO,), ferrous phosphate Fe;(PO,),, and
ferric phosphate (FePO,4) [24-26]. However, the nature of this pas-
sive film depends on the various factors namely solution pH, solu-
tion temperature, and chloride concentration [1,27,28].

In the case of concrete application, the effect of phosphate on the
corrosion inhibition of steel reinforcement has been extensively
investigated by Dhouibi et al. [29,30] and Yohai et al. [5,10,25]. In
this regard, some researchers suggested that phosphate acts as a
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cathodic inhibitor if the concentration ratio of phosphate to chlo-
ride (R ratio) becomes less than 0.6 [2,4,29,30], while some others
believed that at sufficiently high concentration of phosphate (R
>0.6) the inhibition mechanism of phosphate is as anodic [6,30]
or even mixed [5,10]. In this regard, there is a general agreement
in the literature that an increase in the R ratio up to 1 improves
the resistance against both general and pitting corrosion
[25,30,31]. Therefore, some researchers studied the inhibition
behavior of phosphate in a 1:1 phosphate to chloride molar ratio
[5,6] which is also an appropriate ratio from the economics
standpoint.

These studies on the phosphate, as an inhibiting agent for con-
cretes, have been performed only in highly alkaline solutions (pH
about 12), simulating the chemical environment of concrete pores
or in mildly alkaline solutions (pH about 9), corresponding to the
carbonated solutions. However, these findings are valid mainly in
solutions with high chloride contamination. Recently, Ben Man-
sour et al. [8] assessed the effect of chloride contamination in
terms of [CI7]/[OH™] ratio on the efficiency of phosphate against
prestressed steel corrosion in a highly alkaline solution, simulated
concrete pore solution, who found that the critical [Cl"]/[OH]
ratio increases in presence of phosphate ions. In our previous work,
the corrosion inhibition of carbon steel by dipotassium hydrogen
phosphate (K;HPO,) in both mildly and high alkaline solutions,
contaminated with low chloride concentration, was investigated
where it was reported that only at a critical phosphate concerta-
tion, the passive film could be formed on the metal surface [24].

In practical, an increase in the chloride concentration and pH
solution within the concrete pores occurs mainly due to the diffu-
sion process of chloride ions and hydroxyl groups. Although, it may
take a long time until reach to a high level which was studied by
Nabhali et al. for the diffusion of chloride ions [9]. Moreover, phos-
phate ions may be used as a corrosion inhibitor in different appli-
cations such as boilers [18,32] and cooling water systems [17,24],
where the metal can be subjected to an electrolyte with different
chloride concentrations and pH values. Nevertheless, according to
the best our knowledge, no detailed study has been done on the
effect of chloride concentration and pH, in a wide range of varia-
tions, on the phosphate behavior as a corrosion inhibitor.

The aim of this work is devoted to study the effectiveness of
phosphate ions as corrosion inhibitor for carbon steel. The effect
of solution pH, varying in an alkaline range (from 9 to 12) and chlo-
ride ions in a wide range of chloride concentration, on the corro-
sion inhibition of carbon steel by phosphate ions was investigate.
To this end, the one-to-one phosphate to chloride molar ratio
was chosen for all solutions. Also, chloride was incorporated into
the solutions in different concentrations including 1, 10, and 100
mmol L™, corresponding to the different applications: with low
(e.g., boilers) [32,33], moderate (e.g., cooling water systems)
[17,34], and high level (e.g., concrete) [5,25] of chloride contamina-
tion. The corrosion behavior of carbon steel was studied using the
electrochemical methods of potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) together with dif-
ferent surface analysis techniques including scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS). More-
over, the phosphate inhibition in the long term was evaluated
using weight loss measurement and the corrosion products were
analyzed by Raman spectroscopy and Fourier transform infrared
(FTIR) spectroscopy.

2. Experimental
2.1. Materials and electrolyte

The chemical composition of carbon steel grade SA-106 was
used as working metal is presented in Table 1. The cubic shape

specimens with a dimension of 1 cm x 1 cm x 1 cm were mounted
with epoxy resin, so the remaining surface area was 1.0 cm?. The
surface of specimens was polished with a series of silicon carbide
emery paper up to grade 2000 [24,34,35] to minimize the effect
of surface roughness which may be necessary in the case of the
specimens with the small surface area. After that, they were
degreased with acetone and rinsed with double distilled water.
Finally, to prevent any corrosion occurrence, the surface of speci-
mens was immediately dried with warm air [30,34,36].

The chemical substances, including disodium hydrogen phos-
phate (Na,HPO4) as a corrosion inhibitor and sodium chloride
(NaCl) to provide chloride as the aggressive ion were supplied by
Merck Co. with analytical grade. The electrolyte solutions were
prepared in double distilled water by addition of equal phosphate
and chloride concentration (R = 1) where three chloride phosphate
solutions (CPS) were prepared at the concentrations of 1 mmol L™!
(CPS1), 10 mmol L~ (CPS10), and 100 mmol L~! (CPS100). The val-
ues of solution pH (9, 10, 11, and 12) were adjusted by NaOH and
all electrochemical tests were carried out at room temperature (25
+2°C).

2.2. Electrochemical measurements

All electrochemical measurements were performed using Auto-
lab potentiostat/galvanostat (PGSTAT 302N) in a glass vessel con-
taining 100 mL electrolyte and three electrodes: a saturated
calomel electrode (SCE) as reference electrode, a platinum elec-
trode as auxiliary electrode, and the mounted carbon steel as
working electrode. All electrochemical measurements were carried
out at least three times until a good reproducibility was obtained.

The potentiodynamic polarization test was performed accord-
ing to ASTM G 5-94 [37] at which potential was swept from
—400 mV below OCP towards noble direction until reach the pit-
ting or oxygen evolution potential with scan rate of 20 mV/min
after 24h immersion of working electrode in electrolyte
[5,10,25]. In the case of the active state of corrosion, the polariza-
tion parameters including corrosion current density (icorr) and cor-
rosion potential (Ec;) were estimated by the implementation of
Tafel extrapolation at the potential range about 100 mV far from
the E.,r where a linear behavior (Tafel region) is observed for at
least one decade. However, for the passive state of corrosion, icor
and E..; have the same meaning of passive current density and
passive potential, respectively, determined using the region at
which the corrosion current density does not change with poten-
tial sweep. Therefore, the value of cathodic Tafel slope (3.) was
estimated for all systems, while the anodic Tafel slope (8,) was
meaningful only for the systems with an active state of corrosion.

The electrochemical impedance spectroscopy (EIS) was con-
ducted according to ASTM G 106-89 [38] after 24 h immersion
when a steady condition was achieved. Then the EIS test was per-
formed at OCP with AC perturbation amplitude of + 10 mV in the
frequency range from 100 kHz to 10 mHz.

2.3. Weight loss measurements

The weight loss test was performed for 120 days immersion of
the carbon steel coupons at room temperature according to the
guidelines in ASTM D 2688 [39]. To do this, two polished rectangu-
lar shapes of carbon steel coupons with a dimension of 2 cm x 2
cm x 1 cm were used. The series of silicon carbide emery paper
of grades up to 800 were used to polish the coupons, which may
be a suitable grade for the high surface of coupons relative to that
used for the electrochemical tests. After that, coupons were
washed by acetone and double distilled water. Finally, they were
precisely weighed by a balance with the precision of 3 digits before
immersion. After 120 days immersion, the coupons were taken out
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Table 1

Chemical composition of carbon steel A106.
Elements C Mn P S Si Cr Cu Mo Ni \ Fe
Composition wt. % 0.35 1.06 0.04 0.04 0.10 0.40 0.40 0.15 0.40 0.08 balance

and dried to perform Raman spectroscopy. Then, the corrosion
products were removed mechanically, washed by immersion in
HCl 1 mmol L', neutralized with a saturated Na,COs solution,
rinsed with double distilled water, then dried and reweighted.

2.4. Surface and corrosion product analyses

The scanning electron microscopy (SEM, MIRA3 TESCAN) and
energy dispersive spectroscopy (EDS) were used to assess the pit-
ting corrosion state and elemental analysis of metal surface,
respectively, after potentiodynamic polarization.

After weight loss measurement, corrosion products formed on
the coupons during immersion time were characterized by ex-
situ Raman spectroscopy using an AvaRaman-785 TEC with a
785 nm laser wavelength, exposure time 15s and laser power
500; additionally, Raman spectroscopy was done on some different
parts of corrosion products with reproducible results. Furthermore,
Fourier transform infrared spectroscopy (FTIR) in the range 400-
2000 cm~! was recorded using Thermo-Nicolet Avatar 370 to study
the nature of corrosion products.

3. Results and discussion
3.1. Potentiodynamic polarization

The effect of solution pH, varying from 9 to 12, on the corrosion
behavior of carbon steel in CPS1, CPS10, and CPS100 corresponding
to 1, 10, and 100 mmol L~! of equal concentration of chloride and
phosphate (R=1) was investigated using the potentiodynamic
polarization experiment and the obtained results are shown in
Fig. 1a through c. It is evident that an increase in the concentration
of hydroxyl groups creates a tendency to shift the corrosion state
from active to passive where the complete passivation of carbon
steel was established at pH > 11 for CPS1 and pH > 10 for CPS10,
while in the case of CPS100, the metal surface becomes passivate
at pH > 9. Note that in CPS100, the polarization test at pH=28
showed an active-passive state of corrosion (figure not shown).
Therefore, there is a critical pH named as passivation pH (pHp) at
which the system is early passivated by increasing the concentra-
tion of hydroxyl groups. In other words, at pH > pHp, the corrosion
behavior of metal will be as the passive state and when pH < pHj,
an active state of corrosion will be observed. Moreover, pH;, is a
significant parameter in the view of both general and pitting corro-
sion, and when pH < pHj, the inhibitor will be unable to protect
the metal surface, efficiently.

These results suggest that the amounts of both chloride and
phosphate, besides their concentration ratio, have a significant
effect on the corrosion behavior of carbon steel i.e. for an equal
increase in the concentration from 1 to 100 mmol L' favors the
passivation of the carbon steel at the lower pH values.

The polarization parameters for the curves shown in Fig. 1, are
presented in Table 2. For the active state of corrosion, the polariza-
tion parameters were determined using Tafel analysis, while in the
case of a passive state the McCafferty method was applied cor-
rectly [40].

From Table 2, at pH, for CPS1, CPS10 and CPS100, the ratio of
[CI7]/[OH ] is equal to 1, 102, and 10% respectively. When the con-
centration of both chloride and phosphate ions increases one order
of magnitude, the passivation of the metal surface is established in

one order of magnitude lower concentration of hydroxyl groups.
Therefore, these results point the fact that when the concentration
of phosphate and chloride simultaneously increases, the passiva-
tion effect of phosphate ions on the metal surface is superior to
the deterioration effect of chloride ions on the passive film.

Inspection in Table 2 reveals that at a constant pH, one can find
also a critical phosphate concentration at which the passive state is
made on the metal surface as discussed in previous work [24]. In
detailed, Table 2 shows that at R=1 when pH decreases from 11
to 9, a higher amount of phosphate is required to keep the passive
state on the metal surface and hence, the critical phosphate con-
centration shifts from 1 to 100 mmol L.

Moreover, it can be found from Table 2 that for all solutions, an
increase in pH up to pHy, is associated with a decrease in icorr value
and a shift of E.,;; to more noble values; however, a reverse trend
of variations is observed by further increase in solution pH (pH >
pH;). Therefore, the lowest value of i and the most positive
value of E,, are attained at pH,. At the same time, the cathodic
Tafel slope (f.) slightly reduces, suggesting the facilitation of
cathodic reaction. An increment in the value of anodic Tafel slope
(B,) with pH in the active state can be considered as an indication
of the enhancement in the tendency to passivate the metal surface.
The relatively high value of i., in some passive conditions can be
related to the structure of passive film which needs to be further
studied.

In the case of pitting corrosion, at pH > pH,, the increase of solu-
tion pH provides a significant increase in the value of pitting poten-
tial (Epit), suggesting the higher resistance of passive film against
the chloride attack. Although, it should be noted that for the Ep;
value higher than oxygen evolution potential (at pH = 12 when Ep;;
> 277 mVscg) the increase of anodic current is related to the oxygen
evolution phenomenon [41].

To describe the passivation and pitting mechanism, it must be
noted that generally there is a balance between two processes:
phosphate species and hydroxyl groups are adsorbed on the metal
surface and thereby estabilize the passive film against breakdown
while the aggressive ions of chloride penetrate within the structure
of passive film and induce its deterioration [11,40]. Moreover, it
was reported that the small radius of sodium ions and their lower
binding capacity of chloride compared to other cations e.g., Mg?*
facilitates the diffusion of chloride ions and hence accelerates the
pitting phenomenon [42]. Therefore, prior to the pitting potential,
the effect of phosphate ions is dominant, while after the pitting
potential, chloride ions breaks down the passive film at local
points. In this situation, the corrosion current density suddenly
increases as a result of acceleration in the metal dissolution.

In the case of phosphate inhibitor, variation of solution pH
affects also on the concentration of different forms of phosphate
anions. For the pH range, selected in the present work and on the
basis of different acid dissociation constants (Kj), it can be stated
that at pH =9, hydrogen phosphate anion (HPOZ") is the most
important form with a mole fraction of about 0.93 from total phos-
phate species. However, the increase of pH leads to the gradually
conversion of HPOZ~ to phosphate anions (PO3~) and at pH =12,
the phosphate species is mainly in the form of PO3~ with a mole
fraction of about 0.98 [24]. According to these concepts, it can be
deduced that the variation of solution pH causes a competitive
adsorption between different forms of phosphate which creates a
change in the nature of passive film where the iron/phosphate
complexes of FeHPO, and Fe3(PO,), are mainly formed in mildly
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Fig. 1. Effect of pH on the potentiodynamic polarization curves for carbon steel in various solutions: (a) CPS1, (b) CPS10, and (c) CPS100 at room temperature. Scan rate: 20
mV min~".
Table 2

The average value of polarization parameters for corrosion of carbon steel in CPS1, CPS10, and CPS100 at different pH values and at 25 °C.

Solution pH Corrosion State Ecorr (MVscg) icorr (WA cm™2) Be (mV/dec) Ba (mV/dec) Epir (MVscE)
CPS1 9 Active -741+14 6.2+0.3 -298 £10 1808 -
10 Active -712+11 42+0.1 -260+7 1995 -
11 Passive -439+15 23+0.2 -163+8 - 40+ 14
12 Passive -519+16 54+03 —188 £20 - 674+9
CPS10 9 Active -545+9 56+0.3 -277+19 266+ 18 -
10 Passive -340+8 2.1+02 -194+4 - 50+7
11 Passive —467 +7 26102 -202+11 - 11015
12 Passive -568 + 6 6.2+0.3 -233+13 - 650 12
CPS100 9 Passive —348+18 1.8+0.2 -108+16 - 57+9
10 Passive -430+ 16 46+0.3 -220+18 - 108 +13
11 Passive -531+9 59+02 —222+12 - 1477
12 Passive —-676+7 20.3+0.2 ~-121+6 - 688 +6

and highly alkaline solution, respectively [6,24]. This will be fur-
ther studied later.

3.2. Electrochemical impedance spectroscopy

The effect of solution pH on the corrosion behavior of carbon
steel and the structure of the passive film in the presence of 1
mmol L' concentration of both phosphate and chloride (R=1)
was studied using impedance method and the registered data in

the form of Nyquist and Bode plots are shown in Fig. 2. At pH =
9 and 10, one time constant is identified from the impedance dia-
grams. This observation together with the active state of corrosion
resulted from the polarization data (Fig. 1), support that the EIS
data at pH =9 and 10 correspond to the corrosion process at the
metal/solution interface not to the formation of a stable passive
film. The existence of two loops at the Nyquist plots for the higher
pH values (11 and 12) indicates the development of a stable and
strong passive film on the metal surface, as obtained by polariza-
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tion method, where the loop at high frequencies is related to the
characteristics of passive film and one at the low frequencies is
attributed to the events occurred at the metal surface.

The fitting analysis was applied for the EIS spectra using the
equivalent circuit models (ECMs) proposed in Fig. 3. The ECM,
composed of a single electrical circle associated with the Warburg
element (Fig. 3a), was used to simulate the corrosion behavior of
carbon steel with an active state. The equivalent circuit with two
electrical circles (Fig. 3b), which is similar to that applied by Yohai
et al. [5,10], was used to analyze the impedance data in a passive
state of corrosion. In the case of equivalent circuit with two electri-
cal circles (Fig. 3b), the external circle is attributed to the formation
of the passive film associated with an additional Warburg element
characterized the diffusion phenomenon along the pores of the
passive film, while the internal circle corresponds to the corrosion
process occuring at the metal/passive film interface [10]. The impe-
dance of Warburg element is expressed by the following equation
[10,25]:

Wk

where o is the angular frequency (rad/s), Wk is related to the diffu-
sion resistance (Q cm?), j defines the imaginary number (\/—1), and

parameter T is relevant to the effective diffusion coefficient and the
effective diffusion thickness (sec).

In these equivalent circuits (Fig. 3), Rs represents the solution
resistance, Ry the ionic transfer resistance within the passive film
pores and R, describes the charge transfer resistance. The constant

12
(@)

(@

(b)

Fig. 3. Equivalent circuits used for analyzing the EIS data in: (a) the active state of
corrosion and (b) the passive state of corrosion associated with diffusion process.

phase element (CPE) is frequently used instead of a pure capaci-
tance element to deal with the non-homogeneity or porosity of
the passive film and the metal/film interface denoted by CPE; and
CPE,, respectively. The impedance of CPE is described by the fol-
lowing relation:

1
Yo )

Zcpg =

60
)

- Phase angle / Degree

5

-

log(|Z) /  em?)
w

——Fitting line

O pH=9 (c)
A pH=10
A pH=11
O pH=12

2

2
log(f/ Hz)

Fig. 2. Impedance spectra recorded on carbon steel surface in CPS1 at different pH values after 24 h immersion at 25 °C. The data presented in the form of (a) Nyquist plot, (b)
and (c) Bode plots.
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where Y is a pseudo-capacitance parameter (s" Q! cm™2) and n is
the power constant of CPE. To evaluate the CPE behavior at high fre-
quencies, the graphical method represents useful information about
the CPE parameters and the appropriate equivalent circuit used to
fitting analysis. In this study, for CPS1 and at pH =9 through 12,
the imaginary part of impedance (|Z;,,|) as a function of applied fre-
quency in logarithmic coordinates is plotted in Fig. 4. For all sys-
tems, a curvature is observed at the highest frequencies because
of the current and potential distribution [36]. At pH=9 and 10,
the existence of one negative slope followed by an approximately
flat region, suggesting the occurrence of one process and thus the
ECM presented in Fig. 3a is valid. In this manner, at pH=11 and
12, the presence of two negative slopes associated with a flat region
at the intermediate frequencies, indicates the existence of two dif-
ferent processes and hence reflects the accuracy of the ECM shown
in Fig. 3b.

Therefore, in this work, the CPE parameters including Y and n
only for the CPE, corresponding to the high frequency region (from
about 1kHz to 0.3 Hz), were estimated using graphical method
according to the procedure that was well addressed in the litera-
ture [36,43]. Note that after estimation of CPE parameters at the
high frequency region, the value of other parameters was deter-
mined using the fitting procedure of impedance spectra with ECMs
(Fig. 3) in Zview™ software.

In this study, the capacitance values of charge transfer layer (C;)
were calculated using the formula derived by Brug et al. [44] on the
basis of surface distribution of time constants as following:

. R. R (1-ne)/ne
Co=y™ <m> (3)

While, the value of film capacitance (Cf) was obtained using the
power-law model, developed by Hirschorn et al. [45,46] on the
basis of the normal distribution of time constants as:

Ce =g Ye(2mf,)" (4)

where f; is characteristic frequency (Hz), which is higher than the
largest measured frequency (fmax). Therefore, fi.x was applied to
calculate maximum film capacitance [36,43,46]. Parameter g is
described as the following equation [45,46]:

g=1+288(1—n)*" (5)

With respect to these equations, the effect of solution pH on the
impedance parameters for the corrosion of carbon steel in CPS1
was studied and the generated data are given in Table 3.

log(1Z;y| / k€2 cm?)

-2 -1 0 1 2 3 4 5

Fig. 4. Graphical representation of the imaginary part of impedance as a function of
applied frequency in logarithmic coordinates for CPS1 at pH =9 through 12.

According to Table 3, the increase of solution pH from 9 to 11 is
associated with the increase of charge transfer resistance (R;) and a
significant decrease in C, indicating that the better protection
against corrosive conditions and a completely passive state, is
established at pH = 11, specified as the pH, value in CPS1. How-
ever, for the pH greater than pHp, R; decreases and C; increases,
suggesting that the further increase in the concentration of hydro-
xyl groups has no improvement on the phosphate inhibition from
the aspect of uniform corrosion. These trends of variations are in
good agreement with those obtained by the polarization tests.
Moreover, the effect of pH, varying from 11 to 12, on the parame-
ters of R; and C; can be satisfied by the reduction of both Rf and Wy
associated with the increase of C¢ (Table 3). In this regard, the
decrease of Ry can be explained by two main reasons: (a) the incre-
ment in the porosity of the surface film and (b) the change in the
composition of the passive film. However, the increase of both ng¢
and C; suggests the hypothesis that the decrement of Ry has been
probably arisen from a decrease in the electronic property of pas-
sive film which is in consistent to the report of Yohai et al. [5,10].
This behavior can be interpreted by the competitive adsorption of
different forms of phosphate along with hydroxyl groups at the
metal/electrolyte surface which required to be further investigated
later.

It should be noted that the value of C; obtained for carbon steel
in CPS1 at pH =9 and 10, is too high from that would be expected
for a double layer capacitance (less than 100 uF cm~2) which can be
interpreted by the polarizable state of pseudo-capacitance where
the cation injection occurs through the interface film [24].

In the case of active state of corrosion, it is possible that the
metal surface was partially covered by an oxide film. To have a
feeling of the importance of this porous oxide film and hence the
rightness of the fitting method, the capacitance value of an oxide
film for such a system was estimated by assuming a CPE¢ in parallel
with CPE; for the ECM proposed in Fig. 3a and the value of film
capacitance (C;) can be estimated by the following equation:

g A
G = 2 (6)

where d is the film thickness assumed about 3 nm [47], & is the
vacuum permittivity (8.854 x 1074 F/cm), ¢ dielectric constant
assumed to be about 12 [36,47,48], and A is the effective surface
area where for an active state of corrosion it was considered as an
arbitrary and enough low level (about 20 percent) of surface cover-
age, and the value of film capacitance was estimated by Eq. (6) to be
equal 0.71 pF cm™2, This value is almost two orders smaller than the
capacitance value of the charge transfer layer which approves the
rightness of fitting by the ECM (in Fig. 3a) used for the active state
of corrosion.

The effect of phosphate and chloride concentration at an
equimolar value (R = 1) and at the constant pH of 11, on the corro-
sion of carbon steel was studied using EIS experiment and the
impedance curves in the form of Nyquist and Bode plots for
CPS1, CPS10, and CPS100 are shown in Fig. 5. With respect to the
shape of Nyquist diagrams together with the graphical analysis
based on the plot of |Z;,| as a function of applied frequency (not
shown), it can be found that the circuit model with two-time con-
stants (in Fig. 3b), is appropriate to fitting the EIS data for all solu-
tions as well discussed before. The impedance parameters were
estimated according to the procedure explained before on the basis
of the graphical method and fitting analysis and the obtained data
are given in Table 4.

It can be found that an equal increase in the concentration of
both phosphate and chloride ions from 1 to 100 mmol L~! causes
a decrease in R; and an increase in both film capacitance C; and
parameter ny. These variations are like those obtained for the effect
of the hydroxyl groups on the characteristic of the passive film
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Table 3
Effect of solution pH on the impedance parameters estimated for the corrosion of carbon steel in CPS1 at 25 °C.
pH Rs (Q cm?) Rs (kQ cm?) ne C¢ (uF cm™2) Wr (kQ cm?) T (sec) R¢ (kQ cm?) ne C¢ (uF cm™2)
9 998 - - - 1.11 196 1.99 0.68 366
10 890 - - - 0.56 42 2.12 0.66 322
11 410 3.61 0.70 2.2 39.68 514 4.64 0.56 68
12 279 3.36 0.79 24 23.95 449 1.29 0.52 83
12 = 80
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Fig. 5. Impedance spectra recorded on the carbon steel surface at pH = 11 in CPS1, CPS10, and CPS100 after 24 h immersion at room temperature. The data presented in the

form of (a) Nyquist plot, (b) and (c) Bode plots.

(Table 3) and decrement of R¢ can be related to the increment in the
electrical nature of passive film probably due to the increase of the
ion concentration within the pore solution of the passive film. Like-
wise, this explanation can be satisfied by the significant decrease of
Wk from 39.68 to 9.49 kQ cm? together with the decrease of solu-
tion resistance, R from 413 to 17 kQ cm?.

On the other hand, the increase of resistance against pitting cor-
rosion as a result of an increase in Ep (see Table 2), can be
described by the higher level of compaction within the structure
of passive film (increase of n¢), where reducing the penetration of
aggressive ions towards the metal surface.

Furthermore, Table 3 shows that an increase in the amounts of
both chloride and phosphate ions is associated with a decrease in
R, and increase in C; values. These demonstrate the higher rate of
uniform corrosion which is consistent with the polarization results
(Table 2). In this regard, the highest value of Wi compared with the
values of R, and Ry, advising that for a short time immersion, the
diffusion phenomenon has a predominant effect on the corrosion
process.

It was reported that the passivation of carbon steel in a simu-
lated concrete pore solution and at a high pH value is a time-
dependent process [49]. To check this, in the present work, the

Table 4
Impedance parameters estimated for corrosion of carbon steel in CPS1, CPS10, and CPS100 at pH =11 and 25 °C.
Solution R (Q cm?) Rr (kQ cm?) ne Ct (uF cm™2) Wk (kQ cm?) T (sec) R (kQ cm?) e C (uF cm™2)
CPS1 413 3.61 0.70 2.2 39.68 514 4.64 0.56 68
CPS10 140 2.95 0.80 29 34.71 486 1.99 0.58 81
CPS100 17 1.01 0.87 7.5 9.49 105 0.29 0.65 94
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EIS test was performed as an example in CPS1 at pH = 12 after 48 h,
and the impedance curves recorded after 24 and 48 h for this sys-
tem are shown in Fig. 6. It is obvious that there is no remarkable
difference between the recorded data at least for the short term,
indicating the immersion time of 24 h is suitable to form and grow
the passive film; where is similar to that used by the other
researchers [6,7,10].

3.3. Surface analysis by SEM/EDS

At the end of potentiodynamic polarization test, the corrosion
state of carbon steel surface was evaluated by SEM and the surface
components either in passive or in the active state were character-
ized by EDS analysis. The SEM images and EDS spectrum of the car-
bon steel surface in CPS1 at pH =9, 11, and 12 are shown in Fig. 7.
At pH =9, the formation of big pits on the carbon steel surface is
evident (Fig. 7a) probably due to the active state of corrosion, while
at pH = 11 the pit size is markedly decreased by the passivation of
metal surface but there is still a relatively high density of pits on
the metal surface (Fig. 7b). However, further increase in pH up to
12 results a uniform surface without any sign of pit (Fig. 7c) due
to the high resistance against pitting corrosion. Therefore, it can
be stated that these observations are directly related to the corro-
sion state together with the change in the Ep; values obtained by
the polarization test (Table 2).

Moreover, Fig. 7a and b show the presence of white zones inside
the pit formed on the metal surface, and this can be related to the
precipitation of phosphate species as a result of competition with
chloride ions [24]. However, at pH = 12, a thin and relatively por-
ous layer with white color is observed on the carbon steel surface
at high magnification (Fig. 7c), recommended that an iron phos-
phate complex is also precipitated at the upper part of the passive
film in the free pit zones as reported before [8-10].

The quantitative-elemental analysis of carbon steel surface
using EDS spectra at different pH values reveals the presence of
Fe, O and P elements at the regions without and with the pit
(Fig. 7a through c) confirming that the passive film is composed
of both iron (hydro)oxides and iron phosphate complexes. How-
ever, P concentration inside the pits is much higher than the
regions without pit demonstrating the hypothesis that the chloride
attack on the carbon steel surface triggers the phosphate ions to
inhibit the pitting corrosion. Therefore, the white zones around
the pit points observed by SEM images satisfy the existence of
phosphate ions. Moreover, the P concentration on the metal sur-
face, especially in the region without the pit, is less than that for

9
o24h  (a)
048 h
NS 6 |
9
G
=
Nt ﬁ,aﬁ““m
0 1 1
0 3 6 9
Z../ kQ cm?

log(|Z| / © cm?)
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0 element, implying that the structure of passive film mainly con-
sists of iron (hydro)oxides in alkaline solutions as described in
detail elsewhere [22,28,50].

Fig. 8 shows the SEM images and EDS spectra for carbon steel in
CPS10 and CPS100 at pH = 11. The effect of the amounts of chloride
and phosphate at R=1 and at the constant pH=11 can be
inspected by the comparison of Fig. 7b and 8. It is apparent from
SEM images that both the size and density of pits are significantly
decreased by an increase in the phosphate content from 1 to 100
mmol L™, This indicates that phosphate species could reduce both
the initiation and growing stage of pitting corrosion, which is sup-
ported by the increase in the quantity of P element inside the pit
according to the EDS analysis. These are in good agreement with
the increase of pitting potential obtained by the polarization
results (Table 2). The absence of chloride element in the EDS spec-
trum recorded at the pitting locations can be related to rinsing the
samples after potentiodynamic tests and to the solubility of the
iron/chloride salts within the electrolyte.

At the regions without pit, the elemental analysis of the passive
film by EDS shows that the higher concentration of phosphate
within solution bulk provides no significant difference in the
weight percent of P element. Therefore, the contribution of phos-
phate species in the structure of passive film does not change with
the phosphate concentration if it is used in an adequate quantity
(R=1) that required for efficient protection of uniform corrosion.

3.4. Weight loss measurement

The corrosion of carbon steel in the long term was inspected
using the weight loss method in the aerated condition, according
to ASTM D 2688 [39]. To this end, the carbon steel coupons were
immersed in CPS1, CPS10, and CPS100 at pH, for 120 days and
the results of weight loss measurement are given in Table 5. The
values of corrosion current density were calculated using Faraday’s
law as follows:

(W1—-Wy)F

A LEW @)

leorr =

where W; is the weight of coupon before immersion (gr) and W, is
the weight of coupon after immersion (gr) following thoroughly
removing the corrosion products from the surface of the coupons.
Also, F is Faraday’s constant (96500 C/eq), A is the coupon surface
exposed to the corrosive media (cm?), t is the aging time (sec),
and EW is the equivalent weight (27.92 gr/eq for Fe).

60

(b)

- Phase angle / Degree

2
log(f'/ Hz)

Fig. 6. Effect of exposure time on the Impedance spectra recorded on the carbon steel surface at pH = 12 for CPS1 after 24 and 48 h immersion at room temperature. The data

presented in the form of (a) Nyquist plot and (b) Bode plots.
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Fig. 7. SEM images and EDS spectra of the carbon steel surface after anodic polarization in CPS1 at: (a) pH=9, (b) pH =11, and (c) pH = 12 and at room temperature.

From the data given in Table 5, the corrosion current density,
icorr, 1S significantly decreased by a decrease in pHp. This trend of
variation agrees with that obtained by polarization measurement
in a short time (Table 2). However, it is evident that the values of
icorr» €Stimated by weight loss in the long term (after 120 days) of
exposure to electrolyte, are much lower than those obtained by
polarization method in the short term (after 1 day), indicating
the better performance of phosphate inhibitor in long term
exposure.

Fig. 9 shows the photographs taken from coupons at the end of
the immersion test. The color of corrosion products in CPS1 is dark
brown (Fig. 9a), suggesting the formation of iron (hydro)oxides
[51], while the light brown and yellowish color of corrosion prod-
ucts in CPS10 (Fig. 9b) can be attributed to the precipitation of iron
phosphate complexes along with the iron (hydro)oxides [52].
These observations together with the weight loss measurements
satisfies that the concentration of phosphate ions within the elec-
trolyte plays an important role on the nature of passive film at the
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Fig. 8. SEM images and EDS spectra of the carbon steel surface after anodic polarization at pH =11 in (a) CPS 10 and (b) CPS100, at room temperature.

Table 5

Weight loss data for carbon steel in CPS1, CPS10, and CPS100 at pH, for 120 days

immersion at room temperature.

Solution pH, Weight loss (mgr) icorr (WA cm™2)
CPS1 11 20310 0.36 +0.02
CPS10 10 16114 0.29 £0.03
CPS100 9 195 0.04 +0.01

pitting locations in long term exposure and hence the protection
performance of phosphate ions is decreased by the low quantity
of phosphate ions (CPS1). In this regard, in the case of coupon
immersed in CPS100, presented in Fig. 9c, no corrosion product
and pitting occurrence can be visually identified on the metal sur-
face, demonstrating the excellent protection performance of phos-
phate ions in the long term at a high concentration as reported in
the literature for concrete applications [10,25,30].

Fig. 9. Photographs of the specimens after 120 days immersion in (a) CPS1 at pHp, = 11, (b) CPS10 at pH,, = 10, and (c) CPS100 at pH, =9 and at room temperature.
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Fig. 10. Raman spectra of corrosion products formed on the carbon steel surface after 120 days immersion in CPS1 (red line) and CPS10 (blue line) at pH;, and at room
temperature. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. FTIR spectrum of corrosion products after 120 days immersion in CPS1 (red line) and CPS10 (blue line) at pH,, and at room temperature. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

3.5. Raman spectroscopy and FTIR analysis

After weight loss measurement, Ex-situ Raman spectroscopy
and FTIR were employed to identify the composition of corrosion
products formed on the carbon steel coupons in CPS1 and CPS10.

Raman spectra (Fig. 10) show two bands centered at about 980
and 1080 cm™! for CPS1 together with one at 850 cm™' for CPS10,
corresponding to the presence of hydrogen phosphate anions
(HPO3~) [24,53]. Phosphate anions (PO3~) can be identified by
the bands at 443, 910, 935, and 1020 cm™! in both CPS1 and
CPS10 [24,53]. Theses evidences are in good agreement with those
reported by other researchers [10,24,53] and demonstrate the for-
mation of iron phosphate complexes. Moreover, different iron
(hydro)oxide compositions including goethite (a-FeOOH) at the
bands about 220 cm™}, 305 cm™!, 382 cm™!, and 475 cm™! [54-
56] and also maghemite (y-Fe,03) at band about 360 cm™! can
be detected in both CPS1 and CPS10 [56,57]. However, it appears
that hematite (o-Fe,053) at 250 and about 605 cm™! [10,56] and
lepidocrocite (y-FeOOH) at 720 cm~! [57] are formed in CPS1
which can be supposed as the higher contribution of iron (hydro)
oxides in corrosion products as observed by the photographs
(Fig. 9). The higher intensity of the Raman spectrum recorded for
CPS1 than that for CPS10 has been likely arisen from the higher
amounts of corrosion products as a result of greater corrosion rate
[5,10].

Fourier transform infrared spectroscopy was conducted using
an equal amount of corrosion products, formed in CPS1 and
CPS10, and the recorded spectra are shown in Fig. 11. In both

CPS1 and CPS10, the bands between 450 and 700 cm™! character-
ize the presence of y- Fe,Os; [58,59], while y-FeOOH can be
detected by a peak at about 1372 cm™! [60] only in CPS1. These
observations confirm the presence of iron(hydro)oxides in the cor-
rosion products as obtained by Raman spectroscopy. Fig. 11 shows
a broad band at 1029 cm™! for CPS1 indicating the asymmetric
stretching (F, v3) of phosphate anions, while in CPS10 there are
two narrow bands at 980 and 1058 cm~! [61,62] due to hydrogen
phosphate anions with symmetric bonding (E, v») and symmetric
stretching (A;, v;), respectively, as reported previously [62,63].
Besides, the same absorbance at 1630 cm™' for both CPS1 and
CPS10 can be attributed to the contribution of iron phosphate [60].

Since an equal quantity of corrosion products of CPS1 and CPS10
was utilized to FTIR analysis, a quantitative comparison can be
made on the results. From this aspect, the peak intensities, corre-
sponded to iron(hydro)oxides and iron phosphate complexes, are
greater for CPS1 and CPS10, respectively; which can be taken into
account as the higher contribution of these compounds in the cor-
rosion products and is consistent with the color of corrosion prod-
ucts shown in Fig. 9.

4. Conclusions

The effect of solution pH on the performance of phosphate inhi-
bitor in different concentrations of phosphate but at one-to-one
phosphate to chloride molar ratio (R=1) was well investigated
using the electrochemical and surface analysis methods, and the
main results as follows:
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- When the concentration of hydroxyl groups increases, at a cer-
tain pH named as passivation pH (pHp), the corrosion state
changes from active to passive. However, the value of pHj
depends on the amounts of phosphate and chloride
concentrations.
Generally, the electrochemical data showed that the increase of
both phosphate and chloride ions facilitates the passivation in
the lower pH,, reflecting the synergistic effect between phos-
phate ions and hydroxyl groups to form a passive film on the
surface of carbon steel. However, when the passive film estab-
lished on the metal surface, an increase in both hydroxyl and
phosphate concentrations has no improvement on the uniform
corrosion in the short term, while both the polarization results
and SEM images indicated an increase in the resistance of pas-
sive film against pitting corrosion.

- In the long term, both weight loss and corrosion products anal-
ysis confirmed that the addition of higher amounts of phos-
phate, i.e., 100 mmol L~! at R=1, favors the protection of
metal surface against both uniform and pitting corrosion. In
other words, at the low chloride contamination, the R ratio of
1 is not adequate to create a reliable protection of carbon steel
against corrosion phenomenon.

- The surface analysis methods demonstrated that the inhibition
mechanism of phosphate ions is attributed to the formation of a
passive film with a duplex layer on the metal surface, including
the inner layer of iron(hydro)oxides, formed by a solid-state
mechanism, and the outer layer of iron phosphate complexes
mainly as FeHPO,4, Fe3(PO4), and even Fe(PQO,4), formed via a
dissolution-precipitation mechanism.

- The concentration of phosphate species inside the pits was
higher than the passive film zones without the pit. This indi-
cates that phosphate ions could inhibit the corrosion process
through a competitive adsorption mechanism with chloride
ions where the more chloride attack triggers the phosphate spe-
cies to further adsorb at the pit locations on the metal surface.
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