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Potentiodynamic polarization measurements, microscopy infrared imaging (M-IR) and X-ray
photoelectron spectroscopy (XPS) were used to study the adsorption and inhibition behavior of
calcium lignosulfonate (CLS) on Q235 steel in 0.1 mol/L NaCl + Ca(OH), solution (pH 7 ~ 12.5). In
the solution of pH between 7 and 9.5, carbon steel was in active state. 0.001 mol/L CLS in the solution
effectively inhibited both the cathodic and the anodic reactions. When the solution pH value increased
to 9.5~10.5, passivation occurred and the main compositions of the passive film include Fe,Os,
FeOOH, FeO and CaO/Ca(OH),. CLS promoted the passive state and raised the pitting corrosion
potential Ep. In the solution of pH 7~9.5, an inhibition film formed by adsorption of the sulfonic acid
group and benzene ring in CLS molecular on the surface. When the pH value increased to 10.5, a Ca-
O-S co-adsorption structure could form between —SO3 group in CLS and the outer side layer of the
passive film which is composed of CaO/Ca(OH),. The strong adsorption characteristic between —SO3
group in the adsorbed CLS on the surface and Ca’" ions in solution may further improve the
compactness of the adsorption film.
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1. INTRODUCTION

The reinforcement concrete is one of the most-widely used construction structural materials in
modern industry. However, the degradation of reinforcement concrete structure has limited its
applications and caused high repair costs [1]. It is well accepted that the most important causes for the
reinforcement concrete degradation include the unreasonable design of the structure, carbonation of the
concrete and corrosion of the reinforcing steel. The corrosion damage of the reinforcing steel is one of
the main reason lead to the failure of the reinforcement concrete structure [2]. Generally, a thin passive
film (< 10 nm) can form on the surface of rebar due to the high pH value in concrete [3]. Sometimes
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the pH value of the concrete pore solution may decrease considerably when the concrete is used in
some aggressive environments. The composition and state of the passive film could be influenced by
the pH value, which would result in corrosion damage of the rebar [4-6]. Researchers has studied the
passive behavior of rebar and the composition of passive film in simulated concrete pore solution of
different pH values. Moreno et al. [7] studied the influences of chloride ions and carbonation on
reinforcing steel in eight kinds of simulated concrete pore (SCP) solutions with different pH values.
The results showed that the high pH value could prevent pitting corrosion. The steel could not get
passivated when the concrete became carbonated and combined with chloride ions at the same time.
The transition pH for passivation was between 9.4~10. Freire et al. [8] studied the influence of pH
value on the electrochemical behavior of reinforcing steel in alkaline solutions with chlorides. The
results showed that the pH value of the solution had a significant influence on the film resistance (R1)
and charge transfer resistance (Rz). The resistance R; decreased whereas the resistance R, increased as
the pH changed from 13 to 9. The ferrite compounds dissolved more readily at a lower pH value.

The application of inhibitors is a useful protection method to prevent the rebar from corrosion.
The inorganic inhibitors based on nitrites have shown good inhibition performance for reinforcing steel
since 1960s. Many researchers studied the inhibition mechanism of nitrites. Garces et al. [9] invested
the inhibition properties of the nitrites compounds on carbon steel in SCP solutions with different pH
values. Nitrites showed good inhibition efficiency for carbon steel in SCP solution with low
concentration of chloride. But the inhibition efficiency of nitrites decreased with the decreasing of pH
value. The results suggested that the pH value of simulated concrete pore solution may influence not
only the composition and property of passive film, but also the inhibition efficiency of the inhibitors in
the solution. Recently we reported [12] that calcium lignosulfonate (CLS), a kind of organic inhibitor,
showed good inhibition performance on Q235 carbon steel in simulated concrete pore solution of pH
12.6. CLS was good for both general corrosion and pitting corrosion on carbon steel and the inhibition
efficiency of CLS was higher than 98%. However, in practical use the acidification of concrete may
become an important factor affecting the adsorption and inhibition behavior of CLS on carbon steel.

The purpose of this work is to understand the influence of pH value on the adsorption and
inhibition behavior of CLS on carbon steel in simulated concrete pore solution. The passivation
behavior of carbon steel and the inhibition efficiency of CLS are investegated with potentiodynamic
polarization measurement, microscopy infrared imaging (M-IR) and X-ray photoelectron spectroscopy
(XPS).

2. EXPERIMENTAL METHODS

The studied materials was Q235 carbon steel with following chemical composition (w%): C
0.11%; Si 0.13%; Mn 0.74%; S 0.0028%; P 0.012%; O 0.010%; N 0.0040% and Fe bal. The working
electrode for electrochemical measurement was cut into 8 mm x 8 mm x 10 mm coupons, polished
with abrasive papers up to 1000 grits, rinsed with distilled water, degreased in acetone and dried. The
test solution was 0.1 mol/L NaCl solution, and the pH value of the solution was adjusted to 7, 8.5, 9.5,
10.5, 11.5 and 12.5 respectively by adding Ca(OH),, Distilled water and analytical grade chemicals
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were used for this study. The purity of calcium lignosulfonate (CLS) used in this test was 96% and the
adding amount was 0.001 mol/L, which hardly changed the pH value of the test solution.

The electrochemical measurements were carried out with a CS350 electrochemical workstation.
A three-electrode system was used in this study. The working electrode was the carbon steel sample
with the exposure area of 0.04 cm?. The auxiliary electrode was a platinum electrode and the reference
electrode was a silver/silver chloride electrode (SSC). Before the polarization test, the open circuit
potential was measured for 1h. The potential scanning range was from —300 mV to +1000 mV versus
OCP. The scan rate was 0.3 mV-s *. Five polarization curves were measured at each test condition to
estimate the reproducibility.

The microscopy infrared imaging (M-IR) system used in this study was a Spotlight 400
Microscopy & Imaging Systems (Perkin-Elmer, USA). Before the M-IR test, samples were immersed
into the Ca(OH), + 0.1 mol/L NaCl solution of different pH values with or without inhibitors for 10 h.
After 10 h immersion, the samples were carefully removed and dried. The spatial resolution was 6.25
um and the spectroscopy resolution was 16 cm™. The scan number was 30 and the test area was 50x50
pm.

The X-ray photoelectron spectroscopy (XPS) analysis was performed using an ESCALAB 250
spectrometer (Thermo Fisher Scientific, USA). Before the XPS measurement, the samples were
immersed in the test solution for 10 h. The preparation of samples was the same with the samples used
in M-IR test. Three parallel samples were prepared for each test condition. The binding energy values
were calibrated by the Cls peak at 285 eV. The data processing was done with a XPS-Peaks 4.1
program.

3. RESULTS AND DISCUSSION

3.1. Potentiodynamic polarization measurement

Fig. 1 shows the polarization curves of carbon steel in the Ca(OH), + 0.1 mol/L NaCl solution
of different pH values with and without inhibitors. The fitting data of the polarization curves were
calculated by C-view software [10] and illustrated respectively in Table 1 and Table 2.

As shown in Fig. 1, when the pH value was 7~8.5, carbon steel was in active state without
adding inhibitor. The corrosion rates were relatively fast. When the pH value increased to 9.5, the
polarization behavior changed from active corrosion to passivation with a passive region about 100
mV in width. With the pH value increased, the passive region extended, which is due to improved
passivation by the increased OH content in the test solution [7]. When the pH value increased over
11.5, the pitting potential (Ep) increased significantly and the passivation region were wider than 400
mV. At the pH value of 12.5, the E;, value was —38 mV, the E¢or value was —395 mV and the width of
the passive region was about 360 mV. The anodic slopes (f,) of the polarization curves increased as
the pH value increased, indicating that the anodic dissolution of metal was hindered at higher pH
value. The results are similar to previous report [10].
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After adding CLS, the polarization behavior of steel in the test solution was almost the same
with those without adding inhibitor. However, at pH 7 and 8.5, the corrosion current densities
decreased obviously after addition of CLS (Figs. 1la and 1b) and both the cathodic and the anodic
processes were inhibited.
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Figure 1. Polarization curves of Q235 steel in Ca(OH),+NaCl solutions of different pH values with
and without 0.001 mol/L CLS: (a) pH = 7; (b) pH = 8.5; (c) pH = 9.5; (d) pH = 10.5; (e) pH =
11.5; (f) pH = 12.5.

At pH values higher than 9.5, both the corrosion current densities decreased and the passive
regions extended significantly (Figs. 1c through 1f). With the pH value of the solution increased from
9.5 to 12.5, the Ep value increased from —48 mV to 568 mV, indicating that CLS could effectively
prevent pitting corrosion of steel in the tested system. After adding CLS in the solution, both the
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cathodic (f:) and the anodic (5,) slopes of the polarization curves increased compared with the values
without inhibitor (Table 1), which indicates that both the anodic and cathodic reactions were inhibited
by CLS [11-13]. The polarization results show that CLS was a mix-type inhibitor [13] and mainly
inhibit the anodic process [10]. The inhibition effect of CLS may be attributed to the adsorption film
formed on the steel surface which would hinder the adsorption of chloride ions onto the surface [14].

Table 1. Parameters obtained via Tafel extrapolation of the polarization curves.

-B. (mV-dec™) Sa(mV-dec™) icorr (MA/CM?)
pH . . .
value without . without . without )

CLS with CLS CLS with CLS CLS with CLS
7 81 96 33 41 1.49x10° 5.73x10°
8.5 82 101 43 65 8.16x10°% 3.11x10°
9.5 85 99 109 115 2.95x10% 1.03x10°
10.5 91 104 112 124 5.32x10° 7.91x107
11.5 105 109 117 134 3.19x10°% 4.52x107
125 109 112 131 139 1.24x10° 1.63x107

IE% = (icorr without CLS- Tcorr with cLs) / corr without cLs; AEb = Ep with cLs — Eb without cLs-

Table 2. Parameters obtained from the polarization curves.

Ecorr (mV) Ep (mV) IE (%) AEp (mV)
pH . i
value without . without . ) .
CLS with CLS CLS with CLS with CLS with CLS
7 -297.81 - - 5.73x10°° 61.54 -
85  -305.74 - - 3.11x10°  61.88 -

9.5 -333.87  -207.65 -207.65 1.03x10°  65.08 272.73
105 -29235 -178.01  -178.01 7.91x107  85.13 396.04
115  -310.08 -95.03 -95.03  4.52x107  85.79 492.84
125  -395.15 -48.71 4871  1.63x107  86.85 616.74

3.2. Microscopic infrared imaging method (M-IR)

In order to further examine the adsorption and inhibition behavior of CLS on carbon steel in the
test solutions, M-IR analysis was carried out for the samples which were immersed in Ca(OH), + 0.1
mol/L NaCl solutions of different pH values with or without addition of CLS. The adding amount of
CLS was 0.001 mol/L. The test area on the samples was 50x50 um. To ensure the accuracy of the test,
on each sample three different areas have been observed. The M-IR spectra are composed of the visual
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image, the IR image and the FT-IR spectra. The visual image shows the appearance of samples, and
the IR image which corresponded to the visual image illustrates the distributions of the adsorbed
species. Different colors in IR images present different absorbance of species adsorbed on the surface
(lighter color presented stronger absorbance). The FT-IR spectra corresponded to the selected spots on
the IR images, which show the type and structure of the adsorbed species or groups at the spots.

The M-IR spectra of carbon steel without immersion are shown in Fig. 2 as comparison. On the
original steel surface the grinding marks can be observed on the visual image of Fig. 2a. Fig. 2b shows
the corresponding IR image. The FT-IR spectra for marked spots (No. 1 and No. 2 in Fig. 2b) are
illustrated as Fig. 2c. It can be seen that for the sample without immersion there are no discernible
adsorbed species on the surface.
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Figure 2. M-IR images of Q235 steel samples before immersion: a: Visible images; a’: Corresponding
IR image; a”: FT-IR spectra of the marked areas in IR image

Fig. 3 shows the M-IR images for samples immersed in Ca(OH), + 0.1 mol/L NaCl solutions of
different pH values with or without CLS. Figs. 3a through 3f and Figs. 3a’ through 3f" are the visual
images of samples immersed in solutions with and without inhibitors respectively. Figs. 3a” through
3f" and Figs. 3a” through 3f" are the IR images corresponding to the visual images. The IR spectra for
the selected spots on the IR images (No.1~No.24 in Fig. 3) are illustrated in Fig. 4.



Int. J. Electrochem. Sci., Vol. 11, 2016 6982

Figure 3. M-IR images of samples immersed in Ca(OH),+NaCl solutions of different pH values
without (a-f, a’-f’") and with CLS (a"-f", a”-f"): (a) pH = 7; (b) pH = 8.5; (¢) pH =9.5; (d) pH =
10.5; (e) pH = 11.5; (f) pH = 12.5.

At the pH value of 7~8.5, shown in Fig. 3a and Fig. 3b, large corroded areas appeared on the
sample immersed in solution without CLS. The surface appearance changed obviously by adding CLS,
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as shown in Fig. 3a” and Fig. 3b”. Many pits can be seen on the surface but the pits did not expand to
large corroded areas, suggesting that the general corrosion was retarded to some extent by adding CLS.
For the selected spots (N0.1-No.8) in Figs. 3a’, 3a”, 3b’ and 3b”, the FT-IR spectra are shown in Fig.
4a and Fig. 4b. After adding CLS, a tri-peak around 1400~1600 cm™ can be distinguished in FT-IR

spectra.
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Figure 4. FT-IR spectra of the marked areas in Figure 4: (a) pH = 7; (b) pH = 8.5; (c) pH = 9.5; (d) pH
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The peak is correspondent to the benzene ring of sinapyl alcohol monomer, which is a typical
functional group of CLS molecular [15]. The peak intensities at the spots around pits or at the areas
without obvious corrosion are similar, which suggests that the adsorption of CLS on the surface was
uniform.

When the pH value was raised to 9~10.5, as shown in Fig. 3c and Fig. 3d, for samples
immersed in solution without CLS, large corroded areas disappeared with many small pits instead on
the surface. With CLS added, some corroded areas about 5~10 um in diameter can be seen but the
number of the corroded spots were mach smaller (Fig. 3¢” and Fig. 3d”). The FT-IR spectra (Fig. 4c
and Fig. 4d) for the selected spots (N0.9-No0.16) indicate that the adsorption of CLS on the surface was
stronger. In addition, the result in Fig. 4c”
spots was stronger than on other areas.

When the pH value of solution was further increased to 11.5~12.5, the number and size of pits
on samples immersed in solutions without CLS were significantly reduced (Fig. 3e and Fig. 3f),
leaving a few locally corroded areas. After adding CLS, corrosion was effectively prevented. Also the
preferential adsorption of CLS around pits can be seen, which confirms our previous observation in a
saturated Ca(OH), + 0.1 mol/L NaCl solution with pH 12.6 [15].

At the pH value of 7~8.5, general corrosion happened on the steel surface and Fe?* ions were
produced [16]. According to HASB theory [17], the matrix Fe is a kind of soft acid, Fe?* ion is a
borderline acid while benzene ring in CLS molecular is a kind of soft base [18]. The soft base could
react with the soft acid and the borderline acid, leading to the adsorption of CLS both on the matrix
and on the corroded areas. The adsorption of CLS would form an adsorption film to protected the
matrix from corrosion and prevented the adsorption of chloride ions onto the surface [19].

Huet et al. [3] found that the transition pH of mild steel in concrete pore solution was between
9.4~10. When the pH value was higher than 9.5, a thin iron 11l oxide layer generally formed on the
steel surface [20-22]. The Fe*" is a hard acid while the matrix Fe is a soft acid [17]. The benzene ring
of sinapyl alcohol monomer in CLS could preferentially adsorb on the matrix Fe rather than on Fe3*
and effectively protect the matrix which is not covered by the passive film.

At the pH value between 10~13, passive film forms on the surface [3]. When the pH value is
higher than 10.5, the passive film protects the steel effectively, resulting in extended passivation region
on the polarization curves [23]. When CLS is added, the sinapyl alcohol monomer would preferentially
adsorb on Fe and Fe?" ions. As the results the locally corroded areas would be the preferentially
adsorbed areas for CLS [18]. According to Macdonald et al’s point defect model [24-28], the transport
and local accumulation of point defects in passive films such as the cation vacancies and the oxide
vacancies would cause the breakdown of the passive film. The adsorption of inhibitors could fill up the
defects on passive film and reduce the concentration of point defects [29, 30], increasing the protective
properties of passive film [31]. At the same time, the adsorption of inhibitors on the passive film may
form an “adsorption-passive” double film structure which could have a better inhibition efficiency due
to the barrier effect to chloride ion and water molecule [32]. Therefore, CLS could improve the passive
ability and have a positive shift on the pitting potential.

suggests that the adsorption of CLS around the corroded
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3.3. X-ray photoelectron spectroscopy analysis (XPS)

3.3.1. Wide-scan XPS spectra

XPS analysis was carried out to study the inhibition mechanism of CLS in the studied system.
The binding energy peaks were calibrated by the value of C1s peak at 285 eV. Fig.5 shows the wide-
scan XPS spectra of the samples immersed in Ca(OH), + 0.1 mol/L NaCl solutions with different pH
values for 10 h. As shown in Fig. 5a, without adding CLS, only C, O, Fe and CI could be detected on
the surface at the pH value of 7~9.5. With the pH value increased to 10.5~12.5, the peaks of Fe
obviously changed and Ca could be detected on the sample surface.
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Figure 5. Wide-scan XPS spectra of samples after immersion for 10 h in Ca(OH),+NaCl solutions of
different pH values: (a) without inhibitor; (b) with 0.001 mol/L CLS.

After adding inhibitors, peaks of C, O, Fe, Ca, S and Cl are observed in Fig. 6b. The addition of
CLS increased the contents of Ca and S on the surface. The presence of S could confirm the adsorption
of CLS because CLS was the only source in this study containing S. The intensity of Ca peak in Fig.
6b is higher than that in Fig. 6a, which may be due to the adsorption of CLS.

3.3.2. The passive film formed in solution of different pH value without CLS

Fig. 6 and Fig. 7 show Fe 2p3;, and O 1s spectra of the samples immersed in Ca(OH), + 0.1
mol/L NaCl solutions of different pH values for 10 h. As shown in Fig. 6a, at the pH value of 9.5,
ferrite was present on the surface as Fe,O3 (710.6 + 0.3 eV [33]) and FeOOH (711.2 £ 0.3 eV [33]).
The broad peak at 712.7 eV is the satellite peak of Fe,Os3, as illustrated in other studies [34]. The peak
of O 1s at 530.0 + 0.2 eV in Fig. 7a, which is related to O%, confirms the presence of Fe,Os [34, 35].
The peaks at 530.5 + 0.2 eV and 531.4 + 0.3 eV are attributed to O% [33] and OH [34, 36] in FeOOH.
The results of polarization test and M-IR test showed that general corrosion happened on the surface
when pH value was 7~9.5. According to the XPS results, the main corrosion products should be Fe,O3
and FeOOH.

The Fe 2ps/, spectra of samples immersed in test solution of pH 10.5 are shown in Fig. 6b.
Besides the peaks of Fe;O3 (710.6 £ 0.3 eV [33]) and FeOOH (711.2 + 0.3 eV [33]), small peaks at
706.6 eV and 708.4 eV are observed which should be attributed to Fe® (706.6 + 0.2 eV [37]) and FeO
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(708.4 + 0.3 eV [38]), respectively. The Fe® should be attributed to the matrix. O 1s spectra are shown
in Fig. 7b, and the presence of ferrite oxides and hydroxides are confirmed. The two peaks at 530.3 eV
and 532.6 eV should be due to the presence of CaO [34] and Ca(OH), [35]. Because the pH value of
the test solution was adjusted by adding Ca(OH),, with increasing pH value, the content of Ca(OH); in
the solution increased at the same time. A layer of CaO/Ca(OH), may present on the surface. Page et
al. [39, 40] suggested that steel may be protected by a layer of Ca(OH),, which could effectively retard
the catholic reaction and prevent corrosion. Page had put forward a hypothesis that “the passive film
was composed of different structures”, namely the outer layer of the passive layer was consisted of
calcium oxide/hydroxide and the inner layer of the passive film was ferrite oxide/hydroxide [41].
Yonezawa et al. [42] reported that a discontinuous layer of Ca(OH), formed on metal in saturated
Ca(OH); solution which provided a protection performance to the matrix. Frateur et al. [43] confirmed
the enrichment of Ca on the passive film in alkaline solution containing calcium ions, mainly
presenting as Ca(OH),. Fig. 8 shows the peaks of Ca. The peaks of Ca at 347.7 eV and 351.7 eV are
respectively due to Ca 2ps; [44] and Ca 2py, [45] of CaO/Ca(OH). When the solution pH value
increased to 12.5, the peaks of Fe, O and Ca showed similar results.

In short, in the test solution at the pH value of 7~8.5 without CLS, general corrosion happened
on steel surface. The main composition of the corrosion products were Fe,O3; and FeOOH. When the
pH value increased to 10.5~12.5, a passive film formed on the surface which mainly composed of
Fe,03 FeOOH, FeO and CaO/Ca(OH)s.
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Figure 6. Fe 2ps» XPS spectra of sample immersed in Ca(OH),+NaCl solutions of different pH values
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Figure 8. Ca 2p XPS spectra of sample immersed in Ca(OH),+NaCl solution of pH 10.5 for 10 h.

3.3.3. Passive-adsorption film formed in solutions of different pH values with CLS
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Figure 9. Fe 2p3, XPS spectra of sample immersed in Ca(OH),+NaCl + CLS solutions of different pH
values for 10 h. (a) pH = 7; (b) pH = 10.5.
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Figure 10. O 1s XPS spectra of sample immersed in Ca(OH),+NaCl+ CLS solutions with of different
pH values for 10 h. (a) pH =7; (b) pH = 10.5

Further, XPS spectra of samples after immersion for 10 h in Ca(OH), + 0.1 mol/L NaCl +
0.001 mol/L CLS solutions with different pH values were measured. Fig. 9 and Fig. 10 show the Fe
2p32and O 1s spectra. It is seen in Fig. 9a and Fig. 10a that at the pH value of 7~9.5 Fe was present on
sample surface as Fe,O3 and FEOOH. A broad peak at 533.4 eV appears in O 1s spectra, which is
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attributed to the peak of organic compounds reported by other researchers [34] and may be due to the
adsorption of CLS.

When the pH value increased to 10.5, Fe was present mainly as Fe,O3, FeOOH and FeO (Fig.
9b). The peaks of CaO/Ca(OH), also can be detected in the O 1s spectra. At the pH value of 7~8.5, the
main composition of corrosion products formed on the surface were Fe,O3; and FeOOH. When the pH
value was higher than 10.5, the surface was composed mainly of Fe,Os;, FeOOH, FeO and
CaO/Ca(OH),. The addition of CLS in solution did not change the composition of the passive film.

The peaks of Ca and S were measured to understand the adsorption behavior of CLS. Because
calcium may derive from both Ca(OH), in solution and CLS molecular, the Ca and S spectra of CLS
were firstly measured. As shown in Fig. 11, three peaks appear in the Ca 2p spectra which are at 347.9
eV, 351.6 eV and 344.7 eV respectively. The peaks at 347.9 eV and 351.6 eV are attributed to Ca 2p3,
[44] and Ca 2p1/, [45]. These two peaks are similar to those of CaO/Ca(OH), and may be attributed to
Ca-LS structure. While the peak at 344.7 eV is attributed to Ca** ions [46]. The Ca®" ions may be due
to the dissociation of CLS caused by moisture in the air. Fig. 11b is the S 2p3, spectra of CLS and two
peaks are seen at 165 eV and 168.8 eV, respectively. The peak at 165.2 eV is S 2py/; [47] while that at
168.8 €V is S in —SO3 group in CLS molecular [48].
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Figure 11. XPS spectra of CLS powders: (a) Ca 2p; (b) S 2p3..

Fig. 12 shows Ca 2p spectra of the sample immersed in Ca(OH), + 0.1 mol/L NaCl + 0.001
mol/L CLS solution with different pH values for 10 h. Previous result in Fig. 5 has shown that without
adding CLS, the peaks of Ca on the surface can be only detected when the solution pH increased to
10.5~12.5, hence the presence of Ca should be related to the formation of the passive film. However,
with CLS added, in the test solution of pH 7~9.5 Ca was also detected and the binding energy values
of the double peaks of Ca 2p are respectively 347.4 eV and 351.3 eV (Fig. 12a) which are slightly
lower than the values of CLS powders (347.9 eV and 351.6 eV in Fig. 11a). Hence it may be assumed
that the analyzed Ca was present not in CLS molecular, but more probably in the Ca-LS adsorption
structure. This result suggests that CLS was not directly adsorbed on the surface in molecular state but
might be firstly dissociated into Ca?* and LS ions in solution, then the LS™ and Ca?* ions adsorb on the
surface and form Ca-LS structure. Ouyang et al. [49] studied the adsorption between sodium
ligninsulfonate molecular and CaCOs. The sulfonic acid group showed a strong adsorption to Ca.
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Cizaire et al. [50] also reported the strong adsorption characteristic of —~SO3 group to Ca® ions in

solution. Therefore the —SO3 group in LS ions adsorbed on the steel surface would have a strong
adsorption to Ca®* ions in the solution.
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Figure 12. Ca 2p XPS spectra of sample immersed in Ca(OH),+NaCl+ CLS solutions of different pH
values for 10 h. (a) pH = 7; (d) pH = 10.5.

When the pH value increased to 10.5, a peak at 347.5 eV appeared in Ca 2p spectra. This peak
should be attributed to the Ca-O-S “co-adsorption” structure formed between —SO3 group in CLS
molecular and Ca enriched on the passive film [15]. As mentioned in the earlier discussion of Figs. 6
through 8, a CaO/Ca(OH), layer may be formed on the surface at the pH values of 10.5~12.5. When
the pH value increased to 12.5, the Ca 2p spectra showed similar result.

The co-adsorption structure can be confirmed by the S 2ps/, spectra. It is seen in Fig. 13a that at
the pH value of 7~9.5 the peak of S is at 168.7 eV, close to the binding energy of S in —SO3 group
(168.8 eV [48]). The peak should be attributed to LS ions adsorbed on the surface. At the pH values of
10.5~12.5, the peak of S shifted to 168.1 eV, which is the same to the binding energy of S 2pz, in Ca-
O-S structure (168.1 eV [15]). The inhibition efficiency of CLS in solutions with pH values of
10.5~12.5 is higher than in solutions of pH 7~8.5, which may be due to the Ca-O-S co-adsorption
structure.
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Figure 13. S 2ps;», XPS spectra of sample immersed in Ca(OH),+NaCIl+CLS solutions of different pH
values for 10 h. (a) pH = 7; (d) pH = 10.5.
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3.3.4. Mechanism of the adsorption of CLS in solution of different pH value

The above results confirm that in the test solution with pH values of 7~9.5, carbon steel was in
active state and CLS could effectively inhibit both the cathodic and the anodic reactions. The polar
groups in CLS molecular include sinapyl alcohol monomer (containing benzene ring and methoxy
group) and sulfonic acid group. The sulfonic acid groups or phosphate groups in organic molecular
could form a coordinate bond through sharing the lone pair of electrons with the d-orital of Fe or the
oxygen vacancies in the passive film [51, 52], while the benzene ring in sinapyl alcohol monomer
could also form a coordinate bond with Fe [53] and adsorb on steel surface. The adsorption of CLS
forms an adsorption film which would barrier the adsorption of chloride ions on the surface [10],
preventing the steel from corrosion.

When the pH value of the solution reached 10.5, the steel was passivated and a passive film
formed on the surface [3]. The main compositions of the passive film include Fe,O3, FeOOH, FeO and
Ca0/Ca(OH),. The sulfonic acid group of CLS has a strong adsorption characteristic with Ca [49, 50].
CLS could form a Ca-O-S co-adsorption [15] structure with the outer side layer of the passive film
which is composed of the oxides/hydroxides of calcium. The strong adsorption characteristic between
~S0; group in the adsorbed CLS on the surface and Ca®* ions in solution may improve the
compactness of the adsorption film on the surface, as shown in Fig. 14. As the result, under the
condition of higher pH, both the passive film and the compact CLS inhibition film effectively retard
the corrosion process of the steel.
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Figure 14. Schematic illustration of the adsorption between LS™ molecular and Ca?".

4. CONCLUSIONS

(1) In Ca(OH); + 0.1 mol/L NaCl solution with pH value between 7 and 9.5, carbon steel
was in active state. 0.001 mol/L CLS in the solution effectively inhibited both the cathodic and the
anodic reactions. When the solution pH value increased to 9.5~10.5, passivation occurred and the main
compositions of the passive film include Fe,O3, FEOOH, FeO and CaO/Ca(OH),. CLS could promote
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the passive state and raise the pitting corrosion potential E,. With increased pH value, the E;, value was
further increased by adding CLS.

(2) In the solution of pH 7~9.5, an inhibition film formed by adsorption of the sulfonic acid
group and benzene ring in CLS molecular on the surface. When the pH value increased to 10.5, a Ca-
O-S co-adsorption structure could form between —SO3 group in CLS and the outer side layer of the
passive film which is composed of CaO/Ca(OH),. The strong adsorption characteristic between —SO3
group in the adsorbed CLS on the surface and Ca”" ions in solution may further improve the
compactness of the adsorption film.

(3) The M-IR results indicate that in the solution of pH 11.5~12.5 CLS showed preferential
adsorption at the locally corroded spots on steel surface, which would be beneficial for the inhibition to
localized corrosion.
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