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Synergistic inhibition effect of Polyacrylamide (PA) and Tetradecylpyridinium bromide (TTAB) on
the corrosion behavior of carbon steel rebar in simulated cement-mortar pore solution was evaluated
by electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization techniques. The
EIS results revealed that the PA as a mixed-type inhibitor considerably enhanced corrosion protection
performance in carbon steel rebar with creation of an organic layer to prevent both cathodic and anodic
corrosion reactions. The obtained electrochemical results show that the inhibition efficiency of PA was
significantly enhanced in the presence of TTAB for carbon steel rebar which confirms the synergistic
corrosion effect between TTAB and PA. Because the inhibitor type changed from mixed-type to
anodic-type through the increase of TTAB concentration, they eventually delayed the anodic
dissolution of carbon steel which reduced the corrosion rate of the steel rebar in an aggressive
environment.

Keywords: Synergistic inhibition effect; Corrosion resistance; Simulated cement-mortar pore solution;
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1. INTRODUCTION

Nowadays, steel and related alloys have a fundamental role in social advancement because of
excellent mechanical strength, facile fabrication, and their merits on cost effectiveness [1-3].
Application-specific necessities for advanced steel types include continuous stability in ambient media
such as aggressive solutions for steel reinforced concrete structures and oil pipelines [4-6], allowing
for predictable topics on the corrosion.

Using inhibitors are one of most practical techniques for protecting metals against corrosion,
particularly in an alkaline environment [7, 8]. Most familiar inhibitors are organic compounds
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including oxygen, sulfur, and nitrogen atoms [9]. Among them, the surfactant inhibitors have many
benefits such as easy production, high inhibition efficiency, low price and low toxicity [10, 11].

In order to advance reduce the cost and the inhibitive force, the effect of synergistic inhibition
is an efficient technique [12]. This plays a significant role not only in the theoretical research on the
corrosion inhibitor but also in the practical work [13].

The synergistic effect increases in the order 1>Br>CI" [14]. The maximum synergistic effect
related to bromide ions has been associated with ease of polarizability hence and their large size may
be chemisorbed onto steel surfaces [15]. Phenomenon of synergism between bromide and chloride ions
was done on corrosion inhibition of carbon steel in acidic environment [16]. Synergistic effect studies
of halide ions and polymers in general and bromide ions in individuals have been reported for carbon
steel in the literature [17-20]. However, the report about synergistic effect between polyacrylamide in
general and tetradecylpyridinium bromide in particular for carbon steel is very rare. Therefore, in this
work, the effect of polyacrylamide in general and tetradecylpyridinium bromide on corrosion
inhibition of carbon steel rebar in simulated cement-mortar pore solution was studied by
electrochemical approaches.

2. MATERIALS AND METHODS

The carbon steel samples have a chemical composition of (wt%): 0.14% C, 0.022% S, 0.36%
Mn, 0.057% Si, 0.028% P and Fe balance. These steel rebars had 8 mm diameter and 8 cm length.
Before using, chemical cleaning was done on the carbon steel surface. In the simulated cement-mortar
pore solutions, its ionic composition principally contains Ca?*, Na*, OH-and K*, and at the early stages
of cement hydration, the pH-value of pore solution keeps above 13.0 at 25 °C [21]. The calcium
leaching produced by water may reduce the pH-value of simulated pore solution to lower than 10.5
[22]. Therefore, in this work, the pH-value of simulated cement-mortar pore solution is calculated as
13.5, and the molar-ratio of Ca(OH).: NaOH: KOH is 0.001:0.2:0.6 to prepare the pore solution with a
pH-value of 13.5. The pH-value of pore solution was adjusted through NaHCO3. Ca(OH)2, NaOH,
KOH and NaHCOs were used as analytical reagents and the purified-water was used as the solvent in
this work.
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Figure 1. Molecular structures of (a) Polyacrylamide and (b) Tetradecylpyridinium bromide

Polyacrylamide (PA), with the number average molecular weight (My) of 3x10° g mol! was
used as an inhibitor with a molecular structure which is shown in figure 1a. Tetradecylpyridinium
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bromide (TDPB) was used as another inhibitor with the molecular structure which is shown in figure
1b. Both inhibitors were purchased from Shanghai Chemical Reagent Co., Ltd in China. The
synergistic inhibition effects were considered with PA and TTAB at mass-ratios of 1.0, 1:0.5, 1:1, 1:2
and 1:4, respectively.

EIS technique was applied to study the corrosion behavior of carbon steel rebars. A triple-
electrode system was applied for the measurements which contain the carbon steel bar as the working
electrode, a platinum wire and a saturated calomel electrode as an auxiliary and a reference electrode,
respectively. The EIS assessments were done at a frequency range from 0.01 Hz to 0.1 MHz after one
week immersion time. The analysis was performed after being immersed in a simulated cement-mortar
pore solution using a PARSTAT 2273 (Advanced electrochemical system). Inhibition efficiency (ne) is
determined by following equation:

Ne = 2e=Ret % 100% Q)

Ret
where Ret and Re* are charge-transfer resistance values with and without inhibitors,
respectively. The polarization analysis was performed from -950 mV to 450 mV at a scan rate of
1mV/s. Inhibition efficiency e is determined by following equation:
n, = lerior o« 10005 (2)

Leorr

where icor and icor™ show values of corrosion current density with and without inhibitors,
respectively. The surface morphologies of the steel rebars were considered by scanning electron
microscope (SEM, Zeiss Sigma 300 VP).

3. RESULTS AND DISCUSSION

350 1 Blank

300 “

(X N N N J

250 -
a 200 1
N 150 |

100 1

50 A

0 200 400 600 800
Z2',Q

Figure 2. Nyquist diagrams of carbon steels into the simulated cement-mortar pore solution with
different concentration of PA inhibitor after one week exposure time

The Nyquist plots of carbon steels into the simulated cement-mortar pore solution with
different concentrations of PA inhibitor after one week exposure time are revealed in Fig. 2. As
indicated, these plots have similar shape in all tested concentrations which shows that there is almost
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no change into the corrosion mechanism with the addition of inhibitors [23]. When the concentration
of PA inhibitors enhanced, the diameter of the semi-circle loop enhanced due to the creation of passive
layer or adsorption of PA in anodic site of the carbon steel rebar and so reduced the iron dissolution
[24]. The passive film reduced the attack of aggressive ions on the surface of the carbon steel rebar and
competently controlled the pitting corrosions.
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Figure 3. Equivalent circuit model

Figure 3 indicates an equivalent circuit model used in this work. Rs and CPE show the solution
resistance and constant phase element. Rp is the polarization resistance which contains diffuse layer
resistance (Rd), charge-transfer resistance (Rct), film resistance (Rf) and the resistance of accumulated
species in the solution/metal interface (Ra) [25].

Rp =Ra+ Retrt R+ Ry (3)
The electrochemical parameters of Rp and Cq are determined by ZSimpWin software and
revealed in Table 1. As shown, the Rp values were significantly increased from 203 Q to 811 Q, as

concentration of PA inhibitor increased in the pore solution which indicated that the presence of PA
led to the corrosion resistance enhancement of the carbon steel rebar.

Table 1. The electrochemical parameters

PA concentration Rs(Qcm?) | Rp(Qcm?) | Ca(uF cm™)

Blank 28 203 79.3
0.1 mM 26 405 74.5
0.2 mM 23 573 63.1
0.5 mM 25 648 52.8

1mM 27 732 39.2

2mM 24 811 28.7
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Figure 4. The bode plots of carbon steel rebars immersed in simulated cement-mortar pore solution
with different concentration of PA inhibitor after one week exposure time
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Figure 5. (a) Nyquistand (b) Bode plots of carbon steel rebars immersed in simulated cement-mortar
pore solution with different concentration of combined PA and TTAB inhibitors after one week
exposure time
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Figure 4 indicates the Bode plots of carbon steel rebars immersed in simulated cement-mortar
pore solution with different concentrations of PA inhibitor after one week exposure time. As shown,
when PA inhibitor contents were increased up to 2 mM, the impedance values increased. This result
shows that a high amount of PA inhibitor can strangely control the corrosion behavior of the carbon
steel rebars in pore solution. It can be associated with covering the active site on the surface of carbon
steel rebar through a PA inhibitor. Moreover, it can be associated with the formation of passive film on
carbon steel surfaces by inhibitor adsorption. The sample immersed into the pore solution without PA
inhibitor was more sensitive to corrosion due to corrosive ions reached on the surface of carbon steel
rebar. Thus, an increase in impedance value was obtained in pore solutions containing PA inhibitors.
As revealed in Fig. 4, maximum phase-angle for pore solution containing PA inhibitor was shifted
toward a higher angle because of the formation of protective passive film [26]. The phase-angle was
shifted from -63° to -82° in pore solutions with blank and 2 mM FA inhibitor, showing the passive
film was uniform and homogenous.

In order to evaluate the synergistic effect of TTAB inhibitor on the PA corrosion inhibition for
carbon steel rebars in pore solution, EIS measurements were done. Figure 5 shows the Nyquist and
Bode plots of carbon steel rebars immersed in simulated cement-mortar pore solution with different
concentrations of combined PA and TTAB inhibitors after one week exposure time.

The results obviously reveal a distinct effect of TTAB inhibitor on corrosion behavior of
carbon steel compared to blank pore solution without and with PA inhibitor. As shown Figure 5, the
semicircle radius in Nyquist plot, maximum phase-angle and impedance of the interface in the Bode
plots increase by the addition of TTAB to the PA inhibitor and further increase was found as the
concentration of TTAB increases. The Nyquist plots show only one depressed semicircle, which is
related to a one-time constant in the Bode diagrams. The capacitive loop can be caused by the time
constant of charge-transfer resistance and the electrical double-layer [27]. The increase of the
polarization resistance value at low-frequency for the pore solution with PA containing high content of
TTAB can be attributed to increased adsorption of bromide ions onto the steel surface which totally
displaced adsorbed intermediates or the other species such that the PA inhibitor was now adsorbed on
the top of earlier chemisorbed bromide layer and not directly on the surface of carbon steel.

Table 2. The electrochemical parameters

Inhibitor Rs (Qcm?) | Rp(Qcm?) | Ca(uF cm?) Ne (%)
Blank 28 203 79.3 -
PA:TTAB (1:0) 26 405 74.5 49.8
PA:TTAB (1:0.5) 29 604 67.4 66.3
PA:TTAB (1:1) 21 723 62.9 71.9
PA:TTAB (1:2) 23 1046 41.6 80.5
PA:TTAB (1:4) 27 1239 32.7 83.6

The equivalent circuit indicated in Figure 3 was applied to fit the experimental results achieved
from the impedance measurements. Table 2 indicates the corresponding electrochemical parameters.
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As shown, addition of TTAB to PA inhibitor increased the polarization resistance (Rp) from 203 Qcm?
to 1221 Qcm?. Moreover, the double-layer capacitance (Cqi) reduced by increasing the concentration of
TTAB. Inhibition efficiency (ne) was also observed to be improved from 49.8% for PA to 66.3-83.6%
in addition to different concentrations of TTAB to PA pore solution. The enhanced inhibition
efficiency arising from the addition of bromide ions to PA inhibitors is because of synergistic effect.

To further evaluate the synergistic effect of PA and TTAB inhibitors on corrosion behavior of
carbon steel in simulated cement-mortar pore solution, polarization analysis were done at 40 °C. Figure
6 reveals the polarization plots of carbon steels in the pore solution containing various inhibitors. As
shown, the inhibitors may affect both cathodic reactions and anodic dissolution on the surface of
carbon steel rebar. The corrosion potential of carbon steel in the existence of inhibitors clearly shifted
to the positive direction. The PA and TTAB are mixed-type inhibitors and anodic-type, respectively
[28, 29]. Thus, the inhibitors changed from mixed-type to anodic-type through the increase of TTAB
concentration, which finally delayed the anodic dissolution of carbon steel. Table 3 indicates the
electrochemical parameters obtained from the polarization plots. As indicated in table 3, ne of PA and
TTAB inhibitors is considerably higher than those of only PA. The ne of the inhibitors increased
intensely by increasing TTAB concentration. Although the total ne values vary from those achieved by
the EIS technique, the trends of their change are consistent with the increase of TTAB content
achieved by these two techniques.
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Figure 6. The polarization plots of carbon steels in the pore solution containing various inhibitors

Table 3. The electrochemical parameters obtained from the polarization plots

Inhibitor Ecorr(V) icorr(}J.A/CmZ) Me (%)
Blank -0.756 151.35 -
PA:TTAB (1:0) -0.748 91.43 39.6
PA:TTAB (1:0.5) -0.721 52.62 65.2
PATTAB (1:1) -0.659 1.69 98.8
PA:TTAB (1:2) -0.627 1.32 99.1
PATTAB (1:4) -0.602 3.46 97.7
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From Table 3, it found that the icor is reduced from 151pA/cm? in the blank solution to
91/Acm? in the existence of PA. The icorr Values were further decreased to 52-1.3 pA/cm? with the
addition of different concentrations of TTAB. Furthermore, inhibition efficiency was improved from
39.6% obtained for only PA to 65-99% in addition to TTAB to PA. This shows the synergistic
corrosion effect between TTAB and PA.

Figure 7 indicates the surface morphologies of carbon steel rebar in simulated cement-mortar
pore solution with and without inhibitor after one week. Figure 7 presented that the sample exposed to
the pore solution containing both PA and TTAB has a more uniform and smooth surface than that one
in blank pore solution which confirms previous reports.

Figure 7. Surface morphologies of carbon steel rebar exposed to (a) blank (b) only PA and (c) PA:
TTAB (1:2) pore solution after one week.

4. CONCLUSIONS

Using inhibitors is one of most practical techniques for protecting metals against corrosion,
particularly in an alkaline environment. In this research, synergistic inhibition effect of PA and TTAB
on the corrosion behavior of carbon steel rebar in simulated cement-mortar pore solution was
evaluated by EIS and potentiodynamic polarization techniques. The EIS results revealed that the PA as
a mixed-type inhibitor considerably enhanced corrosion protection performance in carbon steel rebar
with creation of an organic layer to prevent both cathodic and anodic corrosion reactions. The obtained
electrochemical results show that the inhibition efficiency of PA was significantly enhanced in the
presence of TTAB for carbon steel rebar which confirms the synergistic corrosion effect between
TTAB and PA. Because the inhibitor type changed from mixed-type to anodic-type through the
increase of TTAB concentration, they eventually delayed the anodic dissolution of carbon steel which
reduced the corrosion rate of the steel rebar in an aggressive environment. FESEM results indicated
that the carbon steel rebars exposed to the pore solution containing both PA and TTAB had a more
uniform and smooth surface than that one in blank pore solution.
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