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Abstract

Reinforcing steel is used extensively in buildings to provide strength and integrity to the concrete
structure. This material is, however, highly susceptible to corrosion in chloride-contaminated
environments, which increases the risk of structural instability and failure. This work characterises the
mechanisms and efficiency of corrosion protection offered by sodium nitrate, casein, and two amino
acids (11-aminoundecanoic acid, and p—aminobenzoic acid) in simulated concrete pore solutions with
different contents of chloride ions. The performance of each inhibitor in the critical chloride
concentration (Ccix) Was investigated using electrochemical techniques. Open circuit potential and
linear polarisation were used to identify the Cgit in synthetic pore solutions. Potentiodynamic
polarisation and electrochemical impedance spectroscopy were performed to evaluate the corrosion
activities and the passivation mechanism of inhibitors in Ceit. Results indicate that reinforcing steel can
be protected through an appropriate selection of corrosion inhibitors. Among of the inhibitors studied
here, casein demonstrated the highest corrosion inhibition efficiency with minimum current density of
9.19x10® pA/cm? and inhibitor efficiency of more than 80%. Casein provides passivity to the
reinforcing steel in the presence of the Cq; in the pore solution.
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Introduction

The corrosion of reinforcing steel is a major cause of failure in concrete structures and has a detrimental
effect on the sustainable use of natural resources and on the economy [1]. It has been estimated that the
global cost of corrosion is US$2.5 trillion, equivalent to 3.4% of the global gross domestic product
(GDP) of 2013, and this cost includes neither individual health and safety nor environmental
consequences [2]. It is, therefore, important to develop technologies that promote corrosion protection
and enhance the service life of concrete structures [3].

The concrete matrix itself provides initial physical and chemical protection to the embedded steel. This
physical barrier retards the ingress of aggressive species such as chlorides, carbon dioxide, sulphates,
oxygen and moisture and its high alkalinity also offers chemical protection through the formation of
stable iron oxide on the surface of the reinforcement [4]. Generally, the corrosion mechanism of steel
consists of anodic reactions, associated with the dissolution of iron ions from the steel, and cathodic
reactions, or reduction processes (Reactions 1 and 2). Chemical reactions of species produced in anodic
and cathodic processes initiate the formation of iron hydroxide (Reaction 3); this formation, in turn,
tends to react further with oxygen to form higher oxides (Reaction 4) [5]. These iron oxides are stable
at the high pH of the concrete according to the Pourbaix diagram [6].

Fe(s) ¢ Fe** +2e” Reaction (1)
H,0 + %Oz + 2e~ — 20H™ Reaction (2)
Fe?* + 20H™ o Fe(0OH), Reaction (3)
6Fe(OH), + 0, = 6H,0 + 2Fe;0, Reaction (4)

Initial physical and chemical protection can, however, be interrupted due to carbonation or ingress of
chloride ions which are detrimental to the protective film. Failure in the protective, or passive, film
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induces a new cycle of oxidation and reduction processes and causes further corrosion of the embedded
steel.[7]. The subsequent formation of the expansive corrosion product on the surface of the
reinforcement has been established as a cause of cracking and spalling of the concrete, which in turn
creates easier paths for the aggressive ions to reach the reinforcement and thus, accelerates the corrosion
and degradation process [8].

Many factors affect the degradation of passive film and two are particularly important: the concentration
of chloride ions adjacent to the reinforcing steel, and the chloride binding capacity of the concrete
matrix. The initial concentration of chloride ions required to break down the passive film we term Ceit
[9,10]. The initial concentration of chloride ions needed to break down the passive film is dependent on
the alkalinity of the concrete, and therefore the concentration of the chloride ions in the vicinity of the
rebar surface is commonly expressed by [CI"]/[OHT][11,12]. There is, however, uncertainty about Cit
because the ingress of chloride ions into the concrete matrix is affected by the binding, chemically or
physically, of chloride to the hydration products which decreases the tendency of chloride to react with
the iron oxide. Various studies have demonstrated a positive effect of additives such as silica fume and
fly ash in increasing the critical level of chloride ions (C.ix) due to binding with chloride ions and
subsequently hindering the initiation of the corrosion process[11,13].

Adding corrosion inhibitors to the concrete mixture can thus increase the Ccix which subsequently
increases the durability of the concrete structure in chloride contaminated areas. The mechanism of
corrosion protection of such inhibitors is varied, and is dependent on the nature of the inhibitors. The
main mechanism is based on impeding the cathodic and anodic reactions on the surface of the steel. The
majority of inorganic inhibitors such as sodium nitrites and monofluorophosphates impede the anodic
reactions, inhibiting corrosion in reinforced concrete, and are widely used in large construction projects
and buildings. However, they have proven to be toxic to humans and their use in Europe is being
guestioned[14,15]. An alternative is to use organic inhibitors such as amino-alcohols, which, due to
their high vapour pressure, can penetrate through the concrete and react with the surface of the
reinforcing steel [16,17]. The mechanism of corrosion inhibition is based on surface adsorption of the
inhibitors on the steel, which blocks other aggressive ions from reacting with the steel [18]. The
development of hybrid corrosion inhibitors, being mixes of different types of inhibitors, has improved
effectiveness further. For instance, Pan et al. synthesized imidazoline which comprises a symmetrical
molecular structure with two imidazoline heterocycles and two alkyl long chains of lauric acid [19].
However, complex, expensive procedures are not ideal and highlight the need for a new approach to
find affordable, efficient inhibitors with low environmental toxicity.

Recently, therefore, attention has been given to the development of natural and environmentally friendly
corrosion inhibitors. Casein, which is best known as a protein in dairy milk, contains multi-functional
groups that are able to initiate intermolecular reactions and adsorb spontaneously onto the stainless steel
surface [20]. The adsorption mechanism was reported to be slightly endothermic due to the energy
required to break the intermolecular bonds of proteins and form a new bond at the protein/metal
interface [21]. In addition, the molecular structure of the casein induces a noticeable super-plasticizing
effect on concrete [22]. 11-aminoundecanoic acid, p—aminobenzoic and sodium nitrate are all produced
artificially for the food industry or from natural origins and consist of many functional groups and have
the potential to be used as green corrosion inhibitors. There is, however, little information about the
efficiency of any of these greener materials to protect reinforcing steel against the corrosion in pore
solution. The aim of this research is, therefore, first to establish the critical concentration of chloride
ions at which corrosion of reinforcing steel is initiated (Ccrit), and then to evaluate the performance and
efficiency of green inhibitors in pore solution at Ce;i.

Materials and methods

Commercial reinforcing steel was obtained from a local supplier and then sectioned into plates with
diameters and thicknesses of 10 mm and 3 mm, respectively. The chemical composition of the rebar is
presented in Table 1.



Table 1: Chemical composition of the reinforcing steel

Chemical ] _
composition (%owt) c Mn Si S Cr Ni Cu Fe

Reinforcing steel  0.19 0.82 0.13 0.02 0.1 0.14 057 Balance

All electrochemical tests were performed in a pore solution containing 0.1M NaOH, 0.3M KOH and
saturated with Ca(OH),. This solution has a similar chemical composition to a pore solution extracted
from cement paste samples with w/c=0.42, wet cured for 7 days as described elsewhere [23]. Four
corrosion inhibitors were tested: sodium nitrate (0.05M), casein (9.7x10“M), 11-aminoundecanoic acid
(0.05M), and p—aminobenzoic acid (0.05M). The details of evaluated systems are described in Table 2.
The 11-aminoundecanoic acid and p—aminobenzoic acid will henceforth be referred to as 11-AD and
4-AB, respectively.

Table 2: Details of the chemical composition of the testing solution used to evaluate the corrosion
activity in reinforcing steel

Pore solution Chloride Corrosion Inhibitor
System NaOH KOH Ca(OH)2 [CIJ/[OH] Sodium Casein 11-AD  4-AB
tested (mol/L)  (mol/L)  (mol/L) nitrate(mol/L)  (mol/L) (mol/L)  (mol/L)
1 0.1 0.3 saturated  0,0.4,0.8, 0 0 0 0
1.2,1.6,2,
3
2 0.1 0.3 saturated 2 0.05 0 0 0
3 0.1 0.3 saturated 2 0 9.7x10% O 0
4 0.1 0.3 saturated 2 0 0 0.05 0
5 0.1 0.3 saturated 2 0 0 0 0.05

Electrochemical studies of reinforcing steel in synthetic pore solution

In order to evaluate the corrosion activities of reinforcing steel, electrochemical tests were performed
in a 100ml corrosion cell using a potentiostat PGSTAT 204 AUTOLAB. A three-electrode
electrochemical cell consisted of a platinum plate as a counter electrode, an Ag/AgCl reference
electrode and rebar with the surface of 1 cm? as the working electrode. The potential of reinforcing steel
(OCP) or half-cell potential allows characterization of the metal/electrolyte interface in a rapid and non-
destructive way. The OCP represents the variation of potential with time and these values are sensitive
to the change of surface condition, composition, and pH of the solution. This potential was monitored
with respect to the silver chloride reference electrode for 24 hours before performing linear polarization
to ensure that the change in potential with time (dV/dt) is less than <1 uV/s for two continuous hours.
Evaluation of the steady state potential of the working electrode and all electrochemical studies were
undertaken at room temperature (23 + 2 °C).

Linear polarization with a sweep of £ 20 mV from the OCP and scan rate of 1 mV.s* was performed.

In order to obtain the corrosion current density (icorr), polarization resistance, Ry, which is defined as a
slope of a potential-versus-current density line within the zero current point i = 0, equation 1 was used
for calculating above mentioned parameters [24,25]. Additionally, the Stern—Geary constant (Eg. 2),
which is calculated from the anodic and cathodic Tafel slopes, b, and b, respectively, was used to
obtain the corrosion current density.

R, = (aﬁ_iE) Equation (1)
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Equation (2)

Once the Rp and B are defined, the corrosion current density can be calculated using Eqg. 3.

icorr = R% Equation  (3)

Corrosion potential (Ecorr) can be identified from the Tafel plot when the anodic reaction rate is equal
to the cathodic reaction rate and there is no net current flow. The electrochemical parameters associated
with the polarization measurements such as corrosion potential (Ecorr), corrosion current density (icor),
Tafel slopes (ba, bc) and corrosion rate (CR) were obtained using AUTOLAB software. A
Potentiodynamic polarization test was carried out by applying a range of potential -300 mV to +1.1V
versus reference electrode with a sweep rate of 0.1 mvs™

The efficiency of each inhibitor in preventing corrosion is expressed as a percentage (%IE), calculated
using Eq (4).

io—1i

%IE = — X 100 Equation (4)

where i and i represent corrosion current density without and with the use of inhibitors.

Three replicates were used for each experiment under the same conditions and the average results were
reported.

Electrochemical Impedance Spectroscopy (EIS)

To better understand the mechanisms of inhibition involved, Electrochemical Impedance Spectroscopy
(EIS) was also periodically used. Data collection was performed at the open circuit potential, during
immersion in the synthetic pore solution (pH 13.2) at room temperature. A signal of 10 mV rms was
imposed and the frequency ranged from 100 kHz down to 10 mHz, using an AUTOLAB PGSTAT204.
A three-electrode electrochemical cell was used inside a Faraday cage with the cell set-up as described
earlier and the data was modelled with the appropriate equivalent circuit using Zview software.

Results and discussion
1.Half-cell potential
In order to determine the chloride threshold of the reinforcing steel in synthetic pore solution, the

variation of the potential in different chloride concentration monitored for 24 hours. The results are
presented in Figure 1.
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Figure 1: Variation of OCP value for reinforcing steel in synthetic pore solution at different ratios of
[CI)/[OH] in absence of corrosion inhibitor.

The initial value of the OCP in the non-chloride solution was in the region of -0.55 V and it gradually
shifted to a more positive potential. The increase in potential was expected and was due to the formation
of the passive oxide film on the reinforcing steel. The protective hydroxide Fe(OH), or stable iron oxide,
according to the thermodynamic diagram of Pourbaix and Reaction 3, is formed in the alkaline synthetic
pore solution [6]. This passive film is composed of a double layered structure: an inner layer rich in
Fe?* and an outer layer rich in Fe** hydroxides [26]. Other investigations show that passive film can be
formed in two stages: the first stage, which takes place within hours is related to the formation of a
dense and compact Fe Il oxide layer, while the second stage is related to the thickening of the film
[27,28]. The increase of OCP over time was a result of the formation and growth of the protective
passive layer on the reinforcing steel. The growth rate of the protective layer was, however, limited and
the OCP reached a plateau after 20 hours of immersion. There is some evidence to suggest that the
thickness of the passive oxide film is typically in the range of 3 to 15 nm and it was affected by the
composition of the solution [27]. For instance, saturated calcium hydroxide in solution forms a
Ca(OH).-rich layer on the steel and hinders the cathodic reactions [29,30]. The final OCP value after
the formation of the protective passive layer was approximately -0.25 V. This value was consistent with
the OCP value obtained in the simulated concrete pore solution reported in the literature [14].

1.1 Effect of chloride ions

The addition of chlorides to the synthetic pore solution had a detrimental effect on the OCP and caused
a smooth shift of the OCP to the cathodic potential. Studies show that the chlorides alter the passive
film stoichiometry by increasing the ratio of Fe* to Fe?* in the metal-film interface [31]. The
mechanism describing the impact of the chlorides on the passive film has been investigated by
Dormohammadi et al. Based on this mechanism, de-passivation of the reinforcing steel has multiple
stages: in the first stage chloride ions initiate interaction with the high energy iron ions in the passive
film. Due to the high concentration of OH" in the solution, chloride ions cannot form a stable bond with
iron ions and the chloride ions in newly formed iron chloride were immediately replaced with hydroxide
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and formed Fe(OH)s [31]. Absorption of three OH" ions from solution decreases the local pH at the
interface of the electrolyte and passive film. In the next stage, chloride ions slightly dragged out the
iron ions from the passive film. Lowering the concentration of OH" at the interface promotes formation
of the Fe(OH).Cl which is not soluble in the solution. The continuous attack of the chloride ions as
described above caused formation of Fe(OH)CI, or FeCls; on the surface which are soluble in the
electrolyte. The FeCl; and Fe(OH) Cl; are converted to Fe(OH)s in the electrolyte releasing the chloride
ions to the electrolyte where they can participate in another catalytic cycle of de-passivation [31].

The relation between the chloride concentration and open circuit potential is indicated in Figure 1. The
smooth shift of potential to the negative value can be related to the decrease of the passive film thickness
and initial interaction of chloride ions and iron ions in the passive film structure as described earlier.
De-passivation of the reinforcing steel needs a sufficient number of chloride ions to decrease the local
pH and form enough soluble FeCl; and Fe(OH).Cl to break down the passive film in the reinforcing
steel. The critical concentration of chloride ions for de-passivation was achieved when the ratio of
[CI)/[OH] reached 2 and, subsequently, a significant breakdown in potential was observed, clearly
indicating the pitting initiation and de-passivation in the reinforcing steel. The corrosion potential in
this critical concentration reached the value of -0.48 V and showed small fluctuations within a range of
0.03 V of this potential.

1.2 Effect of inhibitors

The addition of inhibitors to the pore solution containing the critical concentration of chloride ions
strongly influences the OCP values as shown in Figure 2.
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Figure 2: The OCP value of reinforcing steel in synthetic pore solution with different inhibitors at
critical concentration of CI/OH ratio

According to the ASTM C876-09, the active corrosion of embedded rebar in cement is identified when
the OCP value is more negative than -0.273 V. However, environmental parameters such as availability
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of oxygen as described earlier, Reaction 3, or of other additives, influence the corrosion process and
OCP values [32]. Inthis research, sodium nitrate, as an inhibitor, shifted the potential of the reinforcing
steel (-0.48V) to a more positive value. Nitrates are considered to be anodic inhibitors that form an
insoluble protective film on the anodic spot of the corroding steel and block further anodic reaction and
subsequently the surface of the steel is re-passivated [24]. The increase of OCP in the presence of
sodium nitrate was limited to the first few hours and a subsequent breakdown in OCP was observed and
the potential shifted to the cathodic values close to the potential of corroding steel (-0.48V). Breakdown
in potential can be linked to the pH and availability of oxygen in pore solution since nitrates can enhance
formation of passive film in acidic solution. Indeed, the passive film is nearly independent of nitrates
in the alkaline solution [33,34].

The application of 11AD, the second inhibitor, promoted a limited sustained shift to positive potential
for only 8 hours; it then exhibited a breakdown toward the corroding potential. Similarly, when 4AB
was used as an inhibitor the OCP broke down, but nevertheless after this collapse the recorded OCP
value was -0.42 V, which was still higher than the corroding potential of the reinforcing steel (-0.48 V)
as shown in Figure 1. Although this potential is more anodic (more positive) than the corroding
potential, there is still a high risk of corrosion according to the ASTM standard C876-91.

In contrast, casein shifted the OCP of the corroding steel to the noble values and no significant decrease
or breakdown in OCP was observed during immersion in pore solution containing Ccir. The enhanced
passivity of reinforcing steel even at Ci: can be attributed to the absorption of casein into the surface
of the steel since casein contains many polar functional groups such as carbonyl, amide and amino
groups [35]. The availability of these polar groups may facilitate formation of a complex of iron oxide
and casein on the surface and subsequently change the chemistry of the interface. The OCP value of the
passivated reinforcing steel in the presence of casein was approximately -0.32 V, which is 0.280 V
higher than the corroding OCP potential.

2. Electrochemical analysis
2.1 Linear polarisation resistance
2.1.1 Effect of chloride ions

The polarisation resistance (Rp) of the reinforcing steel as a function of the chloride concentration is
shown in Figure 3. Polarization resistance is defined as a slope of the current versus potential in a range
of £20 mV from the OCP value. This range was selected because limited sweeping potential and small
scan rate guarantee enough acquisition data points to identify the slope with the minimum disturbed
potential for the irreversible reactions in the reinforcing steel [36].

Results show that the polarisation resistance decreased with increasing chloride concentration.
However, a sharp decrease of the polarization resistance was observed when [CI]/[OH] =2 and it was
assigned as the critical concentration of chloride (Ccrit). The decrease the polarisation resistance before
Cerit could be related to the formation of defects in, or decreasing thickness of, the passive film. This
sharp decrease is also a clear sign of de-passivation of the reinforcing steel in synthetic pore solution.

The corrosion current density (icor) Of reinforcing steel in different pore solutions was calculated using
Eq. (3) where Rp was obtained from linear polarisation tests and B was extracted from the Tafel plot
[37]. It has been reported that the B value is equal to 26 and 52 mV for the active and passive states of
the steel, respectively. These values are widely used in estimations of the corrosion rate of reinforcing
steel [37,38]. The value of B depends on many parameters: the conductivity of the electrolyte and ion
transport, which participate in redox reactions (in concrete), the pH of the electrolyte and the type of
passive film on the surface of the reinforcing steel. Thus various values have been reported for the
constant B value [37,39,40]. In this study, the value of B was calculated using anodic and cathodic
branches of the Tafel slope to identify the corrosion current density in the Stern—Geary formula. The
results are shown in Table 3.

Table 3: Variation of corrosion current density and its correlation with chloride concentration using
the Stern—Geary formula
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[CIJ/[OH] icor (WA/CM?) Ecorr (V) B(V) ba (V/decade) b (V/decade)

0 0.06 -0.267 0.029 0.214 0.101
0.4 0.13 -0.306 0.036 0.253 0.128
0.8 0.20 -0.310 0.037 0.265 0.128
1.2 0.12 -0.331 0.038 0.310 0.122
1.6 0.13 -0.330 0.033 0.218 0.116
2 1.2 0.492 0.023 .089 0.141

As shown in Table 3, the highest current density is 1.2 uA/cm? when [CI)/[OH]=2 which can be
considered the critical chloride concentration; the corrosion current density (icorr) Of the steel did not
significantly change in the pore solution until the chloride concentration reached the critical value.

Although the value of B from the Stern—Geary formula was calculated by measuring the Tafel slope,
the R, was obtained from the slope of current versus potential. Therefore, the polarisation resistance is
independent of the B value and can be considered as an independent parameter in evaluating corrosion.

The average value of R, diminished with the shift of the corrosion potential to cathodic values and with
increasing concentration of the sodium chloride solution, as shown in Figure 3. Eventually polarisation
resistance dropped to the value of 19kQ when the chloride concentration reached the value of Ccir and
caused high significant rate of corrosion. Studies show that the critical concentration of chloride can
change with the pH value of the concrete pore solution. For instance, in the synthetic pore solution with
lower pH, Cgit is only 0.6 for de-passivation of reinforcing steel which is much lower than the value
obtained in this research [12].
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Figure 3: Polarisation resistance of the reinforcing steel in pore solution containing different chloride
concentrations without the presence of corrosion inhibitors

Polarization results show that reinforcing steel is protected at lower concentrations than the Ceix and
addition of corrosion inhibitors had negligible effect on corrosion current density and polarisation



resistance of reinforcing steel (not shown here); therefore, further investigations were performed at
critical chloride concentration (Cerit).

2.2 Potentiodynamic polarisation
2.2.1 Corrosion inhibitors

To corroborate the OCP results with another electrochemical technique, potentiodynamic studies were
performed in pore solutions with and without inhibitor at [CI]/[OH] = 2. All the tests were performed
after 24h of immersion in the pore solution and the results are shown in Figure 4.
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Figure 4: Potentiodynamic polarisation of the reinforcing steel in pore solution contains different
types of inhibitor

The potentiodynamic results provide critical information about the corrosion potential, passivity of
reinforcing steel and breakdown potential of the passive film when inhibitors participate in the corrosion
process. The potentiodynamic polarisation of the reinforcing steel without inhibitors showed that the
passive layer on reinforcing steel was formed in a limited range of potential, from -0.350V to -0.140V
as seen in Figure 4. High alkalinity of the pore solution is the main reason for the formation of a passive
layer, even at high chloride concentrations. However, due to chloride attack, this passive layer broke
down at Epir=-0.140V, which was much lower when compared to the pore solution containing inhibitors.

The current density of the passive film is constant regardless of the type of solution. Presence of the
inhibitors in the pore solution may prolong the stability and consistency of the passive film. 11-AD
significantly decreased the anodic current density before the formation of the passive layer, but the
cathodic current and corrosion potential remained unchanged. The mechanism of 11-AD inhibition is
based on blocking the anodic reactions and, subsequently, lowering of the current density during anodic
scan [24]. 11-AD provided a stable passive layer with high breaking potential Epi= 0.480 V, which is
significantly higher than the pitting potential of reinforcing steel without inhibitors (Epi= -0.140 V).
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Sodium nitrate in pore solution did not protect the reinforcing steel significantly and corrosion current
density and corrosion potential remained unchanged in comparison with the reinforcing steel in pore
solution without inhibitors (Table 4). Table 4 presents the main kinetic parameters, the corrosion current
density, Tafel slope and B for an apparent surface area of 1 cm? in presence of different inhibitors . the
pitting potentials of reinforcing steel in the presence of sodium nitrate become slightly enhanced and
reached the value of E,i=-0.080V. It has been reported that nitrate ions compete with CI ions in pore
solution to form iron nitrate (Fe[NOs]2) instead of iron chloride (FeCl) and formation of iron nitrate on
the reinforcing steel promotes formation a durable passive film [33,34,41]. However, high chloride
concentration and the pH of the solution are critical parameters that may alter the protection
performance of the sodium nitrate. H.Y. Ma et al used sodium nitrate in the acidic chloride solution
and demonstrated that nitrate was able to prevent pitting of the passivated surface [34]. Although
reduction of nitrate by Fe(ll) is thermodynamically feasible, this reduction may not occur completely
in the presence of the chloride ions[42].In this study sodium nitrate was used in the alkaline pore
solution with high concentration of chloride ion (Ccir), Which probably cannot form a dominant phase
of iron nitrate (Fe[NOs].) to form a passive film.

The inhibition efficiency of 11AD is significantly higher than that of sodium nitrate which may be
related to the partial absorption of this inhibitor on the surface of the reinforcing steel. This behaviour
is relate to the formation of chemical bonds with reinforcing steel[43]. 4-AB did not show sufficient
IE in pore solution but changed the corroding potential (-0.52 V) to the more noble value of -0.360 V.
The corrosion current density in presence of 4-AB was higher than the samples without inhibitors (Table
4 and Figure 4). The amino group in 4-AB is responsible for surface adsorption and it is widely used to
form an amino cation radical and subsequent chemical bonding of the radicals to the surface [44].
However, studies show that amino cations only form at high potential of oxidation (at~0.9 V) [45]
and therefore the hindering the anodic reaction on the reinforcing steel can be related to the dissociation
of carboxylate groups in 4-AB.The main advantage of 4-AB is that this inhibitor hindered anodic
reaction significantly and delayed pitting potential to the value of E=0.640V due to presence of
carboxylate groups . However, this inhibitor could not form a durable passive layer with constant current
density on the reinforcing steel which may be linked to the weak absorption on the surface and lack of
amino cations adsorption. In addition, 4AB promotes oxygen reaction in the cathodic sites which was
indicated with a high value of b.=301.

Table 4: Influence of corrosion inhibitors in current density, corrosion potential and %IE
performance when [CI]/[OH]=2

Inhibitor be ba B Ecorr icorr %IE
(V/decade) (V/decade) (V) (V) (LA/cmM?)

Control (no inhibitor) 0.141 0.089 0.023 -0.52 4.90x1077 N.D
Casein 0.124 0.284 0.037 -0.37  9.19x10°8 82
11-AD 0.120 0.170 0.029 -0.54  2.38x107 52
4 -ABA 0.301 0.662 0.089 -0.36  2.31x10° Negative

effect
sodium nitrate 0.167 116 0.029 -0.51  4.23x107 14

The electrochemical behaviour of the reinforcing steel in the presence of casein was illustrated in Figure
4. The casein provided the passive film in the broad range of potential during anodic scan and the pitting
potential reached the value of Epi: = 0.620V. In addition, corrosion potential shifted to the positive
potential, -0.380V, and a passive film with the constant current density was observed. Casein exhibits
an amphiprotic structure due to the NH, and COOH functions, so it can be dissolved in high pH solution
[46]. The potential shift can be related to the formation a carboxylate bond between the casein and the
reinforcing steel which consequently blocks anodic reaction of the reinforcing steel[20,46,47]. The
changes in the Tafel slope with inhibitors are mostly attributed to a change in the rate determining step
or the influence of adsorbed inhibitor in intermediate reactions [48]. The anodic Tafel slopes (ba) with
addition of various inhibitors represented in Table 4 and this table shows that corrosion inhibitors
increased the anodic Tafel slope ( ba) which can be related to the adsorption of inhibitors onto the
metal surface and subsequently hindered the passage of metallic ions into the solution and blocking
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reaction sites therefore affecting the anodic reaction mechanism. Casein with the ba=0.284 and 4AB
with the ba=0.662 represented the highest adsorption capacity but the cathodic Tafel slope (bc) of the
4AB was significantly different from other inhibitors and negatively facilitated the cathodic reactions
on the surface of the reinforcing steel which subsequently changed the mechanism of inhibition of
this inhibitor . The oxygen reduction on the surface of the refining steel possibly removed the adsorbed
4-AB from the surface and decreased the inhibition performance. The IE of the casein was higher than
the other inhibitors which may related to presence of carboxylate functional groups in casein molecular
structure. The polarity of this functional group promotes adsorption of casein through the negative
charge localisation on oxygen and develops a repulsive action towards chloride ions, which restricts
chloride activities on the reinforcing steel [49].

2.3 Electrochemical impedance spectroscopy

The Nyquist plot for reinforcing steel in the presence of various types of corrosion inhibitors is shown
in Figure 5. The radius of capacitive loops in the low frequency in presence of casein and 11AB is
higher than other inhibitors. Particularly, the Nyquist plot of casein shows the larger capacitive loop in
comparison with 11AB which suggests the highest corrosion resistance is obtained in the presence of
casein. In addition, a zoomed Nyquist plot at full impedance range shows the performance of nitrate
and 4-AB in corrosion protection for reinforcing steel at CI/OH=2 although it is not significant.

The Bode plot of the reinforcing steel in the pore solution with and without inhibitors in the presence
of Ceit is shown in Figure 5.
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Figure 5: Nyquist and Bode plot of the reinforcing steel exposed to the various corrosion inhibitors
containing critical concentration of chloride in the solution
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The performance of inhibitors can be evaluated with the analysis of the Bode plot at low frequency,
since the low frequency of impedance is attributed to the interaction of metals with the surrounding
environment. The inhibitors in the pore solution can interact with the reinforcing steel and hinder
oxidation and reduction reactions. The impedance modulus of the reinforcing steel in the pore solution,
after 24 hours of immersion, with the Cei: reached the value of 20 kQ.cm?. This value is much lower
than 300 kQ.cm? measured without Ccit and this clearly indicated the effect of chloride ions in the
corrosion activity of the reinforcing steel.

The value of the impedance modulus with the application of sodium nitrate (0.05M) and 4AB (0.05M)
did not show a significant change in the low frequency range. This can be attributed to the weak
absorption of these inhibitors on the reinforcing steel. The same concentration of 11AD (0.5M)
increased the modulus of impedance to the value of 60kQ.cm2, which represents the protection of
reinforcing steel in the pore solution. However, higher corrosion protection was achieved by using
Casein (9.7x10*M), which significantly increased the modulus of impedance to the value of 290
kQ.cm?. This value is 14 times higher than the pore solution containing Ccrit and it shows that the casein
hindered oxidation and reduction processes significantly. In addition, casein provides repulsive action
against chloride ions and subsequently the access of chloride ions to the reinforcing steel becomes
limited[50]. The Modulus value of the reinforcing steel in the pore solution without chloride ions
showed a similar modulus value, 300 kQ.cm2, indicating the effectiveness of this corrosion inhibitor.

The behaviour of reinforcing steel in pore solution at high frequency (103-10°%) with and without
inhibitors does not exhibit specific changes in phase angle but the effect of inhibitors is clearly
detectable at the low frequency domain (0.01-10%). The phase angle of the reinforcing steel in the pore
solution without inhibitor developed a broad time constant which decreased to a harrow one in presence
of the chloride ions (Ceir). The inhibitors at low frequency changed the width of the time constant and
allowed the evaluation of the performance of the inhibitors. Sodium nitrates shifted the time constant
to the more negative angles at middle frequencies (1-100) indicating enhanced capacitive properties.
However, this behaviour did not continue at lower frequencies and followed the behaviour of the
corroding steel. 4AB at low frequency (<1Hz ) showed a low phase angle, which was worse than
corroding steel in Ccir. 11AD and casein provided a wider time constant and higher phase angle in
comparison to the other inhibitors indicating an enhanced corrosion protection.

the specific corrosion parameters were determined using appropriate equivalent circuits which have
been developed and reported for reinforcing steel in alkaline solutions (Figure 6)[51-53]. The
impedance data was fitted to the proposed equivalent circuit (EC) by using Zview software. Each
element in this equivalent circuit represents the physical phenomenon or an electrochemical reaction
occurring at the electrode. Rs in the proposed model denotes the resistance of the electrolyte solution.
Rct as a charge transfer resistance element represents the difficulty of electron transfer between the the
anodic dissolution and reduction processes. constant phase elements (CPEs) in these models defined as
Z = 1Y (j*o)n] where Y is the basic admittance, ® is the angular frequency equal to 2xnf and n is a
constant which can be changed due to the heterogeneity of the surface. The value of n=1 changes the
constant phase element to the pure capacitor, Resistance at n=0 and inductance at n=-1[54]. However,
when the value of n=0.5, constant phase element represents Warburg impedance in which the mass
transport is a dominant process. The dispersion from the pure capacitor( n=1) is explained by formation
of the rough surface due to the adsorption of inhibitors, dislocation or formation of a porous layer[55].

Rs CPEdI
Rs CPEdI W
F—
Rct
a b
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Figure 6: Equivalent circuit used to model the impedance data a) used for reinforcing steel in pore
solution without chloride ions b) used for reinforcing steel in pore solution with Cerit, 4-AB and 11-
AD and casein

Two ECs were proposed for the analysis of the electrochemical behaviour in the pore solution. Figure
6a was used for spectra fitting of the reinforcing steel in the pore solution without chloride ions. The
second model (Figure 6b) was used for modelling the electrochemical behaviour of the reinforcing steel
in the pore solution containing the other inhibitors.

CPEqg can also represent the effect of inhibitors on the surface of the reinforcing steel. Rs and CPE:
represente the variation of the resistance and capacitance of the passive film in presence of chloride or
corrosion inhibitors, respectively. Therefore, it was possible to distinguish the behaviour of the passive
film and inhibitor. The fitting results of the impedance data were shown in Table 5.

Table 5: Fitted data of the equivalent circuit parameters for the reinforcing steel exposed to different

solutions

Reinforcing steel Rs/Q CPEua n Rct/Q Rf/Q CPE+ n Chi-

cm2  Y0/Q-cm-?s" cm2 cm?  Y0/Q-lcm-?s" Sqr
Pore solution 10 2.95x10® 0.95 561k - 0.008
Pore solution 10 3.57x10° 0.89 7921 12385 0.0001008 0.74 0.0003
+Cerit
Pore solution 10 3.69x10® 0.93 331k 127k 0.0000803 0.81 0.009
+Cerittcasein
Pore solution 10 4.22x10° 0.93 7630 11440  0.00011109 0.71 0.001
+Cerittnitrate
Pore solution 10 3.89x10°® 0.94 9725 13037  0.0000129 0.70 0.001
+Ceritt4-AB
Pore solution 10 3.72x10° 0.89 25015 36853 6.92E-05 0.79 0.001

+Ceritt11-AD

The results suggested that critical concentration of chloride ions played an important role in modelling
of the impedance data. Rt was higher than 650 kQ c¢cm? in pore solution without chloride ions but it
dramatically dropped to the value of 7.9 kQ cm? at critical concentration of chloride ions .The
concentration of OH™ in pore solution was associated with the value of double layer capacitance. The
corrosion initiation of the reinforcing steel generally is related to the decreasing of pH in solution or
OH concentration, described earlier in section 2.1.1. The decrease of the OH at the interface was linked
to the increasing of the double layer capacitance. Although it was possible to detect the decrease of OH
at the interface with electrochemical modelling, the PH-meter did not show significant changes in the
pH of the pore solution (results not shown here). It is because the concentration of the OH was changed
locally and only at the interface. The chloride ions decreased the charge transfer resistance due to the
decrease of OH and subsequently developed a new time constant denoted as Rf and CPEs in the model.
The value of n which represents the inhomogeneity of the double layer capacitance decreased to 0.89
indicating the effect of OH concentration in increasing the inhomogeneity of the CPEdI. This behaviour
in turn increased CPEg to the value of 3.57x10° Y0/Q-'cm-? s" in comparison to the reinforcing steel in
pore solution. In addition, formation of a new time constant at low frequency with the n=0.74 can be
related to the formation of the porous layer within the passive film at critical level of chloride
concentration. This behaviour is related to the attacks of the chloride ions on the passive layer of
reinforcing steel and represent of inhomogeneity in the surface[56].

It was possible to evaluate the behaviour of the inhibitors with monitoring the variation of the Rt in pore
solution and it was found that sodium nitrate and 4-AB did not show significant changes in passive film
resistance and the n value of CFEswere 0.71 and 0.70 respectively. This behaviour shows the adsorption
of this inhibits to the passive layer is not significant which is in agreement with our finding in the
potentiodyamic polarisation test. However, in the case of 11-AD the value of R increased four times
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in comparison to the system without inhibitors and reached the value of 36 kQ cm?and this value is
significantly higher than Rs in 4AB and sodium nitrate.

The Rt in case of casein showed a significant increase and reached the value of 127 kQ ¢m? which was
a much higher value than other inhibitors. The constant phase element CFE; which was assigned for
passive film in the presence of casein decreased to the value of 8.03x10° Y0/Q-cm-2 s". this decrease
can be related to the adsorption of casein into the interface or substitution of water molecule with casein.
The capacitance value of the passive film can be calculated from the CPE parameters according to the
following equation( Equation 5)[57].
Y wn—l ;

C=——7+ Equation (5

sin(n(g)) g ( )
And according to the Helmholtz model (Equation 6 )the value of the capacitor depends on the surface
area of the working electrode (A) and thickness of the passive film(d) and local dielectric constant(e)
and permittivity(gy) [57].
— A&

¢ a

Equation (6)

Therefore, decrease in CPE is related to either the thickening of the passive film or decreasing the
dielectric constant due to the adsorption of casein to the surface. The inhibition mechanism of casein as
explained earlier, is not only based on adsorption of casein to the reinforcing steel but also providing
repulsive action against chloride ions. The chloride ions attack to the passive film was restricted
significantly which can be seen in Rs. The CPEgq value for casein is 3.69x10° Y0/Q-'cm-2 s", which is
close to the value of the other inhibitors and it is higher than the reference sample indicating lower OH-
concentration on the interface due to the presence of inhibitors.

Conclusion

Corrosion behaviour of reinforcing steel in various concentrations of chloride solution was studied and
the critical chloride concentration for corrosion initiation was determined. In addition, the
performance of four types of environmentally friendly inhibitors in this critical chloride
concentration were evaluated and the following conclusions are drawn.

1-  The open circuit potential (OCP) of the reinforcing steel shows a clear relation to the chloride
concentration of the synthetic pore solution. Increasing chloride concentration shifts the potential
to the more cathodic value. The first radical change of potential due to the increasing of chloride
concentration demonstrates the chloride threshold value and subsequent corrosion initiation. In
addition, OCP can be considered as a criterion for evaluating the efficiency of the inhibitors in a
pore solution containing Ccrir. The more effective inhibitors shift the OCP to the nobler potential.

2- De-passivation of the reinforcing steel was accrued at [CI]/[OH]=2 and most likely, was
associated with a drop in polarisation resistance (Rp)

3- The Potentiodyamic polarisation curves of the four types of inhibitors used in this research
indicated a considerable decrease in corrosion current density and noticeable increase in pitting
potential in the presence of casein and 11-AD respectively. Sodium nitrate and 4-AB represented
insufficient protection in Ceit but 4-AB decreased the rate of anodic reaction without forming a
passive film.

4

The appropriate equivalent circuit with two time constants was considered to interpret and model
the impedance data in presence of corrosion inhibitors. This model allowed extracting various
parameters that contribute to the performance of corrosion inhibitors. The influence of corrosion
inhibitors was significant in Rs in the proposed model. The efficiency of corrosion inhibitors
changed with the following rank: casein >11-AD > 4-AB > sodium nitrate. It was confirmed that
casein as a green corrosion inhibitor significantly enhance the corrosion protection of reinforcing
steel at pore solution containing Ceir.
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5.

Casein as a green corrosion inhibitor provides a sufficient corrosion protection to the reinforcing
steel and it can be used instead of toxic corrosion inhibitors. However, further experiments are
necessary to evaluate its influence in concrete and different environments over time.
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