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ABSTRACT

Corrosion inhibitors for reinforced concrete are an easy-to-use and cost-effective approach
to prevent or reduce the corrosion of steel reinforcing bar (rebar). Nonetheless, the most common
corrosion inhibitors today are the inorganic corrosion inhibitors. These inorganic-based inhibitors
exhibit potential health and environmental hazards. Thus, a substitution of the inorganic corrosion
inhibitors with the less-toxic and more environmentally-friendly (‘green’) organic corrosion
inhibitors is encouraged. Unfortunately, there are only limited studies on the corrosion inhibition
efficiency of green corrosion inhibitors under alkaline conditions, such as those found in concrete.
Thus, this study aims to enrich the limited studies, by proposing an investigation on corrosion
inhibition efficiency (IE) of natural antioxidants (extracted from green tea) at the alkaline concrete
pH.

Natural antioxidants are rich in polar atoms and electron-rich bonds. These functional
groups favor the adsorption of antioxidant molecules on rebar surface, to form a protective layer
as mixed-type corrosion inhibitors. The formation of protective layer increases rebar resistance to
potential/current which may induce rebar corrosion (i.e. polarization resistance), and inhibits the
electrochemical reactions of rebar corrosion simultaneously: anodic reaction of iron oxidation and
cathodic reaction of oxygen reduction. Green tea is one of the richest sources of natural
antioxidants, having a ten to thirty-fold higher antioxidant activity than berries, which are
established rich sources of natural antioxidants. Therefore, as a proof of concept, green tea was
selected as the source of natural antioxidants for this research. It is postulated that given this very

high antioxidant activity, green tea has a higher chance of inhibiting rebar corrosion.

Corrosion inhibition efficiency of green tea was initially investigated in simulated concrete
pore solution (SCPS). Green tea was added as aqueous extracts of 1% and 2% green tea (by cement
weight) to replace water. In SCPS, the green tea extracts inhibited rebar corrosion: addition of the
extracts reduced rebar corrosion rate and delayed the sudden increase of corrosion rate (which
correlates to corrosion initiation). The green tea extracts showed the highest IE after 1 day (£92%

inhibition). They acted as mixed-type corrosion inhibitors which increased rebar polarization



resistance, and induced changes to the rate of iron oxidation and oxygen reduction without
significantly changing the open circuit potential. Open circuit potential is the rebar potential in
absence of influence from external potential/current. Overall, the extract of 2% green tea showed
a higher IE than the extract of 1% green tea. Therefore, the extract of 2% green tea was selected

for further studies.

After the corrosion tests in SCPS, IE of the green tea extract (GT) was investigated in
mortar, and compared with the IE of a commercial calcium nitrite corrosion inhibitor (CI). At
equal volume, GT exhibited a significantly higher IE than CI (75-80% vs. 14-24%). The higher
recorded IE was not related to an improved physical protection of mortar, as GT-based mortar
displayed a comparable compressive strength to Cl-based mortar. Instead, the higher IE of GT was
due to a significant increase in polarization resistance (which suggested the formation of a
protective layer) and a significant reduction in iron oxidation rate. On the other hand, the changes
in oxygen reduction rate and open circuit potential were not significant. Thus, similar to its

mechanisms of action in SCPS, GT behaved as a mixed-type corrosion inhibitor in mortar.

Formation of protective layer on rebar surface, as suggested by the increase in polarization
resistance, was validated by visual inspections and microscopic examinations (optical microscope
and scanning electron microscope). Elemental analyses with energy-dispersive X-ray spectroscopy
(EDX), as well as further analyses with X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR) indicated an enrichment of the layer with calcium carbonate polymorphs
(calcite, aragonite, and vaterite). This layer exhibited an anti-corrosion activity, as its presence
reduced rebar weight loss. Corrosion reduction due to this layer was further supported by a similar
chloride permeability between control and GT-based concrete, and a similar corrosion rate of steel
reinforced control mortar and steel reinforced mortar incorporating the residual solid of GT. These
similarities eliminated the possible reduction in corrosion rate due to an improved physical

protection of mortar/concrete against corrosion.

Overall, the potential of natural antioxidants as green corrosion inhibitors has been
positively demonstrated by GT through this research study. GT reduced rebar corrosion rate by

inducing formation of a protective layer enriched with calcium carbonate (calcite, aragonite, and



vaterite) and increasing rebar polarization resistance. Amongst the GT chemical constituents,
catechin or (-)-epicatechin, (-)-epicatechin gallate, (-)-epigallocatechin gallate were likely
responsible for the anti-corrosion activity of GT as a mixed-type corrosion inhibitor. The increase
in polarization resistance and decrease in corrosion rate were affected by the magnitude of GT’s
antioxidant activity. Nonetheless, in this study GT showed a higher IE than CI, particularly at the
higher range of volume. Therefore, the IE of more cost-effective sources of natural antioxidants as

green corrosion inhibitors in concrete warrant investigations in future studies.
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CHAPTER 1: INTRODUCTION

11

Overview and significance of this study

Corrosion of steel reinforcing bar (rebar) in reinforced concrete structures is a
detrimental issue with significant socio-economic impacts [1-5]. Rebar corrosion
occurs due to the reduction in concrete pH (concrete carbonation) and/or chloride attack
[6-9]. Comparatively, the chloride-induced corrosion is more severe, exhibiting a
higher corrosion propagation rate and shorter propagation time than the concrete-

carbonation-induced corrosion [6].

The significant impacts of rebar corrosion have encouraged the development of
various corrosion protection methods [10, 11]. Among the available methods,
electrochemical protection with cathodic protection (CP) and substitution of carbon
steel rebar with stainless steel rebar (SS) are the most effective. However, the high costs
of CP and SS deter a wide commercialization of these methods [5, 12-14]. Therefore,

a more cost-effective corrosion protection method is required.

Corrosion inhibitors are one of the simplest and most cost-effective alternatives
to CP and SS [3, 15]. Nonetheless, the most effective corrosion inhibitors today are the
inorganic corrosion inhibitors, in particular calcium nitrite corrosion inhibitor (ClI) [16-
19]. CI has been used in reinforced concrete since 1970’s and is an anodic corrosion
inhibitor with high solubility in water, producing calcium and nitrite ions [20]. The
nitrite ion is the active constituent of Cl as an anodic corrosion inhibitor (i.e. oxidizer).
The nitrite ion oxidizes Fe** ion (produced by oxidation of metallic iron during anodic
reaction of rebar corrosion) to Fe** ion, and promotes formation of a passive film to
inhibit rebar corrosion [18-21]. However, being an anodic corrosion inhibitor,
inadequate CI dosage has a risk of enhanced rebar corrosion, as illustrated theoretically
by Hansson et al. [22] and experimentally by Reou and Ann [23]. Moreover, due to the
consumption of nitrite during oxidation of Fe?* to Fe**, long-term corrosion protection

by CI is a concern [24-26]. The nitrite consumption is particularly accelerated when



oxygen is present in concrete, which oxidizes the calcium nitrite to calcium nitrate [24-
26]. Therefore, it is recommended to use CI in concrete with low water/binder ratio (or
other methods to reduce concrete permeability such as the use of supplementary
cementitious materials) and sufficient cover depth, to prevent nitrite leaching and
reduce oxygen ingress [24, 27, 28]. Nevertheless, protection efficiency of the concrete
with low water/binder ratio and sufficient cover depth has increased, which confounds
the improved efficiency upon CI incorporation [29]. Furthermore, there have been
debates on the efficiency of Cl against corrosion, especially in presence of cracks [29,
30]. In general, it is reported that CI increases chloride threshold concentration and
prolongs time-to-corrosion (indicating that CI is able to delay corrosion initiation or
reduce initial corrosion) [20, 27]. Nonetheless, there are studies reporting that CI is
ineffective once corrosion initiates [28, 31-35]. In addition, some studies reported that
Cl increases chloride transport into concrete, which offsets the beneficial increase in
chloride threshold concentration [23, 25].

In order to address the enhanced corrosion risk of Cl and concerns on potential
health and environment hazards of inorganic corrosion inhibitors, commercial organic
corrosion inhibitors were introduced in 1980°s [20, 35, 36]. The organic-based
inhibitors are mixed-type corrosion inhibitors, which form a protective layer on rebar
surface to reduce iron oxidation and oxygen reduction (i.e. anodic and cathodic
reactions of rebar corrosion) simultaneously [27, 35, 37]. Nonetheless, the efficiency
of these organic inhibitors is conflicting [20]. This may be partly due to the lack of
information on the exact active constituents of the inhibitors, concentration of the active
constituents, and the required inhibitor dosages relative to the concentration of
aggressive species [20, 21, 27, 34]. Thus, research has been investigating on the
efficiency of less toxic and more environmentally-friendly (‘green’) alternatives to
existing commercial inorganic and organic corrosion inhibitors. Unfortunately, there
are only limited studies on the efficiency of green corrosion inhibitors under alkaline
environment, such as that observed in concrete application. Hence, this project aims to
contribute towards the limited studies on the efficiency of green inhibitors at alkaline

concrete pH, and promote further studies on this topic.



1.2

Objectives and scopes of this study

In this study, the authors have investigated the efficiency of natural antioxidants
as green corrosion inhibitors in alkaline pH of concrete. Studies have shown that polar
atoms and electron-rich bonds favor anti-corrosion activity, by promoting the
adsorption of inhibitor molecules on rebar surface as mixed-type corrosion inhibitors
[8, 38]. Natural antioxidants are organic compounds which are abundant in nature, and
exhibit multiple polar atoms and electron-rich bonds in the antioxidant structures [39].
Therefore, the antioxidants are potential mixed-type corrosion inhibitors and green
alternatives to inorganic corrosion inhibitors. Green tea is one of the richest sources of
natural antioxidants [40-43]. It records ten to thirty-fold higher antioxidant activity than
berries, which are the other rich sources of natural antioxidants [44]. This extremely
high antioxidant activity should favor green tea to inhibit rebar corrosion. Therefore,

green tea was selected as the source of natural antioxidants in this study.

Corrosion inhibitors are incorporated into concrete as admixed corrosion
inhibitors to prevent corrosion initiation or migrating corrosion inhibitors to remediate
ongoing corrosion [32, 45]. Given the severity and short propagation time of chloride-
induced corrosion, the main objective of this study is to investigate the efficiency of
natural antioxidants as admixed corrosion inhibitors to prevent chloride-induced rebar
corrosion. This objective is achieved by choosing green tea as the source of natural
antioxidants. There are three areas of focus in this study: 1) efficiency of green tea
against the chloride-induced corrosion, 2) relationship between antioxidant activity and
corrosion inhibition efficiency of green tea, and 3) plausible corrosion-inhibiting

mechanisms of green tea.

This study initially determined the physical form (dry admixture or aqueous
extract) to administer green tea as an admixed corrosion inhibitor and investigated the
corrosion inhibition efficiency of green tea in simulated concrete pore solution. Upon
completion of the corrosion tests in solution, corrosion inhibition efficiency of green
tea in mortar was investigated, and compared with CI. Finally, the plausible corrosion-

inhibiting mechanisms of green tea were studied.



1.3

Organization of thesis

This thesis is organized into six chapters. Chapter 1 provides an overview and
elaborates the significance of this study. Chapter 2 describes rebar corrosion, existing
corrosion protection methods for rebar, corrosion inhibitors as a corrosion protection
method of rebar, selection of natural antioxidants as potential green corrosion
inhibitors, and determination of green tea as a suitable source of natural antioxidants.
Chapter 3 investigates the corrosion inhibition efficiency of green tea in simulated
concrete pore solution. In Chapter 4, corrosion inhibition efficiency of green tea was
further studied in mortar, and compared with the efficiency of CI. Chapter 5 illustrates
the corrosion-inhibiting mechanisms of green tea. Finally, Chapter 6 provides the

overall conclusions and recommendations for future studies.



CHAPTER 2: LITERATURE REVIEW

2.1

2.2

Overview of reinforced concrete structure

Reinforced concrete (RC) is the most popular construction material today [8,
46, 47]. It consists of concrete as the main building block and steel reinforcing bars
(rebars) as the supporting elements. The steel rebars are embedded in concrete to
improve the inherently low tensile strength and for crack control in concrete [48-53].
Amongst the various types of steel rebar, carbon steel rebar is the most commonly used
commercially [54]. This rebar type is lower in cost due to the low cost of iron which is
the major element of the rebar (x 97%) [55].

Durability and deterioration of RC structures

In the past, strength was the sole concern of engineers and construction industry
involving RC structures [48, 49, 56, 57]. However, recent experiences with legacy
structures have indicated that solely focusing on strength and neglecting durability
properties adversely affect structural safety and serviceability [56, 58, 59]. Corrosion
of steel rebar is one of the most substantial durability issues of RC structures [1-5]. The
corrosion reduces the cross-sectional area and supporting capacity of steel rebar, and
produces corrosion products which expands the volume of corroding rebar surface by
two to nine-fold [11, 60, 61]. The volume expansion reduces the bond strength between
the corroding rebar and surrounding concrete cover, and generates pressure on the
concrete which ultimately results in concrete cracking, spalling, or delamination [5, 10,
48, 61, 62]. These structural damages naturally raise safety concerns [3, 32, 54, 59, 63,
64], and repairs of the damaged structures incur significant direct and indirect costs.
The direct costs involve financial costs of more than US$100 billion per annum
worldwide [6, 57, 61, 65, 66]. On the other hand, the indirect costs involve the
disruptions on socio-economic activities during repair (such as due to traffic delays)
which lead to reduced productivity [54]. According to Perez-Quiroz et al. [54], the

indirect costs potentially amount to ten-times as high as the direct costs.
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Passive steel rebar embedded in concrete

Steel rebar embedded in concrete is protected from corrosion by the alkaline
pH of concrete (pH 12-14) [12, 58, 67, 68]. The alkaline pH is contributed by calcium
hydroxide (also known as Portlandite), which is generated during cement hydration [6].
During cement hydration, the two major minerals of cement, tricalcium silicate
(3Ca0.SiO2) and dicalcium silicate (2Ca0.Si0O), react with water according to
Equations 1 and 2 [50, 69] respectively.

2(3Ca0.Si0,) + 6 H20 = 3Ca0.2Si02.3H20 + 3 Ca(OH), (1)
2(2Ca0.Si0,) + 4 H20 - 3Ca0.2Si02.3H20 + Ca(OH), )

As shown in Equations 1 and 2, hydrolysis of tricalcium and dicalcium silicate during
cement hydration produce Portlandite and calcium silicate hydrate (CaO.SiO2.H.O or
CSH in short) [50]. The Portlandite is responsible for the alkaline pH of concrete. On
the other hand, the CSH is the major constituent of concrete matrix, which binds other
concrete components such as the aggregates [50].

Alkaline pH of concrete protects steel rebar from corrosion by altering the
electrochemical states of the metal elements in the rebar. For example, the concrete
alkalinity promotes the formation of water-insoluble iron (111) oxides: Fe;O3 and Fe3O4
on carbon steel rebar [5, 6, 70]. Formations of the iron oxides are illustrated in Figure
1, at pH 12-14 and potential range defined by the two dotted lines, which represents
the stable potential range of water to accept electrons from iron oxidation [71, 72]).
The Fe203 and Fe3O4 form a protective layer on rebar surface to restrict ion movement
between rebar and surrounding concrete, and reduces rebar corrosion rate [5, 6]. This
electrochemical state of a rebar with a reduced corrosion rate is known as the passive
state [73].
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Figure 1. Pourbaix (potential vs. pH) diagram of iron-water system at 25°C and
dissolved iron ion activity of 10 mol/L (Adapted from McCafferty [71]).

Corrosion of steel rebar

Corrosion of steel rebar is a natural process which occurs due to the tendency
of metals to attain lower and thermodynamically-more favorable energy states with
higher stability [5, 56, 70]. The lower energy states are attained when metals are in
oxidized states, particularly the naturally-occurring, oxidized-mineralized states [5,
74]. Corrosion of steel rebar consists of two half-cell reactions shown in Equations 3
and 4 [75]:

I. Anodic reaction (oxidation/dissolution of iron):

Fe > Fe?" + 2¢ €))
ii. Cathodic reaction (oxygen reduction):
2 H,0 + O, +4e > 40H (4)
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The half-cell anodic and cathodic reactions are illustrated in Figure 2, where the pore

water in concrete acts as an electrolyte which promotes the flow of current and electrons

[5].
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Figure 2: Half-cell anodic and cathodic corrosion reactions of steel reinforcing bar

embedded in concrete (Adapted and modified from Hansson et al. [22]).

Rebar corrosion occurs due to the penetration of corrosion-inducing (i.e.
aggressive) species into concrete. There are two commonly known aggressive species
which induce rebar corrosion, namely carbon dioxide and chloride. Corrosion of steel

rebar due to the carbon dioxide and chloride are discussed in Section 2.2.2.1 and

2.2.2.2.

Steel rebar corrosion due to carbon dioxide ingress
Atmospheric carbon dioxide penetrates into concrete [5, 56, 62] and reacts with

Portlandite producing calcium carbonate [5]. The consumption of Portlandite
substantially reduces concrete alkalinity to approximately pH 9.0 (i.e. concrete
carbonation) [5, 9, 58, 76]. This pH reduction disturbs the formation of a new passive
layer and the stability of a formed passive layer [5, 6, 74, 76]. The disruption on the
formation of new passive layer is due to the reduced availability of hydroxyl ions

8
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(OH") with decreasing pH levels, which are required to react with Fe?* species to form
Fe3* species (Equations 5 and 6) [76]. On the other hand, the disruption on the stability
of formed passive layer is due to the reduction in amount of OH", which shifts the
reaction equilibriums in Equations 5 and 6 to the left (reactants) since the formation of

passive layer is a reversible process [6, 74, 76].

3 Fe(OH); + 2 OH = Fe304 + 4 H20 + 2¢ (5)
3 FeO + 2 OH = Fe304 + H20 + 2¢ (6)

Rebar corrosion due to concrete carbonation is a general corrosion, in which
each pair of anodic and cathodic sites are located adjacent to each other on the same
rebar surface (Figure 3) [65, 77, 78]. Therefore, a spatial separation between anodic
and cathodic sites is absent (i.e. microcell corrosion), allowing the corrosion to occur

across the entire rebar surface (i.e. uniform corrosion) [78, 79].

Steel rebar corrosion due to chloride ingress

Chloride-induced corrosion occurs due to the ingress of chloride from a natural
saline environment (marine environment or soil and groundwater with significant
amount of chloride) [6, 48, 54, 80] or the application of deicing salts in temperate
countries [4, 6, 54, 80]. The mechanism by which chloride induces the corrosion of
passive rebar remains unclear. However, Szklarska-Smialowska [81] suggested that

chloride ions generate a very high local current which disrupts the passive film.

Chloride-induced corrosion is initiated when chloride concentration at the rebar
surface reaches its chloride threshold concentration. The reported threshold
concentration varies greatly, ranging from 0.2-1.0% by weight of cement, and is
affected by several factors [5, 20, 82, 83]. For instance, the type of concrete binder
(cement alone or combination of cement and other cementitious materials) and
tricalcium aluminate content of cement determine the chloride binding capacity of the
concrete [5, 6, 58]. On the other hand, concrete porosity determines the ease of chloride

penetration, while the initial pH of concrete (i.e. [OH7] /[CI]] ratio) determines the



amount of hydroxyl ion available to prevent chloride-induced corrosion [5, 11].
Hydroxyl ion has a pH-increasing effect which promotes rebar passivation against the

corrosion-inducing activity of chloride [83].

Chloride-induced corrosion is a localized corrosion [78]. It induces a significant
anodic activity at affected area (i.e. anodic site, Figure 3) but keeping the unaffected
area passive, being a cathodic site [5, 54, 71, 82, 84]. This creates a spatial separation
between the anodic and cathodic sites (Figure 3, macrocell corrosion) [65]. The
localized attack of chloride forms a smaller anodic site known as pit, which increases
the anodic reaction rate significantly to balance the reaction rate of the larger cathodic
site [54, 74]. Moreover, corrosion propagation at the pit produces hydronium ion (H*,
Equation 7) which combines with the regenerated chloride (i.e. autocatalysis process

[56]) and forms hydrochloric acid.

FeClz + 2 Ho0 > Fe(OH), + 2 H* + 2 CI @)

The formation of hydrochloric acid reduces the pH at pit to approximately 3.0 [11, 85]
and shifts the electrochemical state of the rebar into a corroding state, leading to an
enhanced rebar corrosion [5]. Therefore, due to pit formation, chloride-induced
corrosion exhibits a faster propagation (i.e. higher severity) than carbonation-induced

corrosion [6].

10



2.3

Microcell Microcell Microcell Microcell Microcell

Figure 3: Microcell and macrocell corrosion of steel reinforcing bar (Adapted from

Cheung and Cao [77]). Abbreviations: A= anodic site and C= cathodic site.

Overview on corrosion protection methods of steel rebar

Various corrosion protection methods are currently available to combat the
detrimental impacts of rebar corrosion [10, 11]. The most fundamental approach to
protect rebar from corrosion is to reduce the penetration of aggressive species into
concrete, by increasing the protection quality of the concrete [6]. This can be achieved
by adopting an adequate depth of concrete cover with satisfactory strength and
acceptable porosity [11, 49, 67]. Nonetheless, additional corrosion protection methods
are necessary for RC structure which is exposed to aggressive environment (i.e. high
concentration of chloride and/or carbon dioxide), particularly when the structure has
an expected long service life and long repair time [10]. The additional corrosion
protection methods are either applied on concrete to further reduce the penetration of
aggressive species or applied on steel rebar to directly improve the corrosion resistance
of the rebar. Examples of the corrosion protection methods are summarized in Tables
1 and 2. In those tables, the main functions, major benefits, and limitations of the
methods are described. Table 1 discusses the methods which are applied to the concrete
matrix such as fiber reinforced concrete, supplementary cementitious materials, and
concrete sealers. On the other hand, Table 2 discusses the methods which are applied
to the steel rebar such as cathodic protection, electrochemical realkalization,
electrochemical chloride extraction, galvanized steel rebar, stainless steel rebar, and

rebar organic coating.

11



Table 1: Corrosion protection methods for concrete matrix

Method

Functions

Competitive benefits

Limitations

Fiber reinforced

concrete

Improves tensile strength of
concrete [86, 87]

Improves concrete
resistance to crack initiation

and propagation [86, 87]

Can be used to repair a damaged

reinforced concrete structure [88]

Reduction in workability of fresh concrete
[86]

Supplementary
cementitious
material (SCM)

Pozzolanic activity and fine
particles of SCM (finer than
cement) create a denser and
more uniform concrete
matrix, which improves
concrete durability [58, 89,
90]

SCM binds chloride and
increases chloride threshold

concentration [91]

Sustainable construction [1]:
Replaces cement [89, 92, 93]
Utilization of SCM derived from
industrial by-product reduces
environmental pollution [92, 94]

Reduces cost of concrete [92]

The amount of SCM with high pozzolanic
activity is limited and therefore the price is
high [89]

Percentage of cement replacement with SCM
must be optimized to prevent negative
impacts on the properties of fresh and

hardened concrete [5, 58]

Concrete

sealers

Reduce water ingress into

concrete [95]

Simple and cost-effective [5, 96]

Efficiency depends on surface imperfections
and pretreatments, cyclic wetting-drying,

skill of operator, and application rate [95]

12



Increase concrete resistivity

[5]

Particularly useful to prevent re-
migration of ions after electrochemical

repair [58]

Can be applied on new or repaired

reinforced concrete structure [97]

Over time, environmental factors such as UV
radiation, rainfall, humidity, and chloride
exposure may reduce efficiency [96-98]

Different thermal expansion coefficient
between sealing layer and concrete may
cause incompatibility and delamination of
the layer [48, 99]

13



Table 2: Corrosion protection methods for steel reinforcing bar

Method

Functions

Competitive benefits

Limitations

Cathodic
protection (CP)

Applying a cathodic
potential (i.e. cathodic
polarization) to bring
rebar potential to
potential range with
targeted corrosion rate
[100]

The applied current
suppresses anodic
reaction while allowing
cathodic reaction to

produce hydroxyl ions

The hydroxyl ions
strengthen the existing
passive film or re-
passivate the rebar [5,
75].

Effective long-term protection (10-20 years

without major replacement of CP
components) given a routine maintenance
and monitoring [14, 101]

Can be used to prevent rebar corrosion (i.e.

cathodic prevention) or repair ongoing

corrosion (i.e. cathodic protection) [5, 11, 67,

102]

Impressed current cathodic protection

(ICCP) system is used to protect and repair a

large structure (due to the ability to adjust
current output) [5, 14]

Sacrificial anode cathodic protection (SACP)

system is used for a small and targeted
(patch) repair [5, 14]

Repair of a damaged structure using CP is

more cost and time-effective than

conventional repair because only damaged

For ICCP system:

Complex instrumentation leads to high
initial investment [14, 104]

Regular monitoring is necessary, adding
costs for electricity and specialist [14,
100, 104]

Electrical components of ICCP are prone
to environmental damages [14]

Applied current density must be
optimized [75, 100, 104-106]
Under-protection (i.e. too low current
density) does not adequately protect steel
rebar

Overprotection (i.e. too high current
density) may lead to hydrogen damage
(hydrogen embrittlement) and reduction

in concrete-rebar bond strength

For SACP system:

Duration of corrosion protection depends
on the lifespan of the anode [5, 14, 100]

14



concrete is removed; contaminated but
undamaged concrete is kept in place [5, 11,
62, 100, 102, 103]

Repair with CP prevents the onset of
corrosion at adjacent area to removed-
damaged area (i.e. incipient anode

phenomenon) [5, 77]

Longer life cycle of CP-repaired structure

(more than 10 years, time until minor repair

of CP system is about 15 years) than
conventionally repaired structure [11, 101]

Service life of a structure repaired with
SACP system is approximately 10 years [5,
14]

Service life of a structure repaired with ICCP

system is approximately 25 years [14]

Maximum applied current density is
limited by the maximum current density
of the anode, which may lead to failure in
arresting active corrosion [5, 14, 100,
104]

Electrochemical
realkalization
(ER)

Applying current
between rebar and

external anode

Long-term corrosion protection for

carbonated concrete (at least ten years) [100]

Requires 50 to 500-times higher electrical
charge than the electrical charge of CP for 6
to 18 days (ER is applied temporarily

15



immersed in alkaline

solution

Allows production of
hydroxyl ions at rebar
vicinity and migration
of alkali ions into

concrete

Reinstates alkalinity of
carbonated concrete
[58, 62, 100]

compared to CP which is installed
permanently) [58, 100]

Higher initial cost than CP

May require repeated treatments in the long-

term

Risk of hydrogen embrittlement in
prestressed structures (due to the high current
density) [100]

Risk of alkali-aggregate activation and loss
of steel-concrete bond in normal structures
due to the sudden increase in hydroxyl ions
and alkali ions [100]

Lower efficiency when applied on concrete

added with mineral admixtures [5]

Electrochemical
chloride
extraction
(ECE)

Applying current
between rebar and
external anode
immersed in alkaline

solution, to remove

Suitable for heavily chloride-contaminated

and corroded structure

Requires 50 to 500-times higher electrical
charge than the electrical charge of CP for 6-
8 weeks [100]

16



chloride ion from rebar
surface [58, 100]

The produced hydroxyl
ions provide alkalinity
to concrete surrounding
the rebar and restore
rebar passivity [58,
100]

Higher initial cost than CP (due to temporary
application of ECE compared to the
permanent application of CP)

May require repeated treatments in the long-
term [100]

Risk of hydrogen embrittlement in

prestressed structures [100]

Risk of alkali-aggregate activation and loss
of steel-concrete bond in normal structures
[100]

Lower efficiency when applied on concrete

added with mineral admixtures [5]

Galvanized

steel rebar

Provides sacrificial
protection to steel rebar
[5, 107, 108]

Corrosion products of
zinc form physical
barrier against the

penetration of

Cost-effective [112]

Improves rebar resistance to concrete
carbonation-induced corrosion, due to the
wider pH range over which zinc remains
passive [5, 71, 113, 114]

The higher corrosion resistance of galvanized
steel only lasts as long as the galvanic layer
remains [110, 114, 115]

17



aggressive species
[108-111]

Stainless steel

rebar

Improves corrosion Excellent corrosion resistance [13]

resistance of carbon

steel rebar by alloying Higher initial cost is projected to be paid-off

the rebar with more in the long-term due to the lower

corrosion-resistant maintenance and repair costs [54, 55]
metal elements than ] ) )
Excellent alternative to cathodic protection

iron such as chromium, ] )
for a long-term corrosion protection [13,

17]

nickel, and
molybdenum [55, 85,
116].

The elements produce a
more stable passive
film [5]

Higher cost (6 to 10-times) than carbon steel
rebar [5, 12, 13]

Improvement on corrosion resistance
depends on the type of stainless steel rebar
(better type has a higher cost) [5, 13]

Organic coating

of rebar

Physical barrier against  Relatively lower cost [5]

aggressive species [5]
Simple [58]

High susceptibility to abrasion and

mechanical damages [5]

High risk to pitting corrosion, leading to

inefficient long-term corrosion protection [5]

18



2.4

24.1

Corrosion inhibitors as a corrosion protection method of steel rebar

As established in Section 2.3, cathodic protection (CP) and stainless steel rebar
(SS) are currently the two most effective corrosion protection methods for rebar.
However, high cost impedes a wide commercialization of these methods. Corrosion
inhibitor approach is the more attractive alternative to CP and SS [3, 15]. The inhibitors
are cost-effective [3, 45, 118] and practical to use on-site due to easy handling and
simple applications [16, 66, 119, 120]. Corrosion inhibitors are incorporated during
mixing of fresh concrete to delay corrosion initiation (i.e. admixed corrosion inhibitors)
or applied on the surface of hardened concrete to reduce ongoing corrosion (i.e.
migrating corrosion inhibitors) [32, 45]. Corrosion inhibitors are differentiated from
another type of corrosion prevention methods namely concrete pore blockers. The pore
blockers inhibit rebar corrosion by preventing the penetration and thus reducing the
concentration of aggressive species in concrete [5, 18, 45]. In comparison, the
corrosion-inhibiting mechanisms of corrosion inhibitors are elaborated in the next

section.

Corrosion-inhibiting mechanisms of corrosion inhibitors

Corrosion inhibitors do not significantly change the concentration of aggressive
species. Instead, corrosion inhibitors work by directly reducing the rate of: 1) half-cell
anodic reaction (i.e. anodic corrosion inhibitors), or 2) half-cell cathodic reaction (i.e.
cathodic corrosion inhibitors), or 3) both anodic and cathodic reactions (i.e. mixed-type
corrosion inhibitors) [18]. The corrosion-inhibiting mechanisms of anodic and cathodic

corrosion inhibitors are illustrated in Figure 4.
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Figure 4: Effect of anodic and cathodic corrosion inhibitors on corrosion potential and
corrosion current density (i.e. corrosion rate) of steel reinforcing bar (Adapted and
modified from Hansson et al. [22]).

Figure 4 depicts the half-cell anodic and cathodic reactions of steel rebar
corrosion (illustrated in Equations 3 and 4), in presence and absence of anodic and
cathodic corrosion inhibitors. The half-cell anodic reaction is represented by the anodic
curve while the half-cell cathodic reaction is represented by the diagonal lines
numbered 1-3 (cathodic curves). The intersection points of the anodic and cathodic

curves denote the electrochemical states of the rebar, which are represented by the
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electrochemical potential and current density [22, 121]. The potential is known as
corrosion potential (Ecorr) and the current is known as corrosion current density (icorr)
[10, 22, 122].

As shown in Figure 4, in absence of a corrosion inhibitor, the anodic and
cathodic curves intersect at Ecorr Of E1 and icorr OF i1. An anodic corrosion inhibitor forms
a protective layer on the rebar surface, which shifts the rebar potential to a passive
potential range and increases Ecorr to E2 Whilst reducing icorr to i2 [5, 123, 124]. On the
other hand, a cathodic corrosion inhibitor reduces the rate of oxygen reduction, shifting
down the cathodic curve and reduces the Ecorr and icorr to Ez and i3 [5, 8, 22, 124]. Since
icorr 1S proportionally correlated with corrosion rate, the decrease in icorr from iz to i> and
i3 demonstrates the corrosion inhibition by the anodic and cathodic corrosion inhibitors
[22, 48, 125]. In addition, the shift in Ecorr from E1to E2 in presence of anodic corrosion
inhibitor shifts rebar electrochemical state from an active corrosion state to a passive
state with reduced corrosion rate [126, 127]. On the other hand, the reduction in Ecor
from E; to Ez in presence of a cathodic corrosion inhibitor reduces the driving force for
rebar corrosion [102]. The driving force is the difference between Ecorr and equilibrium
potential of iron (Eeq) (Figure 5, ER) when a steel rebar is in active corrosion state [102].
The equilibrium potential (Eeq) or reversible potential (Er) of iron indicates the redox
potential of iron (Erere?*), at which the rate of iron oxidation and reduction are equal
when iron is the only redox species in the system [74, 128]. Since both Ez and E;
indicate active corrosion states of rebar (Figure 4), the lower Ez than E: reduces the
driving force for rebar corrosion [102].
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Figure 5: Typical potential vs. current density curve (Evans diagram) illustrating
active/passive transition of iron (Adapted and modified from Schmuki and Graham
[74] and Robert [129]).

In comparison to the corrosion inhibition mechanisms of anodic and cathodic
corrosion inhibitors, a mixed-type corrosion inhibitor reduces corrosion rate (icorr)
without significantly changing the Ecorr (Figure 6) [3, 5, 64, 119, 130, 131]. This is due
to the adsorption of inhibitor molecules on rebar surface, which blocks the anodic and
cathodic sites, and reduces the rate of anodic and cathodic reactions simultaneously [3,
5, 10, 19, 64]. The adsorption of mixed-type corrosion inhibitor is promoted by

electron-rich bonds and polar atoms (such as sulfur, oxygen, nitrogen, and phosphorus)
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in inhibitor structures as the adsorption centers [3, 64]. The simultaneous inhibition of

anodic and cathodic reactions leads to a more effective corrosion inhibition by mixed-

type corrosion inhibitor than anodic and cathodic corrosion inhibitors [45]. Effects of

the three types of corrosion inhibitor on corrosion rate, Ecorr, and icorr are summarized

in Table 3.

Potential

E corr =

Inhibitor Applied
—— (anodic and cathodic
reactions equally impeded)

4 Normal Corrosion

E. carr

» Current, |

' ; corr I corr

Inhibition

Figure 6: Inhibition on half-cell anodic and cathodic corrosion reactions of steel

reinforcing bar by a mixed-type corrosion inhibitor (Adapted from Tanner [45]).

Table 3: Effect of anodic, cathodic, and mixed-type corrosion inhibitors on corrosion

potential (Ecorr), coOrrosion current density (icorr), and corrosion rate of steel reinforcing

bar
Corrosion inhibitor Ecorr corr Corrosion rate
Anodic 1 ! !
Cathodic ! ! !
Mixed-type No significant change ! !
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24.2

Present-day corrosion inhibitors

Today, inorganic and organic corrosion inhibitors are available in the market.
The inorganic inhibitors, in particular calcium nitrite corrosion inhibitor (Cl), are
considered more effective than the organic inhibitor counterparts [20, 27]. Cl has been
used in reinforced concrete since 1970 and is presently regarded as the most effective
corrosion inhibitor [16-19]. It is an anodic corrosion inhibitor which is added into fresh
concrete as an admixed corrosion inhibitor [18, 31, 32]. Cl prevents rebar corrosion by
promoting formation of passive film on rebar surface, as illustrated in Equations 8 and
9 [18-21].

2 Fe? + 2 0H + 2 NOy = 2 NO + Fe;03 + H0 (8)
Fe?* + OH + NO2” = NO + y-FeOOH 9)

Nonetheless, being an anodic corrosion inhibitor, inadequate Cl dosage causes a risk

of enhanced corrosion, as illustrated in Figure 7 [18, 19, 23, 31].
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Figure 7: Effect of anodic corrosion inhibitor dosage on corrosion potential and
corrosion current density (i.e. corrosion rate) of steel reinforcing bar (Adapted and

modified from Hansson et al. [22]).

In absence of an anodic corrosion inhibitor (Figure 7), the Ecorr and icorr at E1 and
i1 represent an actively corroding rebar. Addition of anodic corrosion inhibitor in
adequate dosage shifts the rebar potential to a passive potential range (point E),
increasing Ecorr to E3 and reducing icorr to i3 [123]; indicating a rebar protection from
corrosion. However, the effect of inadequate dosage of anodic corrosion inhibitor is
uncertain. As suggested in Figure 7, when the dosage of anodic corrosion inhibitor is
inadequate, electrochemical states of the rebar can be represented by three points: B,
C, and D. At points C and D, the inhibitor effectively protects the rebar, as

demonstrated by higher E2a and E2, and lower i2a and iz than E; and i1. However, at
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point B, the inhibitor fails to increase rebar potential above the primary passive
potential (Epp), which is the threshold potential at which the transition from an actively
corroding to a passive rebar occurs [22]. Due to this failure, the rebar remains at an
active corrosion state. Therefore, at point B, which indicates a rebar in active corrosion
state, the increase in icorr from i1 to izc increases rebar corrosion rate. Hence, inadequate
dosage of anodic corrosion inhibitor may enhance rebar corrosion, instead of promoting

rebar passivation [22, 132].

In addition to the risk of enhanced corrosion, some studies [28-35] have
reported unsatisfactory efficiency of CI, especially when cracks are present and
corrosion has initiated. Unfortunately, the nitrite ion which is responsible for anti-
corrosion of Cl has been consumed during passive film formation (Equations 8 and 9),
leading to concern on the efficiency of CI to protect rebar from corrosion in the long-
term [24-26]. The nitrite is also consumed when oxygen is present in the concrete, due
to the oxidation of the nitrite to nitrate; which may explain the unsatisfactory efficiency
of Cl in cracked concrete [24-26]. When cracks are present, some nitrite may also leach
out from the concrete given the high solubility of calcium nitrite in water [20]. Thus,
the use of Cl in combination with methods to reduce concrete permeability (such as the
use of low water/binder ratio, sufficient cover depth, and supplementary cementitious
materials) are recommended [24, 27, 28, 133]. Nevertheless, corrosion protection
efficiency of the concrete with reduced permeability has increased, which causes the
improvement on corrosion inhibition efficiency upon CI incorporation less apparent
[29]. Furthermore, some studies [23, 25, 134] have reported a higher chloride diffusion
in concrete added with CI. The increased chloride diffusion is undesirable because it
counteracts the beneficial effect of Cl which increases chloride threshold concentration
[23, 25, 134].

Commercial organic corrosion inhibitors (amines, alkanolamines, or emulsion
of fatty acid esters) were marketed in 1980-1990’s as the alternatives to potentially
hazardous inorganic corrosion inhibitors [5, 16, 17, 20, 29, 35, 118, 135, 136]. The

organic inhibitors are mixed-type corrosion inhibitors [27, 35, 37], thus preventing the
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risk of enhanced corrosion which is associated with an anodic corrosion inhibitor [20,
35, 36]. Nonetheless, the efficiency of these organic inhibitors is arguable [20], which
is plausibly due to the variations in chemical compositions of the organic inhibitors
used in different studies, since the exact active constituents of the organic corrosion
inhibitors are often not disclosed given proprietary reason. In addition, information on
the concentration of the active constituents and the required inhibitor dosages relative
to the concentration of aggressive species (i.e. chloride) are also lacking [20, 21, 27,
34].

The conflicting reports on the efficiency of existing inorganic and organic
corrosion inhibitors have encouraged studies on the efficiency of non-toxic and
environmentally-friendly (‘green’) alternatives to the existing corrosion inhibitors [15-
17, 64, 137]. However, this remains an understudied field, with only limited studies on
the corrosion inhibition efficiency (IE) of green corrosion inhibitors in alkaline pH of
concrete, compared to similar studies in acidic medium [15, 130, 131, 138-146].
Experimental setups for the studies on green corrosion inhibitors in alkaline pH of
concrete are presented in Table 4. On the other hand, the findings for the research
studies presented in Table 4 are elaborated in Table 5. Given the scarcity of studies on
green corrosion inhibitors under alkaline pH, this study on the IE of natural antioxidants
(specifically from green tea) at alkaline concrete pH aims to fill this knowledge gap.
The selection of natural antioxidants as green corrosion inhibitors is justified in the next

section.
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Table 4: Experimental setups for studies on non-toxic and environmentally-friendly (‘green’) corrosion inhibitors in alkaline pH of

concrete
Reference Corrosion inhibitor Concentration Media Aggresswe Setup
species

Feng et al. [8] Imidazoline derivative: 1-  0.19-1.89 mM  Simulated concrete 5% (w/v) sodium  Immersion
[N, N’-bis pore solution chloride (NaCl)
(hydroxylethylether)- (SCPS)
aminoethyl]-2-
stearicimidazoline (HASI)

Asipita et al. [17] Bambusa arundinacea leaf 2% (by cement  Concrete Water Immersion
extract weight)

Bolzoni et al. [20] Amines In solution: 1 M SCPS NaClupto1l M Immersion
(dimethylethanolamine and
triethylenetetramine) In concrete: 1% Concrete 3.5% NacCl Cyclic wetting-

(by cement solution drying

Amino acids (sodium
. weight)
aspartate, asparagine,

sodium glutamate, and

glutamine)
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Carboxylic acids (sodium
benzoate, sodium tartrate,
EDTA)

Jiang et al. [59] Deoxyribonucleic acid 0.0012, 0.0025, SCPS 0.01 and up to Immersion
(DNA) 0.0050, and 0.10 M NaCl
0.0100%
Okeniyi et al. [118] Anthocleista djalonensis 0.16-0.42% (by Concrete 3.5% NaCl Immersion
leaf extract cement weight) solution
Jiang et al. [120] DNA 0.0025 and Mortar 3.5% NaCl Cyclic wetting-
0.0050% (by solution drying (3 days
cement weight) of wetting and 3
days of drying)
Abdel-Gaber et al. Solenostemma arghel 250 ppm Concrete 0.5 M NaCl Immersion
[121] extract solution
Etteyeb and Novoa Extract of Eucalyptus EG: 1.09 ¢g/L 0.1 M NaOH 0.5 M NaCl Immersion
[147] globulus leaves (EG) PG: 2.65 g/L solution (pH 12.5)
Extract of Punica OE: 0.79 g/L

granatum trunk (PG)
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Extract of Olea europaea

secondary rods (OE)

Asaad et al. [148]

Complex of silver
nanoparticle and palm oil
leaf extract (EG/AgNP)

5% (by cement  Concrete
weight)

Natural seawater Weekly cyclic

wetting-drying

Shanmugapriya et al.
[149]

Aqueous extract of

turmeric

2% and up to SCPS
10% (v/v), with

2% increments

Well water Immersion
containing 660

ppm chloride
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Table 5: Experimental methodologies and findings for research studies presented in Table 4

Ref.

Methods

Findings

Feng et al. [8]

Linear polarization resistance
(LPR)

Increasing corrosion inhibition efficiency (51 to 81%) with increasing imidazoline
derivative (HASI) concentration from 0.19 to 1.89 mM.

HASI behaved as a cathodic inhibitor

Electrochemical impedance

spectroscopy (EIS)

Increased resistance against chloride attack, as evidenced by reduced double layer
capacitance, increased charge transfer resistance, and increased resistance at film-
solution interface. These changes indicated the formation of a more compact

passive film.

Scanning electron microscopy
(SEM)

Rebar immersed in simulated concrete pore solution (SCPS) added with 0.76 mM
HASI showed no corrosion. Rebar immersed in control SCPS (no corrosion

inhibitor) showed formation of blister

Quantum chemical calculation
(QC) and molecular dynamic
simulation (MD)

N=C=N bond of imidazoline ring was the adsorption center via electron sharing

between nitrogen atoms and vacant d-orbitals of iron.

HASI adsorbed on steel surface at near parallel configuration to maximize surface

contact

Asipita et al.
[17]

Water permeability using initial

surface absorption test (ISAT)

Water absorption of less than 0.07 mL/m? after 2 hours, fulfilling the ‘low

permeability’ requirement of ISAT standard
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Bolzoni et al.
[20]

Potentiodynamic polarization
(PD)

Potentiostatic polarization

Natural corrosion test

Similar performances (pitting potential, chloride threshold concentration, and
initiation time of corrosion) between tested carboxylic acids and sodium nitrite (a
positive control)

LPR

Higher chloride threshold concentration of concrete containing glutamine and

triethylenetetramine than control concrete (no corrosion inhibitor)

Jiang et al. [59]

Stereo microscope

Significant corrosion damage on rebar without corrosion inhibitor

Almost no corrosion damage on rebar protected by 0.0025% deoxyribonucleic acid

(DNA), rebars protected by other DNA concentrations showed pitting corrosion

PD

0.0025 and 0.0050% DNA reduced current density by two-log compared to control

(no corrosion inhibitor)

LPR

0.0025 and 0.0050% DNA had the highest corrosion inhibition efficiency

Corrosion inhibition efficiency of 0.0025 and 0.0050% DNA against 0.07 M NacCl

were 78-79%; other DNA concentrations showed no inhibition

Against 0.10 M NacCl, the corrosion inhibition efficiency of 0.0025 and 0.0050%
DNA were 59 and 46%

EIS

Up to 0.07 M NaCl, 0.0025 and 0.0050% DNA significantly increased film
resistance at rebar interface from 0.50 kQ.cm? (for control) to 10.67 and 8.47

kQ.cm?
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Increase of NaCl concentration to 0.10 M significantly reduced the film resistance
to 0.34 and 0.52 kQ.cm? vs. 0.27 kQ.cm? for control

X-ray photoelectron

spectroscopy (XPS)

XPS suggested the presence of iron oxides (FeO and Fe>Os) and possible

adsorption of DNA on rebar surface

Okeniyi et al.
[118]

LPR

Increasing corrosion inhibition efficiency with increasing extract concentration
(81% at 0.16% inhibitor and up to 97% at 0.42% inhibitor)

Adsorption of extract on steel obeyed Langmuir isotherm, with a dominant effect
of chemical interaction (chemisorption)

Jiang et al. [120]

LPR

Increased polarization resistance after 20 wetting-drying cycles from 200 Q/cm?
for control mortar (no corrosion inhibitor) to 3,200 and 1,800 Q/cm? for 0.0025%

deoxyribonucleic acid (DNA)-based mortar and 0.0050% DNA-based mortar

2% commercial phosphate inhibitor increased polarization resistance to 9,200
Q/cm?)

EIS

Increased charge transfer resistance after 20 wetting-drying cycles, from 100 Q.cm?
for control mortar to 2,800 and 1,600 Q.cm? for 0.0025% DNA-based mortar and
0.0050% DNA-based mortar

2% commercial phosphate inhibitor increased charge transfer resistance to 8,900

Q/cm?
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Mercury intrusion porosimetry
(MIP)

DNA reduced percentage of macropores (10% reduction for 0.0025% DNA-based
mortar, similar percentage of macropores for 0.0050% DNA-based mortar and
control mortar)

DNA reduced percentage of micropores (approximately 10% reductions for both
0.0025% DNA-based mortar and 0.0050% DNA-based mortar)

DNA increased percentage of gel pores (50% and 15% for 0.0025% DNA-based
mortar and 0.0050% DNA-based mortar)

Compressive strength

Flexural strength

DNA reduced 3-day compressive and flexural strength

DNA exerted negligible effects on 28-day compressive and flexural strength

Abdel-Gaber et
al. [121]

PD Increase in corrosion potential from -660 mV for control (no corrosion inhibitor)
to -610 mV
Extract behaved as an anodic inhibitor

EIS Increase in total resistance after 62-day from 14,000 ©/cm? (for control) to 21,000

Q/cm?

Increase in Warburg resistance to diffusion was more profound than the increase

in charge transfer resistance.

Visual inspection (optical

images)

No sign of corrosion damage after 18 months
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Etteyeb and Mott-Schottky (MS) MS suggested formation of passive layer, as indicated by the reduction in donor
Novoa [147] density at the interface of passive film-electrolyte and the increase in the thickness
of passive layer
EIS EIS suggested that plant extracts increased corrosion resistance, as indicated by the
increase in electrical resistance and decrease in capacitance
SEM and energy dispersive X- SEM and EDX supported MS and EIS results by showing deposit formation on
ray spectroscopy (EDX) rebar surface
PD Extracts of Eucalyptus globulus leaves, Punica granatum trunk, and Olea
europaea secondary rods demonstrated corrosion inhibition efficiency of 88, 93,
and 92%
Asaad et al. Thermal gravimetric analysis ~ Complex of silver nanoparticle and palm oil leaf extract (EG/AgNP) promoted
[148] (TGA/DTA) consumption of Portlandite to produce calcium silicate hydrate and formation of

denser concrete matrix

X-ray diffraction spectroscopy

Lower Portlandite in EG/AgNP-modified concrete

(XRD)
LPR LPR and PD showed that EG/AgNP increased polarization resistance and reduced
PD corrosion rate (maximum corrosion inhibition efficiency of 94.74%)

PD suggested that EG/AgNP was a mixed-type corrosion inhibitor

Concrete resistivity

EG/AgNP significantly increased concrete resistivity, particularly at later exposure

stage (up to 365 days)

SEM with EDX

SEM of EG/AgNP-modified concrete displayed a more compact matrix
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EDX of EG/AgNP-modified concrete showed the absence of chloride compared to
15% for control concrete (no corrosion inhibitor)

SEM showed a smoother surface of rebar extracted from EG/AgNP-modified
reinforced concrete. Rebar extracted from control reinforced concrete (no corrosion

inhibitor) exhibited corroded surface and cracks after 365-day

EDX showed no chloride at steel reinforcement level for EG/AgNP-modified

reinforced concrete compared to 13.6% for rebar from control reinforced concrete

Shanmugapriya
et al. [149]

PD

Turmeric extract reduced corrosion current density compared to control (no
corrosion inhibitor), from 1.57 x 10 to 1.06 x 10°% A/cm?

EIS

Turmeric extract reduced double layer capacitance from 10.9 x 10 F/cm (for
control) to 7.51 x 10° F/cm

Turmeric extract increased charge transfer resistance from 4.68 kQ.cm? (for

control) to 6.79 kQ.cm?

Turmeric extract increased polarization resistance from 2.68 kQ.cm? (for control)
to 3.87 kQ.cm?
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2.5

Natural antioxidants as potential corrosion inhibitors and justifications for
selecting green tea as the source of natural antioxidants

Natural antioxidants are organic compounds which are abundant in nature,
particularly in plants and plant products such as fruits and vegetables [150]. Benefits
of the antioxidants have been utilized in several industrial sectors, particularly in food
and health industries [151]. Natural antioxidants are rich in polar atoms and electron-
rich bonds [39]. These functional groups help the antioxidants to inhibit oxidation
process by chelating metal ions which catalyze the oxidation, or donating protons
and/or electrons to directly reduce the oxidation of target substrates [151]. The electron
donation properties of natural antioxidants are potentially beneficial for an anti-
corrosion activity, because the donated electrons will form coordinate bonds with
vacant d-orbital of iron atoms, and promote the adsorption of antioxidant molecules on
rebar surface [8, 146]. The adsorption plausibly confers the natural antioxidants an anti-

corrosion activity as mixed-type corrosion inhibitors [22].

Green tea has one of the highest contents of natural antioxidants [40-43]. The
antioxidant activity of green tea is ten to thirty-fold higher than that of berries, which
are notably the other rich sources of natural antioxidants (Table 6) [44]. The antioxidant
activity of green tea is contributed by the potent antioxidants from catechin derivatives
(Figure 8) [40], which constitute approximately 70% of total polyphenols in green tea
[152]. Given the extraordinarily higher antioxidant activity of green tea relative to other
sources of natural antioxidants, the authors believe that this material is favorable (as a
proof of concept) and it stands the best chance at preventing rebar corrosion. Therefore,
the authors have selected green tea to be used as the source of natural antioxidants in

this study.
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Table 6: Antioxidant activity ratio of green tea to berries. Adapted and modified from

Borges et al. [44] and Benzie and Szeto [153].

Berries Antioxidant activity ratio of

green tea to berries

Black currants 12
Blueberries 22
Raspberries 23
Red currants 26
Cranberries 34
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Figure 8: Potent antioxidants in green tea (Adapted from Stewart et al. [40])

2.6 Novelty of study

There has been no study reporting on the IE of GT in alkaline pH of concrete,

nor compared the IE with the IE of a commercial corrosion inhibitor (i.e. Cl). The

novelty of these findings is further compounded by the scarcity of studies relating to

natural organic corrosion inhibitors.
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2.7

Summary

Rebar corrosion harms the safety of RC structures and bears significant socio-
economic consequences. Rebar corrosion due to chloride is particularly detrimental,
because it has a high corrosion propagation rate and short propagation time. At present,
CP and SS are the best methods to protect steel rebar from corrosion. However, they
are expensive. Corrosion inhibitors are simpler and more cost-effective than CP and
SS. Existing corrosion inhibitors can be categorized as inorganic and organic corrosion
inhibitors. The inorganic corrosion inhibitors, in particular Cl, have been reported to
be more effective than the organic corrosion inhibitor counterparts. However, several
studies have reported arguable efficiency of CI. Moreover, the use of inorganic
corrosion inhibitors arises environmental and health concerns. Therefore, green
alternatives to existing inorganic and organic corrosion inhibitors are required.
Unfortunately, while studies on green corrosion inhibitors in acidic media are abundant,
similar studies on the alkaline pH within concrete matrix are still scarce. Hence, the
authors contribute towards the limited studies by investigating the efficiency of natural
antioxidants from green tea to inhibit rebar corrosion in alkaline pH of concrete. This
study continues with the investigation on corrosion inhibition efficiency of green tea in

simulated concrete pore solution, which is presented in the Chapter 3.
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CHAPTER 3: CORROSION TESTS IN
SOLUTION

3.1

Introduction

Corrosion inhibitors are added into reinforced concrete (RC) structures during
concrete mixing to prevent corrosion initiation (admixed corrosion inhibitors) or being
applied on the surface of hardened concrete to reduce ongoing corrosion (migrating
corrosion inhibitors). In this study, green tea was applied as an admixed corrosion
inhibitor against chloride-induced corrosion. Chloride-induced corrosion propagates
faster than carbonation-induced corrosion (up to ten-times). Thus, when chloride-
induced corrosion initiates, service life of RC structure is often assumed to reach the
end (Tuutti’s model) [20, 110, 154-156]. Consequently, preventing corrosion to
prolong the structural service life is prioritized over remediating corrosion, and
admixed corrosion inhibitor is preferred to migrating corrosion inhibitor from a service-
life perspective [20]. In addition, the active compounds of migrating corrosion
inhibitors are small and volatile to enable penetration through hardened concrete [18].
In comparison, potent antioxidant compounds in green tea are larger and less volatile
than the typical active compounds of migrating corrosion inhibitors. Hence,
considering the physicochemical properties of green tea compounds and the importance
of preventing corrosion to prolong structural service life, green tea was applied as an

admixed corrosion inhibitor against chloride-induced corrosion.

As reported by Feng et al. [8], electron donation promotes inhibitor adsorption
on rebar surface as mixed-type corrosion inhibitor. Therefore, the electron donation
capacity of green tea was initially measured with single electron transfer antioxidant
activity (SET-AA) assays: the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging activity and ferric reducing power assay. The assays were performed
following the study by Chan et al. [157]. Afterwards, the physical form (dry admixture
or aqueous extract [17, 20, 118, 121, 133, 148, 149, 158-160]) to apply green tea as an
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3.2

3.2.1

admixed corrosion inhibitor was determined. The physical form which did not
significantly change the 7-day compressive strength of green tea-based mortar relative
to the strength of control mortar (no corrosion inhibitor) was selected to apply green
tea for corrosion tests in simulated concrete pore solution (SCPS).

Material properties and sample preparations

The next sections describe the preparations for SET-AA, compressive strength,
and corrosion measurements. These preparations include the antioxidant extraction
from green tea, mortar mix design for compressive strength measurements, as well as

the preparations of steel rebars and SCPS for corrosion tests.

Preparations of green tea
Green tea was procured from a commercial Japanese green tea supplier (Figure

9). Green tea for SET-AA measurements was prepared as green tea extract, by hot-
water extraction of 1 g green tea leaves on orbital shaker [157]. On the other hand,
green tea for mortar compressive strength measurements and corrosion tests were
prepared in four different forms [17, 118, 121, 133, 148, 149, 158-160]:

@ dry admixture of 1% green tea (by cement weight),

(b) dry admixture of 2% green tea (by cement weight),

(©) aqueous extract of 1% green tea (by cement weight), and

(d) aqueous extract of 2% green tea (by cement weight)
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Figure 9: Green tea

The aqueous extract of 1% green tea and aqueous extract of 2% green tea for
compressive strength measurements were prepared by hot-water extraction on orbital
shaker (Figure 10). On the other hand, the aqueous green tea extracts for corrosion tests

were prepared by ultrasonic-assisted extraction (Figure 11).
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Figure 10: Hot-water extraction of green tea on orbital shaker with the shaking speed of 150 rpm
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Figure 11: Ultrasonic-assisted extraction of green tea with an ultrasonic bath
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3.2.11

A higher amount of green tea was extracted for the corrosion tests in SCPS,
than for the SET-AA and mortar compressive strength measurements. Regardless of
the extraction method, green tea suspension is produced during the extraction. The
suspension absorbs and retains some portion of the green tea extract, leading to
unavoidable extract loss. The higher is the amount of the extracted green tea, the thicker
is the suspension, and the higher is the loss of the green tea extract. Therefore, the green
tea extracts for corrosion tests were extracted by ultrasonic-assisted method, to
eliminate the use of multiple apparatuses (conical flasks in this case, see Figure 10),
which is necessary for extracting the increasing amount of green tea on orbital shaker.
The use of multiple apparatuses would otherwise contribute to a higher loss of the green
tea extract as some leaf suspension may remain in the container and retain the green
tea extract. This suspension can only be recovered by rinsing the container with water.
Unfortunately, extract recovery through water rinsing is not recommended as the water
dilutes the extract. Therefore, with incorporation of multiple apparatuses, the leaf
suspension which retains some portion of green tea extract is distributed over the
apparatuses, hence producing a higher loss of the extract.

Preparations of green tea for SET-AA measurements

Green tea for SET-AA measurements was prepared as green tea extract, by hot-
water extraction of 1 g green tea leaves with 50 mL ultra-pure water (UPW) on orbital
shaker for 1 hour (shaking speed of 150 rpm) [157]. During the extraction, the extract
was continuously shaken and allowed to cool down naturally. Afterwards, the extract

was vacuum-filtered to obtain the green tea extract (GT), as illustrated in Figure 12.
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Figure 12: Vacuum filtration to obtain green tea extract

Preparations of green tea for mortar compressive strength measurements
Green tea for compressive strength measurements was prepared in four

different forms, based on the physical forms of corrosion inhibitors reported in
literatures [17, 118, 121, 133, 148, 149, 158-160]:

€)) dry admixture of 1% green tea leaves (by cement weight)

(b) dry admixture of 2% green tea leaves (by cement weight)

(© GT of 1% green tea leaves (by cement weight) and

(d) GT of 2% green tea leaves (by cement weight).
The percentage by cement weight is a common expression for the dosage of a

commercial corrosion inhibitor [133, 158-160].

The GT of 1% green tea leaves (by cement weight) was produced extracting the
1% green tea leaves with hot UPW on orbital shaker for 1 hour (shaking speed of 150
rpm), at leaves-to-water ratio (w/v) of 1% [153, 157, 161, 162]. On the other hand, the
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3.2.13

3.2.2

GT of 2% green tea leaves (by cement weight) was produced by extracting the 2%
green tea leaves with hot UPW on orbital shaker for 1 hour (shaking speed of 150 rpm),
at leaves-to-water ratio (w/v) of 2%. Continuous shaking was applied during the
extraction and the extracts were allowed to cool down naturally. Afterwards, the

extracts were vacuum-filtered to obtain the GT.

Preparations of green tea for corrosion tests in SCPS

Green tea for corrosion tests in SCPS was prepared similarly to the green tea
for compressive strength measurements, except for the extraction method. The GT of
1% green tea leaves (by cement weight) for the corrosion tests was prepared by
ultrasonic-assisted extraction of the 1% green tea leaves with hot UPW for 15 minutes,
at leaves-to-water ratio (w/v) of 1%. On the other hand, the GT of 2% green tea leaves
(by cement weight) for the corrosion test was prepared by ultrasonic-assisted extraction
of the 2% green tea leaves with hot UPW for 15 minutes, at leaves-to-water ratio (w/v)
of 2%.

Preparations for compressive strength measurements

Portland Cement CEM 11/B-S 42.5N and fine aggregate passing 600 um sieve
were used to prepare mortar for compressive strength measurements, according to
compositions presented in Table 7. Chemical compositions of the cement are presented
in Table 8. The size of the fine aggregate was standardized to obtain a better comparison
on the compressive strength of control and green tea-based mortar. On the other hand,
an optimum water/cement ratio (w/c) was selected to avoid the use of other chemical
admixture (particularly superplasticizer) which may interfere with the evaluation on
the efficiency of green tea during corrosion tests in mortar (presented in Chapter 4).
Moreover, the w/c was selected to enable the completion of the corrosion tests in mortar
within the reasonable timeframe of this study (under twelve months), similar to the
studies by Andrade et al. [158, 163]. Dosages of green tea admixed into mortar are

shown in Table 9.
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Table 7: Constituents of mortar mixture

Constituent Proportion (kg/m®)
Cement 420.0
Water 210.0
Fine aggregate 619.2

Water/cement (w/c) = 0.50

Table 8: Chemical compositions of cement

Constituent Percentage weight

SiO; 23.56
Al203 6.80
CaO 57.61
MgO 1.36

SOz 2.87

K20 0.66
Na2O 0.11

Loss on ignition 2.70
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Table 9: Dosages of green tea added into mortar

S Inhibitor physical Percentage Wat-er Weight of inhibitor
Corrosion inhibitor replacement with
form (kg/m?®)
inhibitor
No inhibitor
(control) ) ) _
Dry admixture - 4.20
20 24.36
1% green tea (by 40 48.72
cement weight) Green tea extract 60 73.08
80 97.44
100 121.80
Dry admixture - 8.40
20 24.36
2% green tea (by 40 48.72
cement weight) Green tea extract 60 73.08
80 97.44
100 121.80
3.2.3 Preparations for corrosion tests in SCPS

Preparations for corrosion tests in SCPS involved the preparations of steel
rebars and SCPS.

3.2.3.1  Preparations of steel rebars
Steel rebars of 12 mm diameter and 130 mm length were cut from commercial
carbon steel rebars (high tensile deformed steel rebars grade 500B) [10]. Chemical
compositions of the rebar are presented in Table 10. Prior to use, the rebars were
mechanically cleaned with grade-400 silicon carbide paper and down to grade-800 and
grade-1000. The rebars were degreased with acetone, cleaned with UPW, air-dried [10,
164], and painted with epoxy [8]. Only 1,571 mm? (at the middle) and 943 mm? (at the

top) surface areas of the rebars were unpainted for exposure to chloride and electrical
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connection. The remaining surface of the rebars were painted with epoxy. The painted

and unpainted sections of the rebar are illustrated in Figure 13.

Table 10: Chemical compositions of steel reinforcing bar

Element Percentage weight
C 0.210
Si 0.300
Mn 0.420
0.046
S 0.042
0.003
Fe 98.979
13 mm
i
-
23 mm
[
LEGEND:
45
Steel ? - : painfed
reinforcemeant
length: 150 mm ¥ 4
30
puuiial
Y
W 10 ﬂ‘lm¢ -

Figure 13: Steel reinforcing bar for corrosion test
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3.2.3.2

3.3

3.3.1

Preparations of SCPS

Saturated calcium hydroxide solution (2 g/L) was used to simulate the alkaline
liquid of concrete pore [8, 10, 59, 158]. The simulated concrete pore solution (SCPS)
which contained green tea is referred to as GT-SCPS. On the other hand, SCPS without
green tea is referred to as C-SCPS. Dosages of green tea selected to prepare the GT-
SCPS are presented in Table 11. Final pH of C-SCPS and GT-SCPS were adjusted to
12.7 with 2 M sodium hydroxide [20, 165]. Upon pH adjustment, 3.5% (w/v) sodium
chloride (NaCl) was introduced into the SCPS, to simulate the exposure to seawater [4,
8, 118, 166-168].

Table 11: Dosages of green tea in simulated concrete pore solution

Percentage water
S ) Volume of green  Volume of ultra-
Corrosion inhibitor replacement with

o tea extract (mL) pure water (mL)
inhibitor
No inhibitor
- - 200
(control)
Extract of 1%
green tea (by 100 200 0
cement weight)
Extract of 2%
green tea (by 60 120 80

cement weight)

Methodologies
The following sections describe the procedures for SET-AA measurements,

mortar casting and compressive strength measurements, and corrosion measurements.

SET-AA measurements

Two antioxidant assays were employed to measure the electron donation
capacity of green tea: the ferric reducing power and DPPH radical scavenging assay.
Procedures for performing the assays were adapted from the study by Chan et al. [169].
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3.3.1.1

3.3.1.2

Ferric reducing power assay

For ferric reducing power assay, three different volume of GT were pipetted
into test tubes, one test tube for each volume, and made up to 1 mL with UPW.
Afterwards, 2.5 mL phosphate buffer (0.2 M, pH 6.6) and 2.5 mL of 1% (w/v)
potassium ferricyanide were added into each test tube. The aliquots were mixed and
incubated at 50°C for 20 minutes. The reaction was brought to a halt by the addition of
2.5 mL of 10% (w/v) trichloroacetic acid. The 8.5 mL mixture in each test tube was
separated into three test tubes (i.e. three replicates), each containing 2.5 mL solution.
Each of the 2.5 mL solution was diluted with 2.5 mL UPW, and 500 pL of 0.1% (w/v)
ferric chloride was subsequently added. The solution was mixed and incubated in the
dark for 30 minutes prior to absorbance measurement at 700 nm. The ferric reducing
power was expressed as mg gallic acid equivalent (GAE) per g of green tea. The
calibration equation for gallic acid standard was y = 17.085x where y was the

absorbance value at 700 nm and x was the gallic acid concentration in mg/mL.

DPPH radical scavenging assay

For DPPH radical scavenging assay, three different volume of GT were pipetted
into test tubes, three test tubes (i.e. three replicates) for each volume, and made up to 1
mL with UPW. In each test tube, the diluted GT was added with 2 mL of 5.9 mg/100
mL of DPPH. The solution was mixed and incubated in the dark for 30 minutes prior
to absorbance measurement at 517 nm. Three replicates of 1 mL UPW added with 2
mL DPPH were prepared as the negative controls. The average absorbance of the
negative controls was used to calculate the required green tea concentration to scavenge
50% of DPPH radical (ICso), based on the % scavenging activity calculation:

. .. Average absorbance of GT
0, — — 0,
scavenging activity (1 ) x 100 10
% g Average absorbance of negative control % ( )

The calculated % scavenging activities were plotted against mg green tea in 3 mL
solution, and the equation obtained was used to calculate the 1Cso. The DPPH radical

scavenging activity was expressed as ascorbic acid equivalent antioxidant capacity
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3.3.2

ICsgascorbic acid

(AEAC). The AEAC was calculated as X 105 , with 1Cso of ascorbic

ICsg green tea

acid was 0.003885 mg/mL.

Mixing and casting of mortar

Mortar was mixed with a laboratory-scale mixer (KitchenAid heavy duty
mixer), based on the procedures described by Gencel et al. [86] and Karahan and Atis
[52] with modifications. The cement and fine aggregate were initially mixed for one
minute; for mortar containing dry green tea admixture, the dry admixture was mixed
together with the cement and fine aggregate. Subsequently, UPW or mixture of UPW
and GT was added into the dry mixtures. The mortar was mixed for two minutes at the
lowest mixer speed (60 rpm), rested for two minutes, and mixed for a further two
minutes. The fresh mortar mixture was filled into PVC pipe molds (diameter: 33 mm,
height: 70 mm) in three-equal layers, and each layer was compacted on a vibrating table
for 25 seconds. Three specimens were prepared for control mortar and mortar added
with each dosage of green tea (Table 12). After 24 hours, the hardened mortar
specimens were de-molded and cured for 7 days [52] in saturated limewater following
ASTM C 511.
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Table 12: Number of specimens prepared for control mortar and green tea-based

mortar
_ Inhibitor Percentage water ] Number of
Corrosion _ ) Weight of
o physical replacement with o mortar
inhibitor o inhibitor (kg/mq) )
form inhibitor specimens
No inhibitor 3
(control)
Dr
y' - 4.20 3
admixture
1% green tea 20 24.36 3
(by cement 40 48.72 3
] Green tea
weight) 60 73.08 3
extract
80 97.44 3
100 121.80 3
Dr
y. - 8.40 3
admixture
2% green tea 20 24.36 3
(by cement 40 48.72 3
] Green tea
weight) 60 73.08 3
extract
80 97.44 3
100 121.80 3
3.3.3 Corrosion measurements

There are two commonly used methods to measure rebar corrosion: the
gravimetric and electrochemical methods. Gravimetric method quantifies rebar weight
loss due to corrosion damage. Thus, this method requires the removal of rebar from the
concrete (i.e. destructive method) and is time-consuming [110, 154, 158]. On the other
hand, the electrochemical method is non-destructive and less time-consuming.
Electrical potential is applied to the rebar and the generated current is measured, which
is converted into corrosion rate by applying the Faraday law [170]. Hence, the
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electrochemical method is preferred over the gravimetric method, due to its shorter
measurement time and non-destructive nature [155, 158, 171, 172].

In this study, linear polarization resistance (LPR) was adopted to measure rebar
corrosion. LPR is a popular electrochemical measurement technique which applies a
small potential (x20 mV) to the rebar, resulting in short measurement time (10-15
minutes) and no alteration to the electrochemical processes of rebar corrosion [158,
173-176]. Thus, LPR enables multiple measurements over time, to determine the time-
to-corrosion initiation and the efficiency of an admixed corrosion inhibitor [10, 164,
165].

LPR was performed based on the study by Feng et al. [8], using Metrohm
Autolab potentiostat (model M204) with a three-electrode setup: saturated calomel
electrode as the reference electrode (RE), platinum electrode as the counter electrode
(CE), and steel rebar as the working electrode (WE) [59, 120, 149]. The CE, WE, and
RE were located approximately 3 mm away from each other to prevent ohmic drop.
The LPR measurement was conducted at laboratory temperature (26.4+ 1.7°C, 70.3x
7.5% relative humidity). Prior to LPR measurement, open circuit potential (OCP) of
the rebar was measured. OCP indicates the rebar potential in absence of interference
from external potential/current. When the OCP had reached a stable value [172]
(fluctuations less than 10 mV, reached within 10 minutes), OCP value was determined
and the rebar was polarized with a scan potential of £20 mV from OCP and scan rate
of 0.166 mV/s. Electrochemical parameters such anodic and cathodic slopes,
polarization resistance, and corrosion rate were obtained by analyzing the resulted plots
of potential vs. log current with Nova software version 1.11. The corrosion rate was

used to calculate the corrosion inhibition efficiency according to:

% inhibition efficiency = SXCORIOL—CR mhibitor 109, (11)

CR control

where CRcontrol is the corrosion rate in absence of green tea and CRuwith inibitor iS the

corrosion rate in presence green tea.
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3.35

3.4

34.1

OCP and LPR measurements were performed periodically: after immersion for
1,3,7,14 and 21 days [165]. In addition, OCP after immersion for 1 and 8 hours were
also determined [8, 177]. The periodic measurements (i.e. measurements over time)
illustrate the time-dependent formation of passive layer, and determine the time-to-
corrosion initiation which was used to evaluate the efficiency of green tea as an

admixed corrosion inhibitor [20, 54].

Compressive strength measurements

After 7 days of moist curing, mortar compressive strength was measured with
NL Scientific compression machine (ECO-SMARTZ Fully Automatic Compression
Machine 3000 kN). The loading rate was 0.25+0.05 MPa/s, based on ASTM C 39.

Statistical analyses

Results are expressed as mean + standard deviation of three samples.
Significant differences in the results were evaluated with one-way analysis of variance
(one-way ANOVA) followed by Tukey HSD post hoc test using SPSS 20 software
[178]. Within a single set of data, the significant differences are represented by
superscripted letters after the presented values. The superscripted letters ‘a’ until ‘c’
represent different statistical groupings, and each group is significantly different based
on p-value of 0.05. Therefore, values followed by different superscripted letters are

significantly different from each other.

Results and discussion
Results on SET-AA, 7-day mortar compressive strength, and electrochemical

parameters are presented in the next sections.
SET-AA

The SET-AA of green tea are presented and compared with the SET-AA of

black tea and fruits with high antioxidant contents, in Table 13.
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Table 13: Antioxidant activity of green tea, fruits with high antioxidant contents, and

black tea
Sample DPPH (mg AEAC/100 g) FRP (mg GAE/q)
Green tea 9,623 + 517 43.3+1.8
Guava 218+ 79 21+0.2
Orange 69 + 17 0.6+0.1
Mangosteen 3210 0.3+£0.1
Black tea 9,764 + 2,068 444 +8.1

Values are presented as mean + standard deviation of three samples. Abbreviations: DPPH = 2,2-diphenyl-1-
picrylhydrazyl, FRP= ferric reducing power, AEAC = ascorbic acid equivalent antioxidant capacity, GAE = gallic

acid equivalent

Currently, there is no standardized method to measure antioxidant activity.
Unfortunately, the lack of standardized method makes the antioxidant activity reported
in literatures often not comparable, due to the differences in assay procedures [179-
181]. Thus, the SET-AA of green tea were compared with the SET-AA of black tea
and fruits having high antioxidant contents (guava, orange, and mangosteen), which
were measured previously using the same procedures in our research laboratory (Table
13) [157, 182, 183]. Fruits and black tea are rich in natural antioxidants [153, 184-187].
Fruits have high contents of vitamin C and polyphenols, which are well-established
antioxidants [43, 153, 179-183, 186, 188]. On the other hand, black tea contains
thearubigins and theaflavins. Similar to the (-)-epigallocatechin gallate in green tea,
thearubigins and theaflavins are known potent antioxidants [43, 153, 157].

As shown in Table 13, green tea has a 40 to 300-fold higher electron donation
capacity than fruits with high antioxidant contents, and a comparable electron donation
capacity to black tea. This indicates a very high electron donation capacity, which is
potentially beneficial to confer green tea an anti-corrosion activity [8].
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3.4.2

Mortar compressive strength

7-day compressive strength of control and green tea-based mortar are presented
in Table 14. As shown in Table 14, there was no significant difference in 7-day
compressive strength of control and green tea-based mortar, at any percentage of water
replacement with GT. Compressive strength of the green tea-based mortar was at least
as high as 90% of the control mortar’s compressive strength; thus satisfying ASTM
requirement on the use of uncommon water for concrete mixing [189]. On the other
hand, when green tea was applied as dry admixtures, compressive strength of the green
tea-based mortar was significantly lower than that of control mortar. Hence, green tea

was used as GT to replace water during the corrosion tests in SCPS.
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3.4.3

Table 14: 7-day compressive strength of mortar

Percentage o
_ o Inhibitor 7-day
Corrosion Inhibitor water ) ]
o ] weight compressive
inhibitor physical form  replacement
S (kg/m?) strength (MPa)
with inhibitor
Control - - - 16.38+1.22%
Dry admixture - 4.20 10.16+2.87°
20 24.36 15.94+1.59%
1% green tea
40 48.72 16.40+0.98%
(by cement Green tea
_ 60 73.08 16.57+1.16%
weight) extract
80 97.44 17.15+£2.972
100 121.80 16.74+2.85%
Dry admixture - 8.40 2.58+0.35°
20 24.36 16.28+2.65%
2% green tea
40 48.72 15.64+2.36%
(by cement Green tea
_ 60 73.08 15.34+1.79%
weight) extract
80 97.44 17.61+£1.912
100 121.80 14.92+1.782

Values are presented as mean + standard deviation of three samples. Within the same column, values followed by
different superscripted letters are significantly different from the other based on Tukey-HSD test with p-value of
0.05.

Corrosion measurements

As indicated in the previous section, there was no significant difference in 7-
day compressive strength of control and green tea-based mortar at any percentage of
water replacement with the extracts of 1% and 2% green tea. This indicates that any
percentage of the water replacement with the green tea extracts could be selected for
the corrosion tests in SCPS. In this study, the authors have selected 100% water
replacement with extract of 1% green tea and 60% water replacement with extract of
2% green tea for corrosion tests in SCPS. 60% was selected over the 80 and 100%
water replacements, because the hardened mortar prepared with the 60% water
replacement had a more similar consistency to control mortar than the 80 and 100%
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water replacement mortar. The 100% water replacement with extract of 1% green tea
and 60% water replacement with extract of 2% green tea are referred to as 1% GT and
2% GT. Electrochemical parameters of rebars in SCPS containing 3.5% NaCl are
presented in Tables 15 to 20.

Table 15: Corrosion rate of steel reinforcing bars in simulated concrete pore solution

containing 3.5% sodium chloride

Corrosion Corrosion rate (um/year)

inhibitor 1 day 3 days 7 days 14 days 21 days

Control 47.97£3.41° 32.15+£9.21* 17.94+3.48% 89.92+7.78* 112.10+35.51°

Extract of
1% green
tea (by 3.40+1.64° 10.50#£2.74°> 15.62+3.91° 51.32+4.21°  60.17+6.67°
cement

weight)

Extract of
2% green
tea (by 3.75+2.43>  3.67+1.25° 10.78+3.76% 53.8749.28°  70.05+25.22?
cement

weight)

Values are presented as mean + standard deviation of three samples. Within the same column, values followed by
different superscripted letters are significantly different from the other based on Tukey-HSD test with p-value of
0.05.

As shown in Table 15, GT inhibited rebar corrosion, as reflected by the
reduction in corrosion rate and the delay in sudden increase of the corrosion rate
(indicating corrosion initiation) [165]. In absence of GT (i.e. in C-SCPS), corrosion
rate of immersed rebars was high (10-100 pum/year) throughout 14 days and increased
to very high (>100 um/year) after 21 days [45]. After 7 days, corrosion rate was
reduced, plausibly due to the formation of a protective layer on rebar surface which
reduced the rate of anodic and cathodic reactions (i.e. anodic and cathodic slopes), and

increased polarization resistance (Tables 16-18) [10, 133]. However, longer immersion
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periods (14 and 21 days) damaged the layer, thus significantly decreasing polarization
resistance and increasing corrosion rate. On the other hand, addition of GT maintained
rebar corrosion rate at low and moderate levels during early immersion days. The 1%
GT maintained a low (<5 um/year) and moderate (5-10 pm/year) corrosion rate for one
and three days [45]. Meanwhile, 2% GT maintained the corrosion rate within moderate
level for 7 days. Sudden increase in corrosion rate occurred at 14 days in both the SCPS
which contained 1% GT and the SCPS which contained 2% GT. This indicated that
both GT were equally effective in inhibiting rebar corrosion induced by 3.5% NaCl.

Table 16: Anodic slope of steel reinforcing bars in simulated concrete pore solution

containing 3.5% sodium chloride

Corrosion Anodic slope (mV/decade)

inhibitor 1 day 3 days 7 days 14 days 21 days

Control 73.37£26.94° 51.61+26.86° 24.39+4.63% 18.52+4.34% 22.48+7.89%

Extract of
1% green
tea (by 20.46+8.08"  30.01+1.52% 42.73+7.16° 19.47+0.74% 22.80+0.25°
cement

weight)

Extract of

2% green

tea (by 17.55+4.17°  25.97+9.41% 24.47+2.64® 23.07+12.77° 17.28+0.98?
cement

weight)

Values are presented as mean + standard deviation of three samples. Within the same column, values followed by
different superscripted letters are significantly different from the other based on Tukey-HSD test with p-value of
0.05.
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Table 17: Cathodic slope of steel reinforcing bars in simulated concrete pore solution

containing 3.5% sodium chloride

Corrosion Cathodic slope (mV/decade)

inhibitor 1 day 3 days 7 days 14 days 21 days

Control 104.80+31.04% 84.36+24.43* 50.60+5.83% 44.55+0.94* 51.55+0.79°

Extract of

1% green

tea (by 66.12+10.78% 52.04+4.30*° 61.1745.61% 67.50+5.50° 73.50+13.98°
cement

weight)

Extract of
2% green
tea (by 74.99+16.22%  51.40+6.63° 58.43+3.30° 63.10+2.54° 69.83+4.71°
cement

weight)

Values are presented as mean * standard deviation of three samples. Within the same column, values followed by
different superscripted letters are significantly different from the other based on Tukey-HSD test with p-value of
0.05.
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Table 18: Polarization resistance of steel reinforcing bars in simulated concrete pore

solution containing 3.5% sodium chloride

Corrosion Polarization resistance (Q)

inhibitor 1 day 3 days 7 days 14 days 21 days
Control 378+£38*  1047+241° 993+179% 156+38% 1524272
Extract of

1% green tea
574643772 2043+676°  1830+686° 316+22° 311453%
(by cement

weight)

Extract of
2% green tea

4830+1852° 5050+287°  1835+5422 319+80° 2314792
(by cement

weight)

Values are presented as mean + standard deviation of three samples. Within the same column, values followed by
different superscripted letters are significantly different from the other based on Tukey-HSD test with p-value of
0.05.

The highest corrosion inhibition efficiency (IE) of 1% and 2% GT were
observed after 1 day (Table 19), during which polarization resistance significantly
increased (Table 18) while corrosion rate and anodic slope significantly decreased
(Tables 15 and 16). In addition, cathodic slope was also reduced (Table 17). These
changes in electrochemical parameters occurred without a significant change in open
circuit potential (Table 20), indicating that GT behaved as a mixed-type inhibitor [164,
190-193]. As a mixed-type inhibitor, the adsorption of GT compounds on rebar surface
reduced anodic and cathodic slopes simultaneously without significantly changing the
open circuit potential. Moreover, the adsorption increased the polarization resistance
[164, 191, 192, 194]. Nonetheless, IE of both GT decreased over 7 days, with a more
pronounced reduction for the 1% GT. This IE reduction was the consequence of
corrosion propagation, as indicated by the low open circuit potential values shown in
Table 20 [7, 54, 195].
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Overall, 1% and 2% GT were equally effective against 3.5% NaCl. However,
the 2% GT exhibited a higher overall IE than the 1% GT (46.31+15.97% and
37.50+£6.97% after 21 days). Therefore, the extract of 2% green tea was selected for
corrosion tests in mortar, which will be presented in Chapter 4.

Table 19: Corrosion inhibition efficiency of green tea extracts in simulated concrete

pore solution containing 3.5% sodium chloride

Corrosion Corrosion inhibition efficiency (%)

inhibitor 1 day 3 days 7 days 14 days 21 days
Extract of

1% green

tea (by 92.92+2.91* 67.33+4.08%° 12.93£5.90*° 42.93+0.18* 46.31+15.97°
cement

weight)

Extract of

2% green

tea (by 92.17+4.38° 88.58+1.06° 39.91+10.33° 40.09+5.11%  37.50+6.97°
cement

weight)

Values are presented as mean + standard deviation of three samples. Within the same column, values followed by
different superscripted letters are significantly different from the other based on Tukey-HSD test with p-value of
0.05.
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Table 20: Open circuit potential of steel reinforcing bars in simulated concrete pore solution containing 3.5% sodium chloride

S Open circuit potential (mV vs. saturated calomel electrode)
Corrosion inhibitor

1 hour 8 hours 1 day 3 days 7 days 14 days 21 days

Control -4714222 -509+292 -524+222 -535+42 -548+3? -577+382 -594+10?
Extract of 1% (by

cement weight) -522+21° -513+142 -529+30? -540+5? -526+10° -588+172 -572+12
green tea

Extract of 2% (by

cement weight) -538+11° -555+82 -559+14¢2 -562+11% -552+22 -559+36° -561+132
green tea

Values are presented as mean + standard deviation of three samples. Within the same column, values followed by different superscripted letters are significantly different from the
other based on Tukey-HSD test with p-value of 0.05.
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3.5

Summary

In summary, it is evident that green tea inhibited rebar corrosion in SCPS. When
green tea was used as extracts of 1% and 2% green tea to replace water, there was no
significant difference in 7-day compressive strength of control mortar and green tea-
based mortar, at any percentage of the water replacement (20-100% in 20%
increments). Moreover, compressive strength of the green tea-based mortar fulfilled
ASTM requirement on the use of uncommon water for concrete mixing. On the other
hand, when green tea was applied as dry admixtures, compressive strength of green
tea-based mortar was significantly lower than the control mortar. Therefore, green tea
was used as GT to replace water during corrosion tests in SCPS. The dosages were
100% water replacement with extract of 1% green tea and 60% water replacement with
extract of 2% green tea. The two dosages were referred to as 1% GT and 2% GT. GT
inhibition on rebar corrosion was confirmed through an observed reduction in the
corrosion rate and a delay in the sudden increase of the corrosion rate (which indicated
the initiation of rebar corrosion). Against 3.5% NaCl, highest IE was observed after 1
day (£92%) for both GT, with the following changes in electrochemical parameters
indicated that GT behaved as a mixed-type corrosion inhibitor: changes in anodic and
cathodic slopes without a significant change in open circuit potential. Overall, the 2%
GT showed a higher overall IE throughout the entire corrosion test (46.31% 15.97% vs.
37.50% 6.97% after 21 days). Thus, the extract of 2% green tea was deemed suitable

for the corrosion tests in mortar, presented in Chapter 4.
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CHAPTER 4: CORROSION TESTS IN
MORTAR

4.1

Introduction

In Chapter 3, it has been shown that green tea inhibited the corrosion of steel
reinforcing bar (rebar) in simulated concrete pore solution (SCPS), as indicated by a
reduced rebar corrosion rate and delayed initiation of rebar corrosion. This chapter
investigates green tea’s inhibition on corrosion of rebar embedded in mortar (Steel
reinforced mortar). Green tea was added as aqueous extract of 2% green tea (by cement

weight), which exhibited the lowest rebar corrosion rate in SCPS.

Corrosion inhibition efficiency (IE) of the green tea extract (GT) was compared
with the IE of commercial calcium nitrite corrosion inhibitor (CI). As mentioned in
Chapter 2, Cl is widely accepted as the current most effective corrosion inhibitor for
concrete [16-19]. Both Cl and GT were added as admixed corrosion inhibitors, and the
dosages of both inhibitors were kept similar to allow a justification on selected GT
dosages, IE comparison between both inhibitors, and indirect adjustment of GT dosages
to chloride concentration [17, 20, 35, 118, 121].

Corrosion studies in mortar/concrete commonly adopt an accelerated corrosion
regime because natural corrosion will entail years to obtain the required corrosion level
[196-200]. Thus, accelerated corrosion was adopted for the corrosion tests in mortar.
Unfortunately, there is no standardized method to accelerate rebar corrosion [200].
Noneheless, there are three commonly used methods: impressed techniques (impressed
current and impressed voltage), admixing chloride into concrete, and cyclic wetting-
drying exposure [200, 201]. Admixing chloride into concrete used to be popular, to
emulate the early chloride contamination of concrete from the aggregate and the
addition of calcium chloride as concrete set accelerator. The concrete contamination

with chloride from the aggregate was common (such as in Japan), due to the lack of
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4.2

421

good aggregate which led to the use of marine sand in construction [7, 133, 156, 199,
202]. Nonetheless, the incorporation of marine sand and calcium chloride into
reinforced concrete have been banned [203], to avoid the undesirable introduction of
chloride into concrete. Therefore, impressed techniques and cyclic wetting-drying
exposure are more commonly used today, and were employed during the accelerated

corrosion tests in mortar.

Material properties and sample preparations
This section describes the preparations for corrosion tests in mortar:
preparations of Cl and GT, preparations of mortar mixture, and preparations of steel

rebars.

Preparations of Cl and GT

Cl was procured from BASF company (i.e. MasterLife® CI 30), and is
composed of 30% (w/w) calcium nitrite as the active constituent. Dosage of Cl is
commonly expressed as a chloride-to-nitrite ratio [20]. Manufacturer recommends a
range of chloride-to-nitrite ratio between 1.2 and 1.5 for an effective IE of using CI.
Thus, in this study, CI dosages were selected to encompass the recommended dosages
(ratios of 1.2 and 1.5) and a wider range of dosages (ratios of 0.9 and 1.8). The selected
chloride-to-nitrite ratios conformed with published literature [20], which reported that
Cl is effective at chloride-to-nitrite ratio lower than 2.0. The ratio of 0.9 was the lowest

recommended ratio for exposure to a very aggressive (i.e. corrosive) environment.

GT was produced by ultrasonic-assisted extraction of 2% (by cement weight)
green tea leaves with hot water for 30 minutes, at leaves-to-water ratio of 10% (w/v).
The ratio was selected to simulate CI concentration (30%) the closest possible, while
maintaining the extract-ability and filter-ability of GT. Upon extraction, large particles
were removed from the aqueous extract by filtration and GT concentration was
determined by oven-drying method at 100°C [147]. The concentration ranged from 2.0-

3.0% (w/w) and was used to determine the water content of GT.
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4.2.3

Dosages of Cl and GT at equal volume

GT was added into mortar at equal volume to CI (Table 21) [35, 204]. The IE
of GT and CI were investigated against 3.5% sodium chloride (NaCl) solution, which
simulated the seawater [20, 110, 115, 118, 120, 197, 201, 205-207].

The volume of CI presented in Table 21 was calculated based on CI
concentration (i.e. total solid) of 30%, CI density of 1.22 kg/m?3, and concrete density
of 2,350 kg/m3. The concentration and density were obtained from the specification
sheet of selected Cl product (MasterLife® CI 30).

Table 21: Volume of calcium nitrite corrosion inhibitor (CI) and green tea extract (GT)

o Chloride-to-nitrite Volume of inhibitor
Corrosion inhibitor

ratio (L/md)
0.9 40.14
1.2 30.11
Cl

1.5 24.10
1.8 20.08
40.14
) 30.11

GT Not applicable
24.10
20.08

Dosages of Cl and GT at similar concentration

At equal volume, GT had a lower concentration than Cl (30% vs. 2-3%)
Therefore, in addition to the comparison at equal volume, IE of GT and CI were
compared at similar inhibitor concentration, to address the lower concentration of GT.
Hence, concentration of Cl was diluted to the similar concentration as GT. However,
the dilution of CI changed the chloride-to-nitrite ratios. Thus, the NaCl concentration
was diluted based on the dilution factor of Cl, to maintain the chloride-to-nitrite ratios
identical to those shown earlier in Table 21.
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Table 22 shows the weight of CI, when CI concentration was diluted from 30%
to 3%. The table also shows the weight of GT at the similar concentration to CI. The
NaCl concentration was diluted ten-fold to 0.35% (w/v), based on the dilution factor of
CI. Despite the dilution, the NaCl concentration was within the range of concentration
used in other studies [20, 59, 165].

Table 22: Weight of calcium nitrite corrosion inhibitor (CI) and green tea extract (GT)

Corrosion Chloride-to- Weight of inhibitor
inhibitor nitrite ratio (kg/m?)
0.9 48.97
1.2 36.73
Cl
1.5 29.40
1.8 24.50
48.97
_ 36.73
GT Not applicable
29.40
24.50

Preparations of mortar mixture

Mortar mixture was prepared with Portland Cement CEM I1/B-S 42.5N and fine
aggregate according to mix design shown in Table 23. Chemical compositions of the
cement are identical to those reported in Chapter 3, Table 8. On the other hand,
properties of the fine aggregate are presented in Table 24. The water/cement (w/c)
shown in Table 23 was adjusted for the moisture content of the fine aggregate. The w/c
of 0.54 has been widely used in other studies [110, 156, 163, 198-201, 208, 209], and
was selected to provide suitable permeability for completing corrosion investigation
within the available timeframe of this study (under twelve months). Additionally, no
chemical admixture (e.g. superplasticizer) was added into mortar for the w/c, since the
mortar had exhibited an acceptable workability. Thus, there was no interference from

other chemical admixture during the evaluation on IE of corrosion inhibitors.
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During mixing of Cl-based and GT-based mortar, additional water contributed
into mortar by the inhibitors was taken into account, to maintain a consistent wi/c in
control, Cl-based, and GT-based mortar [23, 34]. Water content of the inhibitor was
the difference between total inhibitor weight per liter (i.e. density) and inhibitor

concentration (i.e. total solid) per liter.

Table 23: Constituents of mortar mixture

Constituent Proportion (kg/m?)
Cement 420.00
Water 226.51
Fine aggregate 1084.28

Water/cement (w/c) = 0.54

Table 24: Properties of fine aggregate

Properties Remarks

Effective size 1.5-3.0 mm

Uniformity coefficient 1.5+8%

Average fineness modulus 2.19+0.08

Main composition Quartz crystalline silica (approximately

94% of total composition)

Appearance Fine to coarse sand grains with
brown/grey to light grey color

Specific gravity Approximately 2.6

Preparations of steel rebars

Steel rebars of 12 mm diameter and 130 mm length were cut from commercial
carbon steel rebars (high tensile deformed steel rebars grade 500B) [8, 20, 147]. Prior
to use, the rebars were sandblasted, degreased with acetone, cleaned with ultra-pure
water, and wiped dry [20, 210]. Only surface area of 1,886 mm? (at the middle) and
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943 mm? (at the top) were unpainted for exposure to NaCl solution and electrical
connection [211, 212]. The remaining surface areas of the rebars were painted with
epoxy [8]. The painted steel rebars were aligned at the center of PVVC pipe molds as
illustrated in Figure 14. Distance between the lower end of the rebar and the lower end
of the mold was 30 mm, to prevent the exposure of unpainted-electrical connection

section to NaCl and to ensure a good access to oxygen [213].

Methodologies
This section describes the procedures for casting mortar and steel reinforced
mortar, accelerating rebar corrosion, measuring rebar corrosion, and measuring mortar

compressive strength.

Casting mortar and steel reinforced mortar

Procedures for mixing and casting steel reinforced mortar specimens were
adopted and modified from the study by Gencel et al. [86] and Karahan and Atis [52]
with modifications. In brief, a laboratory-scale mixer was used for the mortar mixing.
Upon mixing, the fresh mortar was filled into PVC pipe molds (Figure 14) in three-
equal layers. Each layer was compacted on a vibrating table for 25 seconds. Three
control specimens (no corrosion inhibitor) and three specimens for each dosage of ClI
and GT were prepared. After 24 hours, the hardened steel reinforced mortar specimens
were de-molded and cured for 28 days [52] in saturated limewater following ASTM C
511.

Mixing and casting of mortar for compressive strength measurements were

performed similarly to the mixing and casting of steel reinforced mortar, except for the

absence of steel rebars aligned at the center of PVC pipe molds.
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Figure 14: Steel reinforced mortar specimen (Adapted and modified from Alghamdi
and Ahmad [171])

Accelerated corrosion

After 28 days of curing, steel reinforced mortar specimens were subjected to an
accelerated corrosion employing a combination of impressed current and cyclic
wetting-drying. The current density was 100 pA/cm?, and the wetting-drying cycle was
four days of wetting and three days of drying (twelve wetting-drying cycles in total)
[110, 200, 214-2186].

Fundamental purpose of accelerated corrosion is to obtain the required

corrosion level within the shortest time and the least deviation from natural corrosion

[217]. Accelerated corrosion studies employing impressed current used current
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densities which were 3 to 100-times higher than the maximum values reported from
field studies, ranging from 45 to 10,400 pA/cm?[199]. In this study, the selected current
density was 100 pA/cm?. This current density has been used in other studies [155, 156,
198, 199, 218-220] and was originally proposed by Andrade et al. [221] after collecting
current density data from natural corrosion in various sizes of mortar and concrete
specimens over 20 years. The authors reported the highest current density of 100-200
HA/cm? in a structure exposed to a very aggressive environment, against a more
commonly encountered current density of 1-10 pA/cm?. A further study by El
Maaddawy and Soudki [199] investigated the effect of increasing current density from
100 to 500 pA/cm?. The authors reported that at equivalent percentage of steel loss,
increasing current density above 200 pA/cm? increased tensile strain and concrete
crack width. This was due to the higher corrosion rate at higher current density, which
exceeded the diffusion rate of corrosion products through concrete pores, resulting in
accumulation of corrosion products. The accumulated corrosion products induced
tensile strain and concrete cracks. According to Andrade et al. [221], percentage mass
loss is a more accurate indicator of corrosion damage than crack width and diffusion of
corrosion products. Therefore, by adopting percentage steel loss as the indicator of
corrosion damage, maintaining current density below 200 pA/cm? prevents a false

positive increase in crack width and tensile strain.

The accelerated corrosion employing impressed current was combined with
cyclic wetting-drying to simulate the exposure of reinforced concrete structure to
marine environment. Cyclic wetting-drying allowed the ingress of oxygen into mortar
during drying period, which would otherwise be limited due to the saturation of
concrete pore with water during wetting period and the low solubility of oxygen in
water [222]. Therefore, due to the oxygen ingress, corrosion products formed under
natural environment can be simulated by cyclic wetting-drying setup. The selected
wetting-drying cycle was four wetting days and three drying days, to represent the long
dry period on-field and allow sufficient time for development of corrosion products in
the presence of oxygen [110, 200, 214-217].

74



The setup for the accelerated corrosion is shown in Figure 15. The accelerated
corrosion was performed at laboratory temperature (26.4+ 1.7°C, 70.3+ 7.5% relative
humidity). The anode was the steel rebar embedded in mortar, the cathode was AISI
304 stainless steel plate (120 x 100 x 10 mm), and the electrolyte was NaCl solution
[211]. The steel reinforced mortar specimen and stainless steel plate were immersed up
to 20 mm from the top of plate to reduce the corrosion of the crocodile clip holding the
plate (Figure 15). The specimens were connected in series to subject all specimens to
equal applied current [196, 199]. Nevertheless, mortar pores dry out during the drying
period, which increases mortar resistivity to current flow. Therefore, applying 100
nA/cm? current density during drying period increased the total potential of connected
specimens above the maximum potential of power supply. Hence, the impressed
current was applied during the wetting period, and the specimens were allowed to
corrode naturally during drying period. During the drying period, the specimens were
removed from the NaCl solution and the corrosion was sustained by the ingress of

oxygen. A similar setup was adopted by Malumbela et al. [208].

The accelerated corrosion test was conducted until the 12" wetting-drying
cycle, similar to the study period selected by Fayala et al [110]. At the end of the 12"
cycle, at least half of the total steel reinforced mortar specimens have satisfied ASTM
G 109-07 requirement, having integrated electrical charge of 150 Coulomb or greater
to ensure sufficient corrosion for visual inspection. Electrical charge values of the
specimens are presented in Table 25. The values were calculated from the area under
the curve of corrosion current measured at each cycle (average of three specimens, in
Ampere) vs. time (second). In addition, at the end of the 12" cycle, control and ClI-
based steel reinforced mortar specimens had shown a stable corrosion rate at 170-200
pm/year (Section 4.4.2.1, Figure 18), which fell under ‘very high’ corrosion rate
category (corrosion rate >100 pm/year). On the other hand, GT-based steel reinforced
mortar specimens showed ‘high’ corrosion rate values (corrosion rate between 10 and
100 pum/year) at 45-57 um/year [45].
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Table 25: Electrical charge of steel reinforced mortar admixed with equal volume of

calcium nitrite corrosion inhibitor (CI) or green tea extract (GT)

Corrosion inhibitor Volume of inhibitor Electrical charge
(L/md) (Coulomb)
Control - 1,652
Cl 40 1,319
Cl 30 1,223
Cl 24 1,268
Cl 20 1,445
GT 40 244
GT 30 246
GT 24 260
GT 20 348
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o O DC Power supply

Figure 15: Accelerated corrosion setup employing impressed current and cyclic
wetting-drying. The specimens were removed from sodium chloride solution during
the drying period (Adapted and modified from Guneyisi and Gesoglu [211] and Fayala
etal. [110])
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4.3.4

Corrosion measurements

Corrosion development, as represented by electrochemical parameters, was
measured with linear polarization resistance (LPR) technique at laboratory temperature
(26.4+ 1.7°C, 70.3% 7.5% relative humidity). The measurement was performed with a
Metrohm Autolab M204 potentiostat employing three-electrode setup [110]. The
working electrode (WE) was the steel rebar embedded in mortar, while the reference
electrode (RE) and counter electrode (CE) were saturated calomel electrode and AISI
304 stainless steel plate (120 x 100 x 10 mm).

The corrosion measurement was performed at the end of a drying period and
prior to the beginning of a new wetting period. Therefore, the specimens were in dry
condition. Hence, electrical connection between RE and WE was established using a
sponge wetted with diluted detergent [110, 154]. Prior to LPR measurement, open
circuit potential (OCP) of the rebar was measured. When the OCP had been stable
(fluctuations less than 10 mV, achieved within 10 minutes), OCP was determined and
the rebar was polarized with a scan potential of £20 mV from OCP and scan rate of
0.166 mV/s [8, 21]. The electrochemical parameters (anodic and cathodic slopes,
corrosion rate, and polarization resistance) were obtained by analyzing the plots of log
current vs. potential with Nova 1.11 software. The corrosion rate was used to calculate
the IE of Cl and GT, according to Equation 11 presented in Chapter 3. The corrosion
rate in absence of Cl and GT is defined as CR control, While CR innibitor denotes the

corrosion rate in presence of Cl and GT.

Compressive strength measurements

After 28 days of moist curing, mortar compressive strength was measured with
NL Scientific compression machine (ECO-SMARTZ Fully Automatic Compression
Machine 3000 kN). The loading rate was 0.25+0.05 MPa/s based on ASTM C 39.
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Statistical analyses

Results are expressed as mean + standard deviation of three samples. Results
on electrochemical parameters are presented with error bars to represent the mean and
standard deviation values. On the other hand, the compressive strength results are
reported with their significant differences evaluated using one-way analysis of variance
(one-way ANOVA) followed by a Tukey HSD post hoc test, by employing SPSS 20
software [178]. Within single set of data, the significant differences are represented by
superscripted letters after the presented values. The superscripted letters ‘a’ until ‘¢’
represent different statistical groupings, and each group is significantly different based
on p-value of 0.05. Thus, values followed by different superscripted letters are

significantly different from each other.

Results and discussion

Effects of ClI and GT on electrochemical parameters and 28-day mortar
compressive strength are presented in the next sections. The mortar compressive
strength indicated the inhibitors’ effects on the physical protection of mortar against
corrosion. On the other hand, the electrochemical parameters indicate the inhibitors’

effects on the corrosion resistance of the rebar.

The inhibitors’ effects at similar concentration and equal volume are presented
in Sections 4.4.1 and 4.4.2. The inhibitors’ effects at similar concentration are presented
earlier, to investigate the corrosion rate at similar inhibitor concentration before
investigating the corrosion rate at equal inhibitor volume, at which GT had a lower
concentration than CI.

Corrosion rate and mortar compressive strength at similar concentration of ClI
and GT

Effects of Cl and GT at similar concentration on corrosion rate and mortar
compressive strength are presented in Sections 4.4.1.1 and 4.4.1.2. As presented in

Section 4.2.3, the inhibitors’ dosages were expressed in terms of the inhibitor weight.
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Corrosion rate at similar concentration of Cl and GT

Corrosion rate of steel reinforced mortar specimens (control, Cl-based, and GT-
based specimens) and the IE of Cl and GT at similar inhibitor concentration, are shown
in Figures 16 and 17. As shown in Figure 16, there was neither a significant difference
in corrosion rate of Cl-based and GT-based specimens, nor an overall significant
difference in corrosion rate of GT-based and control specimens. Therefore, the IE of
Cland GT were not significantly different (Figure 17). Both inhibitors showed a similar
IE at the end of the corrosion test, ranging from 51-70%.
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Figure 16: Mean * standard deviation (n=3) in corrosion rate of steel reinforced mortar admixed with similar weight of calcium nitrite
corrosion inhibitor (CI) or green tea extract (GT)
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Figure 17: Mean + standard deviation (n=3) in corrosion inhibition efficiency of calcium nitrite corrosion inhibitor (CI) and green tea
extract (GT) at similar weight
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44.1.2  Compressive strength at similar concentration of Cl and GT
Compressive strength of control, Cl-based, and GT-based mortar specimens, at
similar inhibitor concentration are presented in Table 26. As shown in the Table 26,
there was no overall significant difference in compressive strength of Cl-based and GT-
based specimens. On the other hand, only the strength of specimens added with GT at

49 and 37 kg/m?® were significantly higher than the strength of control specimens.

Table 26: Compressive strength of mortar admixed with similar weight of calcium

nitrite corrosion inhibitor (ClI) or green tea extract (GT)

Weight of inhibitor

Corrosion inhibitor Compressive strength (MPa)
(kg/m®)

Control - 14.64 £ 1.31%
Cl 49 18.20 + 2.29%
Cl 37 14.74 + 1.68%
Cl 29 15.65 + 3.18%
Cl 24 17.43 + 2.25%
GT 49 23.88 + 4.83"®
GT 37 23.98 + 4.29Pce
GT 29 22.77 £0.79%
GT 24 23.18 + 4.63*

Values are presented as mean + standard deviation of three samples. Within the same column, values followed by
different superscripted letters are significantly different from each other based on Tukey-HSD test with p-value of
0.05.

4.4.1.3  Overall effects of Cl and GT on corrosion rate and mortar compressive strength
at similar concentration

At similar inhibitor concentration, there was neither a significant difference in

the corrosion rate of Cl-based and GT-based specimens, nor a significant difference in

the compressive strength of Cl-based and GT-based specimens. This suggested the

contribution of the physical protection by mortar against corrosion. More importantly,

the absence of significant difference in the corrosion rate of Cl-based and GT-based

specimens at similar inhibitor concentration allowed the comparison on corrosion rate
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of Cl-based and GT-based specimens at equal inhibitor volume, at which GT had a
lower concentration than CI. The effects of Cl and GT on electrochemical parameters

and mortar compressive strength at equal volume are presented in the next section.

Electrochemical parameters and mortar compressive strength at equal volume of
Cland GT

Effects of Cl and GT at equal volume on electrochemical parameters (corrosion
rate, anodic slope, cathodic slope, polarization resistance, and open circuit potential)

and mortar compressive strength are presented in Sections 4.4.2.1 t0 4.4.2.6.

Corrosion rate at equal volume of Cl and GT

Corrosion rate of steel reinforced mortar specimens (control, Cl-based, and GT-
based specimens), and the IE of Cl and GT at equal inhibitor volume are shown in
Figures 18 and 19. Figure 18 shows that GT-based specimens had a significantly lower
corrosion rate than control and Cl-based specimens. Therefore, GT demonstrated a
significantly higher IE than CI (Figure 19). The IE ranged from 75-80% vs 14-24% at

the end of corrosion test.

The estimated residual service life of the steel reinforced mortar specimens is
presented in Table 27. The values were calculated from the average corrosion rate of
the specimens at the end of corrosion test, using calculation methods described by
Andrade et al. [221]. The rebar diameter was 12 mm and the residual service life was
defined as the timespan to reach critical diameter loss, which leads to structure
deterioration. According to Torres-Acosta [223], the critical diameter loss was 10%,

which produced approximately 50% loss in structural strength.
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Table 27: Residual service life of steel reinforced mortar added with equal volume of

calcium nitrite corrosion inhibitor (CI) or green tea extract (GT)

Corrosion inhibitor Volume of inhibitor Residual service life

(L/md) (years)

Control - 5.25
Cl 40 6.50
Cl 30 6.83
Cl 24 6.75
Cl 20 6.10
GT 40 26.55
GT 30 25.86
GT 24 22.02
GT 20 21.16
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Figure 18: Corrosion rate (mean + standard deviation, n=3) of steel reinforced mortar at equal volume of calcium nitrite corrosion
inhibitor (CI) and green tea extract (GT)
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Figure 19: Corrosion inhibition efficiency (mean + standard deviation, n=3) at equal volume of calcium nitrite corrosion inhibitor (CI)

and green tea extract (GT)
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Compressive strength at equal volume of Cl and GT

At equal inhibitor volume, GT-based specimens showed a significantly lower
corrosion rate than control and Cl-based specimens. Therefore, effects of GT on factors
which potentially elucidate the mechanism(s) by which GT reduced corrosion rate,

were investigated.

The first factor was the mortar compressive strength, which indicated the
physical protection of mortar against corrosion. Compressive strength of control, ClI-
based, and GT-based mortar specimens at equal inhibitor volume, are presented in
Table 28. As shown in the Table 28, there was no overall significant difference in the
strength of Cl-based and GT-based specimens. On the other hand, only the strength of
mortar specimens added with GT at 40 L/m? was significantly higher than the strength

of control specimens.

Table 28: Compressive strength of mortar added with equal volume of calcium nitrite

corrosion inhibitor (CI) or green tea extract (GT)

o Volume of inhibitor Compressive strength
Corrosion inhibitor
(L/md) (MPa)
Control - 14.91 £ 1.53%
Cl 40 19.72 £ 0.78%
Cl 30 20.27 £ 4.12%
Cl 24 21.46 + 3.21%
Cl 20 18.52 £ 2.96*
GT 40 23.01 +1.11%
GT 30 18.05 £ 2.21%
GT 24 19.28 £+ 1.38*
GT 20 18.99 + 2.84%

Values are presented as mean * standard deviation of three samples. Within the same column, values followed by
different superscripted letters are significantly different from each other based on Tukey-HSD test with p-value of
0.05
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In order to investigate the effect of compressive strength on corrosion rate, the
trends on compressive strength were correlated with the trends on corrosion rate. It was
observed that despite the absence of significant difference in strength of Cl-based and
GT-based specimens, GT-based specimens showed a significantly lower corrosion rate
than Cl-based specimens. This implied that the lower corrosion rate of GT-based
specimens was not due to an improved physical protection of mortar against corrosion.
Hence, effect of GT on rebar corrosion resistance, as indicated by the electrochemical
parameters, was investigated. The investigated electrochemical parameters were the
anodic slope (Figure 20), cathodic slope (Figure 22), polarization resistance (Figure

23), and open circuit potential (Figure 25).

Anodic slope at equal volume of Cl and GT

The effects of Cl and GT on anodic slope are presented in Figure 20. Anodic
slope represents the rate of iron oxidation during rebar corrosion (i.e. rate of anodic
reaction) [22]. As shown in Figure 20, GT-based specimens had a significantly lower
anodic slope than control and Cl-based specimens, despite the significant reduction

subsided after the sixth wetting-drying cycle.

A good correlation between anodic slope and corrosion rate is observed in
Figure 21. The correlation suggests that the reduction in anodic slope contributed to the
lower corrosion rate of GT-based specimens [22]. In addition, the correlation between
anodic slope and corrosion rate explains the sudden increase in corrosion rate of Cl-
based specimens when the ability of CI to decrease anodic slope diminished (at the
second wetting-drying cycle). CI inhibits rebar corrosion by forming passive film on
rebar surface, and reduces the rate of anodic reaction [18, 20, 21]. Therefore, when the

effect of Cl to reduce anodic reaction rate decreased, I1E of Cl was reduced.

Cathodic slope at equal volume of Cl and GT
Effects of Cl and GT on cathodic slope are presented in Figure 22. Cathodic
slope indicates the rate of oxygen reduction rate during rebar corrosion (i.e. rate of

cathodic reaction) [22]. As shown in Figure 22, GT-based specimens displayed a lower
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cathodic slope than the control and Cl-based specimens for seven wetting-drying
cycles. Nonetheless, there was no overall significant difference in cathodic slope

among control, Cl-based, and GT-based specimens.
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Figure 20: Anodic slope (mean * standard deviation, n=3) of steel reinforced mortar at equal volume of calcium nitrite corrosion

inhibitor (CI) and green tea extract (GT)
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Figure 21: Anodic slope vs. corrosion rate at equal volume of calcium nitrite corrosion

inhibitor (ClI) and green tea extract (GT)
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Figure 22: Cathodic slope (mean + standard deviation, n=3) of steel reinforced mortar at equal volume of calcium nitrite corrosion
inhibitor (CI) and green tea extract (GT)
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4.4.2.6

Polarization resistance at equal volume of Cl and GT

Figure 23 shows the effects of CI and GT on polarization resistance.
Polarization resistance indicates the rebar resistance to potential/current which may
change the electrochemical state of the rebar and induce rebar corrosion. Figure 23
shows that in overall, GT-based specimens had a significantly higher polarization

resistance than control and Cl-based specimens.

A strong correlation was observed between corrosion rate and polarization
resistance, as presented in Figure 24. The strong correlation suggests that the increase
in polarization resistance reduced the corrosion rate of GT-based specimens. In fact,
the contribution of the increase in polarization resistance towards reduction in corrosion
rate was more prominent than the contribution by the reduction in anodic slope. This is
evidenced by the consistently higher polarization resistance of GT-based specimens
than control and Cl-based specimens until the end of corrosion test. On the other hand,
the reduction in anodic slope decreased after midway through the test (Figure 20).
Increase in polarization resistance is often associated with the formation of protective

layer on rebar surface [3, 10, 64].

Open circuit potential at equal volume of Cl and GT

Effects of Cl and GT on open circuit potential are presented in Figure 25. Open
circuit potential indicates rebar potential in absence of influence from external potential
or current [8]. Figure 25 demonstrates the absence of significant difference in open
circuit potential among control, Cl-based, and GT-based specimens. A similar range of
open circuit potential values was reported in a study by Care and Raharinaivo [198].
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Figure 23: Polarization resistance (mean + standard deviation, n=3) of steel reinforced mortar at equal volume of calcium nitrite
corrosion inhibitor (CI) and green tea extract (GT)
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inhibitor (CI) and green tea extract (GT)
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4.5

Overall effects of ClI and GT on electrochemical parameters and mortar
compressive strength at equal volume

At equal inhibitor volume, GT-based specimens exhibited a significantly lower
corrosion rate than control and Cl-based specimens. The steel reinforced mortar
specimens were subjected to 3.5% NaCl solution, which simulated the exposure to
actual seawater. Therefore, the significantly lower corrosion rate of GT-based
specimens than control and Cl-based specimens demonstrated a better efficiency of GT
as a corrosion inhibitor against the simulated seawater. Specifically, GT was a better
admixed corrosion inhibitor than CI. This was illustrated by the sudden increase in
corrosion rate (i.e. corrosion initiation) of Cl-based specimens at the second wetting-
drying cycle. In comparison, GT maintained the corrosion rate of GT-based specimens
lower than control and Cl-based specimens, until the end of corrosion test.

GT did not reduce corrosion rate by improving the physical protection of mortar
against corrosion, as GT-based mortar displayed a comparable compressive strength to
Cl-based mortar. Instead, the lower corrosion rate was attributed to the improvement
on the corrosion resistance of the rebar. GT reduced anodic and cathodic slopes, and
increased polarization resistance without significantly changing the open circuit
potential; indicating that GT behaved as a mixed type corrosion inhibitor [164, 190-
193].

Summary

Results showed that the corrosion rate of Cl-based and GT-based specimens
were not significantly different at similar inhibitor concentration. Therefore, Cland GT
demonstrated a comparable IE, ranging from 51 to 70% at the end of corrosion test. On
the other hand, when comparisons were made based on equal inhibitor volume, GT-
based specimens showed a significantly lower corrosion rate than control and Cl-based
specimens. Thus, GT exhibited a significantly higher IE than CI (75-80% vs. 14-24%
at the end of corrosion test). The higher IE of GT was not merely due to an improved
physical protection of mortar, as there was no significant difference in compressive

strength of Cl-based and GT-based mortar. Instead, the higher IE of GT was due to the

98



effect of GT which significantly increased polarization resistance and reduced anodic
slope. Meanwhile, the reduction in cathodic slope and change in open circuit potential
were insignificant. The reduction in anodic and cathodic slopes without a significant
change in open circuit potential indicated that GT behaved as a mixed-type corrosion
inhibitor. As a mixed-type corrosion inhibitor, GT inhibited rebar corrosion by
increasing polarization resistance. The increase in polarization resistance was the most
prominent factor contributing to the higher IE of GT, as illustrated by the consistently
higher polarization resistance of GT-based specimens than Cl-based specimens, until
the end of corrosion test (191-221 and 56-64 Q at the end of the test). The formation of
protective layer on rebar surface, as suggested by the increase in polarization resistance

is further investigated in Chapter 5.
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CHAPTER 5: STUDIES ON CORROSION-
INHIBITING MECHANISMS OF GREEN TEA

51 Introduction

In Chapter 4, it has been shown that steel reinforcing bars (rebars) embedded in
mortar admixed with green tea extract (GT) had a significantly lower corrosion rate
than the rebars embedded in control mortar, and mortar admixed with calcium nitrite
corrosion inhibitor (CI). Therefore, GT demonstrated a higher corrosion inhibition
efficiency (IE) than Cl. GT behaved as a mixed-type corrosion inhibitor which
increased polarization resistance, suggesting that it formed a protective layer on rebar
surface [3, 10, 64].

In this chapter, the formation of a protective layer is investigated through visual
inspections and microscopic examinations (optical microscope and scanning electron
microscope). Corrosion inhibition by the layer was investigated by comparing rebar
weight loss in presence and absence of the layer. On the other hand, the plausible
corrosion inhibition due to an improved physical protection of mortar/concrete was
further examined by comparing chloride permeability of control and GT-based
concrete. Meanwhile, composition of the protective layer was elucidated by analyses
with energy-dispersive X-ray spectroscopy, X-ray diffraction spectroscopy, and
Fourier transform infrared spectroscopy. In addition, effect of GT’s antioxidant activity
on corrosion rate and polarization resistance of steel reinforced GT-based mortar was
investigated. Lastly, the corrosion-inhibiting compounds of GT were proposed based
on liquid chromatography-mass spectrometry (LCMS) and liquid chromatography-

tandem mass spectrometry (LCMS-MS) analyses.

5.2 Material properties and sample preparations
In this section, preparations for accelerated corrosion tests in mortar and rapid

chloride permeability tests (RCPT) are described.
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5.2.11

5.2.1.2

Materials and sample preparations for accelerated corrosion

Accelerated corrosion was performed to investigate the corrosion rate of steel
reinforced mortar which incorporated the residual solid of GT, and to study the effect
of GT’s antioxidant activity on the corrosion rate and polarization resistance of steel
reinforced GT-based mortar. Materials and samples for the accelerated corrosion were
prepared as previously described in Chapter 4 Section 4.2, except for the chloride
concentration and inhibitor dosages. The accelerated corrosion presented in this chapter
was only performed against 3.5% sodium chloride (NaCl) solution, to simulate the
actual exposure of a reinforced concrete structure to seawater [20, 110, 115, 118, 120,
197, 201, 205-207]. On the other hand, the inhibitor dosages are described in Sections
5.2.1.1and 5.2.1.2.

Dosages of Cl and GT

Corrosion rate of steel reinforced GT-based mortar was investigated at equal
volume of GT and CI. The corrosion rate was investigated to study the effect of GT’s
antioxidant activity on the increase in polarization resistance and decrease in corrosion
rate of steel reinforced GT-based mortar, which were observed at the equal inhibitor
volume. The volume of Cl and GT are identical to those presented in Chapter 4, Table
21.

Dosages of resuspended GT solid

GT is composed of the supernatant (i.e. the liquid) and fine residual solid. The
residual solid lacks in the active compounds contained in supernatant, which are
hypothesized to be responsible for the electron donation and anti-corrosion activity of

GT as a mixed-type corrosion inhibitor.

Corrosion rate of steel reinforced mortar which incorporated the residual solid
of GT (i.e. without the supernatant) was studied to investigate the anti-corrosion
activity of the solid. In the absence of GT’s active compounds contained in supernatant,

the plausible reduction in corrosion rate is attributed to the effect of the residual solid
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5221

which fills up mortar pores and creates denser mortar matrix, hence improving the
physical protection of mortar against corrosion. Therefore, the investigation on the
corrosion rate of steel reinforced mortar incorporating residual GT solid is deemed
appropriate to determine whether GT reduces corrosion rate by improving the physical
protection of mortar against corrosion, in addition to increasing rebar polarization

resistance.

For the investigations on corrosion rate of steel reinforced mortar incorporating
residual GT solid, GT was initially prepared according to volume shown in Table 21,
and centrifuged to separate the supernatant and the residual solid. The supernatant was
discarded, and the solid was resuspended in ultra-pure water (UPW) to the original
volume shown in Table 21. The resuspended residual solid was added into mortar as

an admixed corrosion inhibitor, similar to GT.

Materials and sample preparations for RCPT
The preparations for RCPT involved the preparations of concrete mixture as

well as the preparations of Cl and GT.

Preparations of concrete mixture

Concrete specimens for RCPT were prepared according to the mix design
shown in Table 29. Properties of the fine aggregate are identical to those shown earlier
in Chapter 4, Table 24. On the other hand, the coarse aggregates were 10-mm crushed
gravels. The w/c was adopted from the w/c used for accelerated corrosion (w/c = 0.54),
with an additional adjustment for the moisture content of coarse aggregates. During
concrete mixing, additional water contributed by the inhibitors to the concrete mixture
was taken into account, to maintain a consistent w/c among control, Cl-based, and GT-

based concrete.

102



Table 29: Constituents of concrete mixture

Constituent Proportion (kg/mq)
Cement 420.00
Water 234.59
Coarse aggregate 611.77
Fine aggregate 1083.19

Water/cement (w/c) = 0.56

5.2.2.2  Preparations of Cl and GT
Volume of Cl and GT admixed into concrete are reported in Table 30. Only CI
and GT volume which showed the highest IE (i.e. lowest corrosion rate) during

accelerated corrosion, were selected for RCPT.

Table 30: Volume of calcium nitrite corrosion inhibitor (CI) or green tea extract (GT)

admixed into concrete

. Volume of inhibitor
Corrosion inhibitor

(L/m3)

Control -
Cl 30.11
GT 30.11

5.3 Methodologies
This section describes the procedures for performing accelerated corrosion,
RCPT, antioxidant activity measurements, surface examinations of rebar, LCMS and

LCMS-MS analyses, and statistical analyses.
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5.3.2.2

Accelerated corrosion

Mixing and casting steel reinforced mortar specimens, accelerating rebar
corrosion, and measuring rebar corrosion with electrochemical method were performed
in accordance with the procedures described previously in Chapter 4, Sections 4.3.1 to
4.3.3. In addition to the electrochemical corrosion measurement, rebar corrosion was
also measured with gravimetric (weight loss) method. For the gravimetric corrosion
measurements, the steel reinforced mortar specimens were intentionally fractured at the
end of accelerated corrosion test to extract the embedded steel rebars. Weight loss of

the rebars was determined according to ASTM G 1-90.

RCPT
The methodologies for RCPT elaborate the procedures for casting concrete

specimens and performing RCPT.

Casting concrete

The mixing and casting procedures of concrete specimens were similar to the
procedures for the steel reinforced mortar specimens described in Chapter 4 Section
4.3.1, except for the absence of steel rebars. Moreover, a larger concrete mixer (20 L
capacity) and cylindrical steel molds (diameter 100 mm and height 200 mm) were used
in place of the smaller laboratory-scale mixer (5 L capacity) and PVC pipe molds.
Three specimens were prepared for each of control (no corrosion inhibitor), Cl-based,

and GT-based concrete.

RCPT

After 28 days of moist curing, concrete specimens were subjected to RCPT
according to ASTM C 1202 [47]. Prior to testing, the cylindrical concrete specimens
of 100 mm diameter and 200 mm height were cut into discs of 100 mm diameter and
50 mm height. The discs were fitted into cells of PROOVE’it RCPT instrument, and
potential difference of 60 V was applied across the discs for 6 hours. The magnitude of
electrical charge passed through the discs after 6 hours was used to determine the

chloride permeability of concrete specimens according to ASTM C 1202.
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Antioxidant activity measurements

According to Feng et al. [8], electron donation promotes the adsorption of a
mixed-type corrosion inhibitor on rebar surface. In Chapter 4, it was evident that GT
behaved as mixed-type corrosion inhibitor. Hence, the electron donation capacity of

GT was measured with ferric reducing power antioxidant assay [8, 150].

Procedures for performing the assay were adapted from a study by Chan et al.
[169]. Antioxidant activity of GT volume adopted for accelerated corrosion were
quantified by accounting for the dilution factor of each volume in mortar. For each of
the diluted GT, three different volume were pipetted into test tubes; one test tube for
each volume and made up to 1 mL with UPW. Subsequently, 2.5 mL phosphate buffer
(0.2 M and pH 6.6) and 2.5 mL of 1% (w/v) potassium ferricyanide were added into
each test tube. The aliquots were mixed and incubated at 50°C for 20 minutes. The
reaction was stopped by adding 2.5 mL of 10% (w/v) trichloroacetic acid. The 8.5 mL
mixture in each test tube was divided into three test tubes (i.e. three replicates), each
containing of 2.5 mL solution. Each of the 2.5 mL solution was further diluted with 2.5
mL UPW, and added with 500 pL of 0.1% (w/v) ferric chloride. The solution was
mixed and incubated in the dark for 30 minutes prior to absorbance measurement at
700 nm. The ferric reducing power results were expressed as mg gallic acid equivalent
(GAE). The calibration equation for gallic acid standard was y = 17.085x where y was

the absorbance value at 700 nm and x was the gallic acid concentration in mg/mL.

Surface examinations of rebar

Rebar surface was examined visually and further examined with optical
microscope and scanning electron microscope (SEM). The rebar surface was also
subjected to elemental and mineral analyses with energy-dispersive X-ray spectroscopy
(EDX) and X-ray diffraction spectroscopy (XRD). Additionally, the presence of
organic functional groups on the rebar surface was detected by Fourier transform

infrared spectroscopy (FTIR).
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5.34.2

5.34.3

5.34.4

Optical microscope

Extracted rebars were observed with ZEISS Stemi 2000 stereo microscope
complemented with Zen software. Magnifications of the objective and camera adapter
were 1.0x and 0.5x.

SEM-EDX

Rebar surface was examined and analyzed with Hitachi SU8010 Field Emission
scanning electron microscope (FE-SEM) equipped with EDX. Hitachi S3400N-11
variable-pressure scanning electron microscope (VP-SEM) was used for the
examination of rebar surface at lower magnification. The accelerating voltage was 15
kV.

XRD

Homogenous (i.e. non-localized) layer was scraped from rebar surface with a
scalpel, and analyzed in powder form with Bruker D8 Discover X-ray diffractometer
[224]. The 26 ranged from 5 to 90°. A Cu-Ka radiation source and Lynxeye detector
were employed for the analyses (40 kV, 40 mA, 0.15418 nm) [224, 225]. The peaks
were identified with data files from Joint Committee on Powder Diffraction Standards-
International Centre for Diffraction Data (JCPDS-ICDD), and confirmed with
published literatures.

FTIR

Rebar surface was analyzed with Nicolet iS10 FTIR equipped with ATR Smart
iTR Diamond. The resolution was 4 cm™ and number of scans were 64 [226, 227]. The
wavenumber ranged from 525 to 4,000 cm™ [227]. Background spectrum was collected
prior to collection of every rebar spectrum, and being subtracted from the rebar
spectrum to eliminate the effect of accumulated carbon dioxide and water vapor during
spectra collections [226].
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LCMS and LCMS-MS analyses of GT

It is widely accepted that the antioxidant activity of GT is contributed by potent
antioxidants from flavan-3-ol class (i.e. catechin derivatives, see Figure 8, Chapter 2)
specifically the catechin, (-)-epicatechin, (-)-epigallocatechin, (-)-epicatechin gallate,
and (-)-epigallocatechin gallate [40, 152, 153, 157, 162, 228-233]. Therefore, the
presence of these compounds in GT was investigated by LCMS and LCMS-MS
analyses, to suggest the likely constituents contributing to the corrosion-inhibiting
activity of GT. The GT dosage was 30.11 L/m? (see Table 21) and was diluted based
on the dilution factor of the GT in mortar.

LCMS analyses were performed based on the procedures described in the study
by Saleem et al. [234] with modifications, using Agilent 1290 Infinity RP-UHPLC
system coupled to Agilent 6520 Accurate-Mass Q-TOF mass spectrometer
incorporating dual ESI source. The column was Agilent Zorbax Eclipse XDB- C18,
narrow-bore 2.1 x 150 mm, 3.5 um (P/N: 930990- 902). The column and auto-sampler
temperature were maintained at 25 and 4°C. The flow rate was 0.5 mL/min and the
injection volume was 3 pL. The mobile phases consisted of A: 0.1% formic acid in
water and B: 0.1% formic acid in acetonitrile. A linear gradient of mobile phases was
applied: 5% B at 0-5 minutes, 5 to 100% B at 5-20 minutes, and 100% B at 20-25
minutes (total run time and post-run time were 25 and 5 minutes respectively). Full-
scan LCMS analyses were performed with the mass-to-charge ratio (m/z) ranged from
50-700 using electrospray ion source in negative mode [40, 232, 235, 236]. Nitrogen
was supplied as the nebulizing and drying gas at flow rate of 25 and 600 L/hour. The
drying gas temperature was set at 300°C. Fragmentation voltage was fixed at 125 V
and the analyses were performed at capillary voltage of 3,500 V. Data were processed
with Agilent Mass Hunter Qualitative Analysis B.05.00 (Method: Metabolomics-
Default- Jan2018.m). Compounds were identified with Search Database
METLIN_AM_PCDL-N-170502.cdb with the parameters: match tolerance of 5 ppm;
positive ions of +H, +Na, +NHa; and negative ion of -H.

LCMS-MS analyses were performed to further ascertain the presence of
targeted compounds by structural elucidation [236]. Procedures for LCMS-MS
analyses were similar to the procedures for LCMS analyses except for some
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modifications. The injection volume was 6 pL and full-scan LCMS-MS analyses were
performed with the m/z ranged from 50-750 using electrospray ion source in negative
mode. Acquisition rate and acquisition time were 4 spectra/s and 250 ms/spectrum. The
transients/spectrum was 2288 and the collision energy was 20 V. Data were processed
with Agilent Mass Hunter Qualitative Analysis B.05.00 (Method: Metabolomics-
Default- Jan2018.m). Compounds were identified with Search Library
METLIN_AM_PCDL-N-170502.cdb with following parameters: precursor ion m/z
expansion +10 ppm + 2 mDa, product ion m/z expansion =20 ppm + 2 mDa, and
minimum reverse score of 80. Targeted LCMS-MS were searched with MS-MS
integrator selection and maximum chromatogram peak width of 1.0 min. Identities of
target compounds were confirmed by comparing the fragmentation patterns of targeted
compounds  with  the  fragments reported in  METLIN  Database

(http://metlin.scripps.edu) and published literatures.

Statistical analyses

Results are expressed as mean * standard deviation of three samples. Results
on corrosion rate are presented with error bars to represent the mean and standard
deviation values. On the other hand, results on antioxidant activity, elemental analyses,
and rebar weight loss are presented with the significant differences in the results being
evaluated with one-way analysis of variance (one-way ANOVA) followed by Tukey
HSD post hoc test, by employing SPSS 20 software [178]. Within single set of data,
the significant differences are represented by superscripted letters after presented
values. The superscripted letters ‘a’ until ‘e’ represent different statistical groupings,
and each group is significantly different based on p-value of 0.05. Therefore, values

followed by different superscripted letters are significantly different from each other.

Results and discussion
The following sections present the results on corrosion rate, chloride
permeability, antioxidant activity, examinations of rebar surface, rebar weight loss, and

the hypothesized compounds contributing to corrosion inhibition by GT.
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5.4.1

Effect of residual GT solid on corrosion rate

As discussed in Section 5.2.1.2, the residual GT solid lacks in the active
compounds which are hypothesized to be responsible for the anti-corrosion activity of
GT as a mixed-type corrosion inhibitor. Therefore, in the absence of GT’s active
compounds contained in supernatant, reduction in corrosion rate is attributed to the
effect of the residual solid which fills up mortar pores and creates denser mortar matrix,
hence improving the physical protection of mortar against corrosion. Thus, corrosion
rate of steel reinforced mortar which incorporated residual GT solid (i.e. without the
supernatant) demonstrates whether GT reduces corrosion rate by improving the
physical protection of mortar against corrosion, in addition to increasing rebar

polarization resistance.

A similar corrosion rate between steel reinforced control mortar and steel
reinforced mortar admixed with residual GT solid is observed in Figure 26. This
indicates a similar protective quality of the mortar in the steel reinforced control mortar
and steel reinforced mortar incorporating GT solid. More importantly, the similar
corrosion rate suggests that the active compounds in supernatant are responsible for the
anti-corrosion of GT, and GT reduces rebar corrosion rate by increasing polarization

resistance.
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Figure 26: Mean = standard deviation in corrosion rate (n= 3) of steel reinforced control mortar and steel reinforced mortar admixed

with resuspended residual solid of green tea extract (GT)
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RCPT

Values of electrical charge passed through concrete after 6 hours are presented
in Table 31. All concrete specimens exhibited ‘high’ chloride permeability according
to ASTM C 1202 (electrical charge >4000 Coulomb) [49]. However, the magnitude of
electrical charge passed through GT-based concrete was not significantly different
from the magnitude of charge passed through control concrete. This suggests a similar
chloride permeability of the control and GT-based concrete. Hence, the similar chloride
permeability further validated that the lower corrosion rate of steel reinforced GT-based
mortar observed in Chapter 4, Figure 18 was not due to an improved physical protection

of mortar/concrete against corrosion.

Table 31: Magnitude of electrical charge passed through concrete after 6 hours

S Volume of inhibitor Electric charge
Corrosion inhibitor
(L/md) (Coulomb)
Control - 5114 + 5862
Calcium nitrite corrosion inhibitor 30 8628 + 995P
Green tea extract 30 5177 + 5692

Values are expressed as mean + standard deviation of three samples. Within the same column, values followed by
different superscripted letters are significantly different from each other based on Tukey HSD test with p-value of
0.05.

Relationship among antioxidant activity, corrosion rate, and polarization
resistance

Effect of GT’s antioxidant activity on corrosion rate and polarization resistance
of steel reinforced GT-based mortar are presented in Table 32. As shown in Table 32,
antioxidant activity of GT affects the corrosion rate and polarization resistance of steel
reinforced GT-based mortar. Nonetheless, accurate correlation coefficients among the
parameters could not be drawn due to the larger variations in corrosion rate and
polarization resistance, than the variation in antioxidant activity. This discrepancy
might be the effect of the different working pH: accelerated corrosion at alkaline pH of

mortar and antioxidant assay at normal pH.
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Table 32: Effect of green tea extract’s (GT’s) antioxidant activity on polarization

resistance and corrosion rate of steel reinforced GT-based mortar

Ferric reducing power Polarization resistance
Corrosion rate (Lum/year)
(mg GAE) (Q)

109.51 + 4.30? 45.18 + 6.80? 221.18 + 29.85%
84.27 + 2.75° 46.37 + 3.34° 211.14 +7.162
75.91 £ 1.87°¢ 54.48 £ 11.782 214.75 + 16.11°
66.49 + 3.91° 60.14 £ 12.072 190.50 + 38.26%
25.44 + 0.82¢ 134.25 + 41.15° 76.18 £ 11.10°
21.47 +0.52¢ 195.88 + 42.16" 64.49 + 5.85"

Values are expressed as mean * standard deviation of three samples. Within the same column, values followed by
different superscripted letters are significantly different from each other based on Tukey HSD test with p-value of
0.05. Abbreviations: GAE= gallic acid equivalent.

A study by Muzolf et al. [152] clearly shows that pH affects the electron-
donating ability: at pH higher than the pKa of potent antioxidant compounds in GT
namely (-)-epicatechin, (-)-epigallocatechin, (-)-epicatechin gallate, and (-)-
epigallocatechin gallate, the compounds are deprotonated. The deprotonation increases
the electron donation capacity of the compounds, and thereby enhancing antioxidant
activity with increasing pH. Unfortunately, to our knowledge, there is yet an analytical
method to quantify the electron donation capacity of crude plant extract in alkaline pH
of concrete (pH 12-13) [152, 229, 230, 237]. Increasing the working pH of ferric
reducing power assay to pH 12-13 reduced the absorbance values of gallic acid
standard, indicating that the assay was not suitable to measure antioxidant activity at
such a high pH. Therefore, the ferric reducing power values presented in Table 32 were
reported at the original working pH of the assay. Nonetheless, despite the absence of
accurate correlation coefficients, it can be observed that the magnitude of antioxidant
activity influenced the ability of GT to increase polarization resistance and reduce
corrosion rate: the higher is the electron donation capacity of GT measured with ferric
reducing power assay, the higher is the polarization resistance and the lower is the

corrosion rate of steel reinforced GT-based mortar.
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5.44.2

Surface examinations of rebar

Visual inspections, optical microscope examinations, SEM examinations
complemented with EDX analyses, XRD analyses, and FTIR analyses of steel rebars
extracted after accelerated corrosion are presented in the next sections.

Visual inspections

Figure 27 shows an example of three steel rebars extracted from each mortar
group (control, Cl-based, and GT-based mortar). In each mortar group, a similar
finding was observed on the three rebars. Therefore, only one rebar extracted from each
mortar group is presented in Figure 27. Moreover, only rebars extracted from Cl-based
and GT-based mortar added with 30 L inhibitor/m? are presented, because this volume
exhibited the highest IE during accelerated corrosion. Nonetheless, a similar result was

also observed on rebars extracted from mortar added with other volume Cl and GT.

As illustrated in Figure 27, rebar extracted from GT-based mortar exhibited the
least corrosion damage (i.e. largest uncorroded area). A white layer was observed on
the uncorroded area of the rebar, and this layer was also observed on the uncorroded
area of rebar extracted from Cl-based mortar. Further examinations of this layer with
microscopic methods and analyses of the layer with EDX, XRD, and FTIR are
presented in the next sections.

Optical microscope examinations

Optical microscope images of the white layer observed on uncorroded areas of
rebars extracted from GT-based and Cl-based mortar are presented in Figure 28. In
comparison, rebar extracted from control mortar is mostly covered with brownish-
black corrosion product. More importantly, the rebar does not exhibit the white layer

observed on rebars extracted from GT-based and Cl-based mortar.
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Control Control CI

(@) Front side (b) Reverse side

Figure 27: Steel reinforcing bars extracted from control mortar, mortar admixed with 30 L/m?®of calcium nitrite corrosion inhibitor (Cl),
and mortar admixed with 30 L/m® of green tea extract (GT)
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b)

C)

Figure 28: Optical microscope images of steel reinforcing bars extracted from (a) control mortar,
(b) mortar admixed with 30 L/m?® of calcium nitrite corrosion inhibitor, and (c) mortar admixed

with 30 L/m®of green tea extract.
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SEM-EDX

White layer on the surface of rebars extracted from GT-based and Cl-based
mortar was further examined with VP-SEM, and analyzed with FE-SEM equipped with
EDX to elucidate the elemental compositions of the layer. The VP-SEM images are

shown in Figure 29 and the elemental analyses are presented in Table 33.

As shown in Table 33, oxygen constitutes 40-60% of all rebar surface (except
for the surface of untested rebars), suggesting the formation of iron oxides [225].
Moreover, Table 33 suggests that the white layer on rebars extracted from GT-based
mortar was enriched with calcium, as evidenced by the significantly lower calcium
content on rebars extracted from control mortar, on which the white layer was absent.
Furthermore, the calcium was derived from mortar, as calcium was not detected on
surface of untested rebars. The presence of this calcium-enriched layer significantly
reduced the iron content on the rebars extracted from GT-based mortar than on rebars
extracted from control mortar and untested rebars. The white layer on rebars extracted
from Cl-based mortar was similarly enriched with calcium. Results of XRD and FTIR
analyses, which elucidated the mineral compositions of the layer on rebars extracted

from GT-based mortar, are presented in the next sections.
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15.0kV 46.9mm x35 SE
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15.0kV 46.2mm x35 SE

C)

15:0kV 45.0mm x35 SE

Figure 29: Scanning electron microscope images of steel reinforcing bars extracted from (a)
control mortar, (b) mortar admixed with 30 L/m?® of calcium nitrite corrosion inhibitor, and (c)

mortar admixed with 30 L/m? of green tea extract.
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Table 33: Elemental analyses on surface of untested steel reinforcing bars, reinforcing bars extracted from control mortar,

and reinforcing bars extracted from mortar admixed with calcium nitrite corrosion inhibitor (Cl) or green tea extract (GT)

Corrosion Inhibitor Percentage weight
inhibitor for volume ) )
) ) Oxygen Chloride Calcium Iron
reinforcing bar (L/m®)
Control - 4152 +5.98? 3.60 + 2.84? 1.94 + 1.49° 52.94 + 4,107
Cl 30 44.60 + 6.382 4.49 +0.67° 20.38 + 7.60° 30.54 + 12.33%
GT 30 59.11 + 10.26"¢ 3.52 +0.98° 22.98 +5.43" 14.39 + 11.06™
Untested/original - 11.16 + 3.75" - - 88.83 + 3.75"

Values are expressed as mean + standard deviation of three samples. Within the same column, values followed by different superscripted letters are significantly
different from each other based on Tukey HSD test with p-value of 0.05.

118



5.4.4.4

FTIR and XRD

Calcium enrichment of the white layer on rebar extracted from GT-based mortar
was further confirmed with XRD and FTIR analyses (Figures 30 and 31). As suggested
by XRD spectra shown in Figure 30, the white layer on uncorroded area of rebar
extracted from GT-based mortar was enriched with three major calcium carbonate
polymorphs namely calcite, aragonite, and vaterite [238-241]. The main peaks of
aragonite, vaterite, and calcite are indicated by peaks 1-3. Although the main peaks of
aragonite and vaterite (peaks 1 and 2) [240-244] overlap with the peaks of corrosion
products [206, 225, 245-247], the main calcite peak (peak 3) was attributed to calcite
alone (JCPDS PDF 00-005-0586 and Ref. [240, 243, 244, 248, 249]) and was not
detected on rebar extracted from control mortar. Moreover, the presence of the three
calcium carbonate polymorphs on rebar extracted from GT-based mortar was also

supported by the FTIR spectra shown in Figure 31.

The FTIR absorption bands corresponding to the three calcium carbonate
polymorphs are: 1,405 and 711 cm for calcite, 961 and 871 cm™ for aragonite and
vaterite, and 871 cm™ for calcite and vaterite [226, 227, 242, 244, 250, 251]. The
aforementioned bands represent different vibrations of carbonate ions: asymmetrical
stretching vibration (vs) at 1,405 cm™, symmetrical stretching vibration (v1) at 961
cm?, out-of-plane bending vibration (v2) at 871 cm™, and in-plane bending vibration
(va) at 711 cm™ [226]. On the other hand, the bands at 1,641 cm™, 2,337-2,361 cm™?,
and 3,402 cm correspond to vibrations of O-H bending, CO, and O-H stretching
respectively [248, 252, 253].

Overall, XRD and FTIR analyses illustrated that GT induces the formation of
protective layer enriched with calcium carbonate polymorphs (calcite, aragonite, and
vaterite) on rebar surface. The corrosion inhibition by this layer is presented in next
section, whereby rebar weight loss in presence and absence of this layer are compared.
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Figure 30: XRD spectra of steel reinforcing bars extracted from control mortar and mortar

admixed with calcium nitrite corrosion inhibitor or green tea extract
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Figure 31: FTIR spectra of steel reinforcing bars extracted from control mortar and

mortar admixed with green tea extract

545 Rebar weight loss

Weight loss of rebars extracted from control mortar and mortar admixed with
corrosion inhibitors (Cl, GT, and resuspended GT solid) are presented in Table 34. The
rebars extracted from GT-based mortar had a lower weight loss than the rebars
extracted from control and Cl-based mortar. This is in agreement with the presented
corrosion rate values. In particular, the rebars extracted from mortar added with GT at
30 L/m3 showed a significantly lower weight loss than the rebars extracted from control
and Cl-based mortar. On the other hand, there was no significant difference in weight
loss between rebars extracted from control mortar and rebars extracted from mortar
admixed with resuspended GT solid. This behavior is in line with the absence of
significant difference in the corrosion rate as illustrated in Figure 26 and Table 34. In

summary, the presence of protective layer enriched with calcium carbonate polymorphs
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5.4.6

(calcite, aragonite, and vaterite) on rebars extracted from GT-based mortar decreases

rebar corrosion, as demonstrated by the reductions in measured rebar weight loss.

Table 34: Weight loss of steel reinforcing bars

Volume of _ ]
o o Final corrosion rate )
Corrosion inhibitor inhibitor Weight loss (%)
(um/year)
(L/m3)
Control - 393+ 1172 2.94 £ 0.40°
40 331 + 482 2.88 £0.32%
Calcium nitrite 30 293 + 62%¢ 2.68 +0.38%
corrosion inhibitor 24 280 + 43 2.62 + 0.25%
20 294 + 482 2.88 £0.23?
40 154 + 30°« 2.09 + 0.18°
Green tea extract 134x41 182+0.16
24 197 + 38° 2.24+0.17°
20 196 + 422 2.39 £0.202
Residual solid of 40 258 + 337 2.76 £ 0.232
green tea extract 30 245 + 432 2.55 +0.272
resuspended in 24 221 + 55? 2.59 +0.36%
water 20 238 + 30? 2.62 +£0.32%

Values are expressed as mean * standard deviation of three samples. Within the same column, values followed by
different superscripted letters are significantly different from each other based on Tukey HSD test with p-value of
0.05.

Detection of proposed corrosion-inhibiting compounds in GT

Having evidenced that GT reduced rebar corrosion, the compounds responsible
for the corrosion inhibition by GT are proposed, based on LCMS and LCMS-MS
results presented in Figure 32 and Table 35. Figure 32 shows the LCMS spectra which
indicated the presence of catechin derivatives in GT, based on the mass/charge ratios
(m/z) of the parent ions: catechin or its stereoisomer (-)-epicatechin at m/z 289, (-)-
epicatechin gallate at m/z 441, and (-)-epigallocatechin gallate at m/z 457 [40, 232,
235, 236, 254]. Fragmentation patterns of these parent ions detected by LCMS-MS are
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presented in Table 35. These fragmentation patterns were in agreement with the
reported fragments in METLIN Database and published literatures [40, 231, 235, 236].
Thus, LCMS and LCMS-MS analyses supported the presence of catechin or (-)-
epicatechin, (-)-epicatechin gallate, and (-)-epigallocatechin gallate in GT.
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Figure 32: Liquid chromatography-mass spectrometry spectra of green tea extract: full-scan (a)
and the spectra indicating the presence of catechin or (-)-epicatechin (b), (-)-epicatechin gallate

(c), and (-)-epigallocatechin gallate (d) based on the mass-to-charge ratios of parent ions
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Table 35: Mass-to-charge ratios (m/z) of ion fragments from targeted compounds in

green tea extract detected by liquid chromatography-tandem mass spectrometry

Targeted compound m/z of parent ion m/z of ion fragment
Catechin or (-)-epicatechin 289 109, 125, 179, 203, 205, 245, 289
(-)-Epicatechin gallate 441 125, 169, 271, 289, 331
(-)-Epigallocatechin gallate 457 125, 169, 305, 331

It is observed in Table 35 that the ion fragments with m/z of 125 were detected
from all parent ions, and corresponded to the fragmentations of the A-rings of catechin
derivatives. On the other hand, the fragments with m/z 289 were attributed to the
catechin moieties, of which the loss of water from these moieties arose the fragment
with m/z 271. The fragments with m/z 169 distinguished (-)-epicatechin gallate and
(-)-epigallocatechin gallate from catechin and (-)-epicatechin, and corresponded to the
neutral losses of galloyl esters from (-)-epicatechin gallate and (-)-epigallocatechin
gallate as gallic acid moieties. The (-)-epigallocatechin gallate fragment with m/z 305
corresponded to the epigallocatechin moiety after the loss of the galloyl ester [231,
236].

Green tea contains complex mixtures of chemicals such as polyphenols,
alkaloids, carbohydrates, proteins, volatile compounds, minerals, and trace elements
[255]. Among the chemicals, catechin derivatives are the major constituents of green
tea [40, 41, 229, 232, 235, 255], constituting approximately 70% of total polyphenols
in green tea [152] and 16-30% dry green tea weight [157, 236, 255].
(-)-Epigallocatechin gallate has been reported to be the most abundant among the
catechin derivatives [40, 233, 235, 236, 254, 255]. In addition to being the major
constituents of green tea, Stewart et al. [40] have reported that catechin derivatives are
the major contributors to the total antioxidant activity of green tea (70-90%), 30% of
which was contributed by (-)-epigallocatechin gallate. On the other hand, despite being
less abundant than (-)-epigallocatechin gallate [40, 235, 255], (-)-epicatechin gallate
demonstrated a comparable total antioxidant activity to (-)-epigallocatechin gallate [40,
152].
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The potent antioxidant activity of catechin derivatives is contributed by the
absence of 4-oxo function (i.e. double bond at 2,3 position and carbonyl group at 4-
position) and the saturation of the heterocyclic ring. These structural characteristics
promote the stabilization of the formed phenoxy radical upon electron donation, which
enhances antioxidant activity [40, 152, 229]. In addition, the presence of di-hydroxyl
groups (i.e. catechol) and tri-hydroxyl (i.e. pyrogallol) groups in the B-rings of (-)-
epicatechin gallate and (-)-epigallocatechin gallate, as well as the presence of galloyl
moieties attached to 3-positions of (-)-epicatechin gallate and (-)-epigallocatechin
gallate further elevate the antioxidant activity of these compounds [40, 152, 229].
Therefore, given the major contribution of catechin derivatives to the total antioxidant
activity of green tea, and considering the influence of antioxidant activity on anti-
corrosion activity, it is reasonable to infer that the catechin derivatives specifically the
(-)-epigallocatechin gallate, (-)-epicatechin gallate, and catechin or (-)-epicatechin are

responsible for the anti-corrosion activity of GT.

Overall effects of GT on rebar corrosion

It has been demonstrated that the rebars embedded in GT-based mortar had a
lower corrosion rate than the rebars embedded in control and Cl-based mortar. The
lower corrosion rate was not due to an improved physical protection of mortar/concrete
against corrosion, since control and GT-based concrete had a similar chloride
permeability, and steel reinforced mortar which incorporated the residual solid of GT
had a similar corrosion rate to steel reinforced control mortar. Instead of improving the
physical protection of mortar/concrete, GT reduced corrosion rate by inducing the
formation of a protective layer enriched with calcium carbonate. This layer inhibited
rebar corrosion, as suggested by a decreased rebar weight loss in presence of this layer.
Catechin or (-)-epicatechin, (-)-epicatechin gallate, and (-)-epigallocatechin gallate
were suggested to be the constituents which contributed to the corrosion-inhibiting
activity of GT.
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5.5

Summary

Formation of protective layer on rebar extracted from GT-based mortar was
confirmed with visual inspections and microscopic examinations (optical microscope
and SEM). In presence of this layer, rebar weight loss was reduced, and analyses with
EDX, XRD, and FTIR suggested that the layer was enriched with calcium, precisely
the calcium carbonate polymorphs (calcite, aragonite, and vaterite). Corrosion
inhibition by the layer was further demonstrated by a similar chloride permeability
between control and GT-based concrete, and a similar corrosion rate between steel
reinforced control mortar and steel reinforced mortar incorporating residual solid of
GT. These similarities ruled out the plausible reduction in corrosion rate due to an
improved physical protection of mortar/concrete against corrosion. Despite the
formation of protective layer and increase in polarization resistance were influenced by
the magnitude of antioxidant activity, in this study GT has shown a better IE than ClI,
especially at the higher range of volume. It was hypothesized that the catechin or (-)-
epicatechin, (-)-epicatechin gallate, and (-)-epigallocatechin gallate were responsible
for the anti-corrosion activity of GT.
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CHAPTER 6: CONCLUSIONS AND

RECOMMENDATIONS FOR FUTURE

STUDIES

6.1

Conclusions

In this study, the potential of natural antioxidants as non-toxic and
environmentally-friendly (‘green’) corrosion inhibitors has been investigated. The
main objective of this study is to evaluate the efficiency of natural antioxidants
(extracted from green tea) as admixed corrosion inhibitors against the chloride-induced
corrosion of steel reinforcing bar (rebar). There are three key areas of this study,
namely: (a) the inhibition efficiency of natural antioxidants against chloride-induced
corrosion, compared to a commercial corrosion inhibitor, (b) corrosion-inhibiting
mechanisms of the natural antioxidants, and (c) the relationship between antioxidant
activity and corrosion rate of rebar embedded in mortar added with the natural

antioxidants, particularly in relation to the change in polarization resistance.

This study began with the investigation on corrosion inhibition efficiency of
green tea in simulated concrete pore solution (SCPS). The SCPS was added with 3.5%
(w/v) sodium chloride (NaCl) to simulate the exposure to seawater. The physical form
to administer green tea (dry admixture or aqueous extract) and the selected dosage of
green tea for the corrosion tests in SCPS were determined by comparing the 7-day
compressive strength of control and green tea-based mortar. The corrosion tests were
conducted for 21 days, and electrochemical parameters which indicated corrosion
development (anodic and cathodic slopes, polarization resistance, corrosion rate, and
open circuit potential) were monitored at regular intervals. The following conclusions

were drawn from the corrosion tests in SCPS:
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At any percentage of water replacement (20-100%) with aqueous extracts of
1% and 2% (by cement weight) green tea, there was no significant difference
in compressive strength of control and green tea-based mortar.

Adding green tea as dry admixtures at 1% and 2% (by cement weight)
significantly reduced the compressive strength of green tea-based mortar.
Therefore, green tea was added as aqueous extracts of 1% and 2% green tea to
replace water during the corrosion tests in SCPS.

In SCPS, the green tea extracts reduced rebar corrosion rate and delayed the
sudden increase in corrosion rate (which indicated corrosion initiation).

The reduction in corrosion rate was expressed in terms of corrosion inhibition
efficiency (IE).

Against 3.5% NacCl, highest IE was observed after 1 day (x92% inhibition) for
both the extracts of 1% and 2% green tea.

Both green tea extracts behaved as mixed-type corrosion inhibitors, as indicated
by the changes in the anodic slope (i.e. rate of iron oxidation) and cathodic slope
(i.e. rate of oxygen reduction), without a significant change in open circuit
potential.

The extracts of 1% and 2% green tea were equally effective as admixed
corrosion inhibitors against 3.5% NaCl: both extracts delayed the corrosion
initiation until 14 days

However, the extract of 2% green tea showed a higher overall IE throughout
the corrosion test (46.31+ 15.97% vs. 37.50+ 6.97% after 21 days). Thus, the
extract was selected for further studies.

Upon the completion of corrosion tests in SCPS, IE of green tea extract (GT)

was investigated in mortar, and compared with the IE of commercial calcium nitrite

corrosion inhibitor (CI). Cl dosages were selected encompassing the recommended

dosages by the manufacturer (chloride-to-nitrite ratios of 1.2 and 1.5), and a wider

range of dosages (ratios of 0.9 and 1.8). On the other hand, GT dosages were selected

similar to Cl dosages. IE of both inhibitors were compared at similar concentration and

equal volume. Corrosion of the rebar embedded in mortar was accelerated by a
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combination of impressed current and cyclic wetting-drying exposure. The accelerated
corrosion was conducted for 12 wetting-drying cycles, of which each cycle consisted
of four wetting days and three drying days. The electrochemical parameters (anodic
and cathodic slopes, polarization resistance, corrosion rate, and open circuit potential)
were monitored weekly. 28-day compressive strength of mortar added with GT or CI

was also measured. The following are the conclusions of the corrosion tests in mortar:

- At similar concentration, GT and CI showed a similar IE (51-70%).

- However, at equal volume GT exhibited a significantly higher IE than CI (75-
80% vs. 14-24%).

- The higher IE of GT was not due an improved physical protection of mortar, as
GT-based mortar showed a comparable compressive strength to Cl-based
mortar.

- The higher IE was due to a significant increase in polarization resistance and
decrease in anodic slope.

- Changes in cathodic slope and open circuit potential were insignificant.

- The changes in anodic and cathodic slopes without a significant open circuit
potential change suggested that GT was a mixed-type corrosion inhibitor which

formed a protective layer on rebar surface and increased polarization resistance.

Having shown that GT reduced rebar corrosion rate in mortar, the corrosion-
inhibiting mechanisms of GT were investigated. The main focus was the formation of
protective layer on rebar surface, as indicated by the increase in rebar polarization
resistance. The layer’s protection against corrosion was studied by comparing rebar
weight loss in presence and absence of this layer, and was validated by further
investigations on the physical protection of mortar/concrete against corrosion. The
physical protection of mortar/concrete was examined by comparing the chloride
permeability of control and GT-based concrete, and the corrosion rate of steel
reinforced control mortar and steel reinforced mortar which incorporated the residual

solid of GT. The following describe the corrosion-inhibiting mechanisms of green tea:
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Visual inspections and microscopic examinations (optical microscope and
scanning electron microscope) demonstrated the formation of protective layer
on the surface of rebar extracted from GT-based mortar.

Elemental analyses with energy-dispersive X-ray spectroscopy (EDX)
indicated that the layer was enriched with calcium.

Further analyses with X-ray diffractometry (XRD) and Fourier transform
infrared spectroscopy (FTIR) revealed enrichment of the layer with calcium
carbonate polymorphs (calcite, aragonite, and vaterite).

The calcium carbonate enriched-layer inhibited rebar corrosion, as the presence
of this layer reduced rebar weight loss.

Corrosion reduction due to the presence of this layer was further validated by a
similar chloride permeability between control and GT-based concrete, and a
similar corrosion rate of steel reinforced control mortar and steel reinforced
mortar incorporating the residual solid of GT.

GT did not reduce corrosion rate by improving the physical protection of mortar
against corrosion.

Instead, GT induced formation of a protective layer enriched with calcium
carbonate, and increased rebar polarization resistance.

The increase in polarization resistance and decrease in corrosion rate were
affected by the magnitude of GT’s antioxidant activity.

Liquid  chromatography-mass  spectrometry (LCMS) and liquid
chromatography-tandem mass spectrometry (LCMS-MS) analyses suggested
that catechin or (-)-epicatechin, (-)-epicatechin gallate, and (-)-epigallocatechin
gallate were pluasibly accountable for the corrosion-inhibiting activity of GT.

In summary, the potential of natural antioxidants as green admixed corrosion

inhibitors against chloride-induced rebar corrosion has been positively demonstrated

by green tea throughout this study, both in SCPS and mortar. GT behaves as a mixed-

type green corrosion inhibitor, which increases rebar polarization resistance by forming

a protective layer enriched with calcium carbonate polymorphs (calcite, aragonite, and

vaterite) on the surface of rebar embedded in mortar. The magnitude of antioxidant
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activity affects the increase in polarization resistance. Nonetheless, GT outperforms Cl
in this study, particularly at the higher range of volume. Amongst GT’s constituents,
catechin or (-)-epicatechin, (-)-epicatechin gallate, and (-)-epigallocatechin gallate
were the likely compounds being responsible for the corrosion inhibition by GT.

Given the demonstrated GT’s inhibition on rebar corrosion, natural antioxidants
are deemed to be suitable green corrosion inhibitors for steel rebar embedded in
concrete, as alternatives or potential substitutes to existing commercial corrosion
inhibitors. The natural antioxidants exhibit a higher corrosion inhibition efficiency at
higher electron donation capacity. The higher electron donation capacity enhances the
antioxidant’s efficiency to increase rebar polarization resistance and subsequently
impedes rebar corrosion as admixed, mixed-type corrosion inhibitors. The value of
natural antioxidants as green corrosion inhibitors is further compounded by the scarcity
of studies on natural organic corrosion inhibitors in alkaline pH of concrete. Hence, the
next section covers the recommendations for future studies on natural antioxidant-

based green corrosion inhibitors.

Recommendations for future studies
The following are the recommendations for future studies on natural

antioxidant-based green corrosion inhibitors:

- Investigations on IE of more cost-effective sources of natural antioxidants.
These materials can be derived from various agricultural by-products such as
fruit peels, fruit seeds, and solid wastes from cereal grain processing (e.g.
corncob, rice bran, and wheat husk) [180, 186, 256-260].

- Investigations on the IE of green corrosion inhibitors from the alternative
sources of natural antioxidants with a longer-term natural corrosion test.

- Comparison on the IE derived by adopting natural corrosion test with the IE
derived by adopting the accelerated corrosion procedures described in this

study.
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Cost and service-life analyses of the green corrosion inhibitors, to evaluate the
additional costs and the additional benefits (i.e. improved corrosion resistance
and prolonged service life) of incorporating the inhibitors into a reinforced

concrete structure.
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