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Abstract

The main reason causing the degeneration of steel-reinforced concrete is supposed to be corrosion of reinforcement steel.
In this study, electrochemical impedance spectroscopy (EIS), linear polarization resistance (LPR), and weight loss have
been utilized to evaluate the corrosion of steel reinforcement in contaminated, chemical inhibitor (sodium nitrite) and green
inhibitor (Areca catechu extract)-added concrete. Besides, ultrasonic pulse velocity, sulfate and acid attack resistance, heat
of hydration, and specific heat capacity tests have been performed to investigate the effect of inhibitor addition on perme-
ability and durability of corrosion inhibitor-added samples. The concrete contaminated with 5% of Magnesium Sulfate
(MgSO,) and Sodium Chloride (NaCl) as corrosion stimulant. The results showed that Areca catechu was more corrosive
than sodium nitrite. Further, there was no gypsum found visible in SEM observation for Areca catechu-added concrete. The
green and chemical inhibitor-modified samples could improve the specific heat capacity behavior of contaminated concrete
by 10.77% and 13.25%, respectively. Areca catechu could decrease the corrosion rate of contaminated concrete about 30%,
even in an extreme harsh environment applied in the current study. Polarization analysis depicted that Areca catechu extract
acted as a mixed-type inhibitor.

Keywords Corrosion - Green corrosion inhibitors - Weight loss - Contamination - Concrete properties

1 Introduction

One of the most significant types of damage that occurs in
existing impaired reinforced concrete structures is the cor-
rosion of reinforcing bars embedded in reinforced concrete.
Chloride ion (CI7) and carbon dioxide (CO,) penetration
from the corrosive environment could disrupt passivity
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conditions provided by the surrounding concrete to the rein-
forcing bar [1]. Since high-quality concrete offers chemical
and physical conservation to the steel reinforcement bars,
the risk of corrosion is supposed to be negligible. When
corrosion starts, volumetric expansion of the rust around the
reinforcing bars against the surrounding concrete might be a
result of active corrosion [2—4]. The corrosion of reinforcing
bars in concrete is mostly assumed as an electrochemical
process [5, 6]. Severe corrosion could occur by interfacing
between harmful ions (like chlorides and sulfates) and the
steel reinforcement, which may threaten the whole structure
[7-9]. Using chemical admixtures as corrosion inhibitors
is an appropriate method to prevent and delay the corro-
sion of rebar. A perfect corrosion inhibitor is defined as an
admixture that can prevent corrosion of reinforcing steel in
concrete when added in suitable amounts [10, 11]. Some
of the advantages of inhibitors utilization are being sim-
ple to apply, decreasing the corrosion rate of different steel
structures in the corrosive mediums without interfering to
the process. Inorganic (majorly nitrites) and organic corro-
sion inhibitors (alkanolamine and their inorganic, organic
acid salt mixtures) are two main classifications of corrosion
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inhibitors used for concrete [12—15]. Due to their protection
mechanisms, they supposed to be categorized as an anodic,
cathodic, and mixed inhibitor. There are two main types of
inhibitor utilization, which are; application into reinforced
concrete either as a preventive agent to a new structure or
as surface applied component for preventive and conserva-
tive goals [16]. Regarding the mode of inhibitor’s applica-
tions, they can be categorized as migrating inhibitors and
admixed inhibitors [17-21]. Utilization of many inhibi-
tors is mostly hindered since they are toxic and lethal to
both environment and living creatures. Thus, effective and
non-toxic inhibitors are widely paid attention due to ampli-
fied environmental risks and awareness of health [22-25].
Presence of heteroatoms like oxygen, nitrogen, sulfur, and
several bonds in their molecules responsible for the effec-
tive adsorption on the metal surface, organic compounds
are supposed to be used in the near future [26-30]. Besides,
green corrosion inhibitors are cheaper, less toxic, and more
eco-friendly when compared with chemical inhibitors.
Many kinds of research focused on the effects of corrosion
on bond behavior, the change in mechanical properties, and
other issues which are related to corrosion [31-34]. There
is a lack of research on natural corrosion circumstances due
to existing complexities, since most present studies were
conducted under accelerated corrosion conditions. One of
the agricultural waste products dumped in the environment
as land filler is Areca catechu leaf residue. Production of
useful industrial products that could be utilized in concrete
constructions from waste materials might have beneficial
impacts on the economy.

Corrosion of reinforced concrete structures and its det-
rimental effect enforce worries to many countries around
the world. Hence, discovering the advantages of inhibitor
usage is very prominent. Recognition of inhibitor’s effect on
concrete properties could be the second step for utilization of
inhibitors in concrete structures. Actually, they can preserve,
improve, or even worsen the concrete properties. The current
research aims to produce economic concrete structures in
industrial scale without concerning the side effects of cor-
rosion. Moreover, the current study could reduce the finan-
cial indemnity affect by corrosion consequently. Employ-
ing environment-friendly and non-toxic inhibitor to avoid
the environment pollution which is made by means of toxic
chemical inhibitors, improvement of concrete behaviors due
to corrosion, reducing the cost of concrete structures during
their life cycle, and increasing the life-time of reinforced
concrete structures could be other primary outcomes of
recent research. Current research findings will contribute
towards the application of Areca catechu as green corro-
sion inhibitor which has never been used before for cor-
rosion inhibition of reinforcement in concrete to preserve
the concrete properties while reducing the corrosion rate
simultaneously.

@ Springer

The use of dried leaf of Areca catechu as waste products
in the field of corrosion science of reinforced concrete
structures has not been recognized yet. High amount of
electrons in molecules such as lignin, ursolic acid, cel-
lulose, 3b acetyl ursolic acid, and hemicelluloses are
reported to be found in Areca catechu leaf extract [35].
There is a scarcity of academic studies on corrosion inhibi-
tion property of Areca catechu leaf extract for reinforce-
ment embedded in reinforced concrete curing in corrosive
mediums. Hence, Areca catechu leaf extract is selected
in the present study for investigating the inhibition of
reinforcing bar in contaminated reinforced concrete in an
aggressive medium. The standard corrosion tests such as
potentiodynamic polarization (Tafel curves), impedance
techniques, and gravimetric (mass loss) were employed to
investigate the corrosion inhibition potential of Areca cat-
echu leaf extract. Moreover, scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDX)
tool were employed to deep-screen the reinforcement steel
morphology in the presence and absence of Areca catechu
leaf extract. In addition, ultrasonic pulse velocity, specific
heat capacity, heat of hydration, sulfate resistance, and
acid attack resistance tests were performed to evaluate the
durability and permeability of contaminated concrete sam-
ples added by novel green inhibitor.

2 Experimental Details

Areca catechu extract was employed as green corrosion
inhibitor for reinforcement steel in concrete, which has
been analyzed through electrochemical, gravimetric, and
microstructural analyses of ordinary portland concrete,
contaminated concrete, and modified contaminated con-
crete with chemical and green inhibitors added.

2.1 Plant Extraction Procedure

Areca catechu leaf were collected from local palm oil tree
farms, shade dried at room temperature after washing in
tap water. Afterward, 15 g of leaves was ground and placed
in a porous cellulose thimble. Ethanol was employed as a
solvent and heated up to 75 °C (below the boiling point
of ethanol) in the lower flask. The extraction procedure
followed up the soxhlet extraction method as well. At the
end of 6 h of extraction, the resultant extract was removed
from the flask. Normal filter paper was used to remove
impurities and small solid particles of plant leaves and the
residual ethanol was evaporated using rotatory evaporator.
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2.2 Composition of Areca catechu leaf

Phytochemical analysis on Areca catechu leaf extract was
carried out to find out the active constituents and also atomic
absorption spectroscopy (AAS) analysis to discover alkali
metals present in the plant extract.

2.3 Concrete Mix Design and Molding

The mix design specified as OPC is the control batch. MN5C
is associated with the batch contaminated with 5% Magne-
sium Sulfate (MgSO,) and Sodium Chloride (NaCl). CI2C
represents the contaminated batch added with 2% (optimum
percentage) of sodium nitrite (NaNO,). GI2C indicates
the contaminated batch added with 2% (by the weight of
cement) of Areca catechu extract. Slab specimens with a
size of 200X 150 X 76 mm were made using wood and a
16-mm mild steel bar embedded in the center of the concrete
slab to act as a working electrode. A schematic diagram of
the slab specimen is shown in Fig. 1. The procedure for the
preparation of steel specimens followed ASTM G109. The
samples were demolded 24 h after casting, cured in seawa-
ter for 28 days, and then exposed to wet and dry cycles for
360 days [36]. The wet and dry cycles were carried out every
week for 360 days.

2.4 Ultrasonic Pulse Velocity (UPV)

Ultrasonic pulse velocity was conducted to check the uni-
formity in concrete samples. The main idea for the test is
to measure the uniformity of concrete and is so efficient in
verifying the quality of the material. The experiment was
performed based on ASTM C 597-09, (2009) for 7, 28, 89,
180, and 360 days. Pulse velocity was calculated by the
formula shown in Eq. (1) described by ASTM C 597-09,
(2009). Here, V is ultrasonic pulse velocity (m/s), L is dis-
tance between transducers (m), and 7 is effective time for
transit (s).

200 mm

g2mm

30mm

R 150mm
76 mm

\ 16 mm diameter steel
30 mm reinforcement
i O’/

76 mm 1__
I

200 mm

Fig. 1 Slab specimen line diagram in details

V=L/T ey

2.5 Specific Heat Capacity

The heat capacity of all modified concrete samples was
measured using a similar method for the previous researches
for 180 days [37-39]. The interior temperature of the sam-
ple was measured using a thermocouple type (K). The sam-
ples were weighed to determine initial weight. The water in
which the samples were immersed was weighed. The sam-
ples were oven dried at 105 °C for 24 h. Then, the samples
were removed from the oven and placed in insulated con-
tainers filled with 28 °C water. Increased water temperatures
were recorded at 15-min intervals. The recorded data were
used to determine the heat capacity of the concrete using the
following Eq. (2):

M x CP,xT =M, x CP,xT,, @)

where M, M, are weight of water and concrete samples;
CP,, CP, are specific heat capacity of water and concrete;
and T, T, are temperature changes for water and concrete
samples, respectively.

2.6 Heat of Hydration

Plywood was cut to make cubical molds with 500 mm sides.
The molds were then internally insulated with 76-mm-thick
polystyrene. The cubical plywood was used for casting con-
crete mix of OPC, magnesium sulfate-contaminated sam-
ples, and sodium chloride-contaminated samples [40]. The
cylindrical samples had a size of 300 x 150 mm for this test.
By inserting a thermocouple type (K) into the center of each
box through a hole in the middle of polypropylene foam lid,
it connected to an SR1 temperature/humidity digital control-
ler prior to casting, in order to obtain temperature readings.
Heat was analyzed using hydration process after pouring the
concrete mix into the box. The heat of hydration process was
recorded using a data logger with short intervals for the first
24 h and bigger intervals until the temperature decreased to
the reference temperature of the concrete. Measurements
continued up to 120 h for all mixes [41].

2.7 Sulfate Resistance

The cubical specimens of 100X 100X 100 mm were
allowed to remain in ordinary water for 28 days and were
air-dried for 72 h, before complete immersion in the solu-
tion. Cube specimens were wiped and weighed with an
electronic weighing balance and this was used as an ini-
tial weight for subsequent weight loss calculations. All
specimens were submerged in a solution containing a 5%
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Na,SO, solution for 7, 28, 89, 180, and 360 days. The
solution was replaced regularly every 4 weeks. The refer-
ence weight of the specimen and the weight during the
immersion period were measured periodically to deter-
mine weight loss. The average values of the three speci-
mens were considered for assessment. The deterioration of
concrete specimens was studied by measuring the percent-
age of strength distortion at 7, 28, 89, 180, and 360 days,
and was calculated using Eq. (3).

Fe)/Fey) 3)

where SDP is percentage of strength deterioration, F_,, is the
average of compressive strength for companion specimen
cured in ordinary water, and F, is the average of compres-
sive strength for the specimen after immersion in sulfate
solution.

SDP = 100X ((Fe, —

2.8 Acid Resistance

Concrete cube specimens were directly subjected to an
aggressive curing medium of 5% HCI solution after de-
molding. Prior to immersion, the cube specimens were
wiped and weighed to acquire a reference weight. The solu-
tion pH was regularly monitored and attuned with the help
of pH meter so that the consumed solution could be replaced
with fresh solution. The assessment of all types of samples
was made based on weight loss and strength deterioration
factors. The initial weight of the specimen and weight during
the immersion period were periodically measured to deter-
mine weight loss. The average values for the three specimens
were considered for assessment. Strength deterioration per-
centage is a quantitative way of expressing the performance
of inhibitor-added concrete using qualitative means. The
deterioration of concrete specimens was studied by measur-
ing the percentage of strength distortion at 7, 28, 89, 180,
and 360 days regarding Eq. 3 similar to Sect. 2.6.

2.9 Corrosion Potential Analysis

Corrosion potential analysis is one of the powerful and
convenient techniques to evaluate the corrosion of steel
in concrete [18, 42]. In this study, the corrosion of rein-
forcing steel in concrete was monitored by using VER-
SATSTAT 3. The instrument was adjusted similar to most
of the instruments used for corrosion, sensors, and bio-
medical investigations with a range of + 650 mA/+10 V
as standard for electrochemical applications. Moreover,
the frequency range of 10uHz to 1 MHz was considered
for an internal frequency response analyzer for impedance
analysis provided by VERSASTAT 3.

@ Springer

2.10 Linear Polarization Resistance (LPR)

LPR technique was also conducted with VERSASTAT?3
instrument, as similar with EIS method. The corrosion
current density (/) (A/cm?) was calculated by assuming

B as 26 mV. A Stern—Geary eq. was used by [43, 44] to
calculate I_.,, using Eq. (4):

corr

leow = B/R,, “)

corr

where B is a constant of a function of the cathodic and
anodic Tafel slopes, b, and b, as described in Eq. (5),

B=b,xb,[(2.303(b, +b,.)). )

2.11 Weight Loss

Despite using an independent method for corrosion evalu-
ation assessment and inhibitor screening, weight loss is
a standard method to validate the accuracy of other test
methods [45]. In order to determine the corrosion rate
using weight loss method, the slab specimens were bro-
ken at the same ages as the electrochemical analysis tests.
The visual observation for corrosion assessment was done
for each steel reinforcing bar before cleaning. The cor-
roded steel specimen was cleaned to determine weight
loss according to the procedure details stated in ASTM
G1 [46]. The solution utilized for cleaning was made by
mixing 3.5 g of hexamethylenetetramine and 500 ml of
hydrochloric acid and distilled water in order to achieve a
volume of 1000 ml. Corrosion rates were calculated using
Eq. (6) as given in [46].

Cr(mm/year) = (K X W)/(A X T x D), (6)

where K is a constant equal to 8.76 x 10%, W is mass loss
(grams), A is actual corroded area of steel bar (cm?) after
removal from slab specimen and visual observation, 7 is
time of exposure (hours), and D is density of steel equal to
7.85 g/em?’.

2.12 Microstructural Analysis

The concrete morphology and microstructural analysis
of steel embedded in concrete were investigated through
Field Emission Scanning Electron Microscopy (FESEM).
Magnification range was X 12-900,000 and a working dis-
tance of 1-50 mm, depending on working conditions. The
nominal resolution is 1.5 nm at 10 kV and WD =2 mm,
while acceleration voltage is 0.1-30 kV. The FESEM
device is a GEMINI versatile ultra-high resolution with
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Table 1 The results of metals analysis by Atomic absorption Spec-
troscopy (AAS)

Type of Inhibitor (ppm)  Na ZN Mg Ca K

Areca catechu 589.1 9.2 586.5 13.1 11,720

a variable pressure solution, equipped with a BRUKER
signal processing unit that provided Energy Dispersive
X-ray analyzer (EDX).

3 Results and Discussion

The details for results and discussions on the conducted tests
are based on the order mentioned in Sect. 2.

3.1 Composition of Areca catechu leaf

Preliminary phytochemical screening of the Areca catechu
leaf extract showed positive results for saponins (Frothing
test), tannins (ferric chloride test), flavonoids (with alkaline
reagent), and alkaloids (with Dragendorff reagent), which
confirmed that resultant extract is a complex mixture. More-
over, Atomic Absorption spectroscopy technique was used
to determine the concentration of alkali metals in Areca
catechu since alkali metals are responsible for inhibition
mechanism and maintaining the pH of concrete in the range
of 12 to 13 [3]. The high amount of potassium (K*) in green
inhibitors is clearly derived from Table 1. The formation of a
dense gamma ferric oxide that protects steel from corrosion
is a result of high level of alkalinity.

3.2 Concrete Quality Investigation

The results of ultrasonic pulse velocity (UPV) of all types
of mixes were tested for 7, 28, 89, 180, and 360 days. The
UPYV values varied in the range of 4013 to 4808 m/s. The
range of the values for OPC showed an excellent quality for
ordinary concrete mix. It is reported that a UPV value higher
4500 m/s indicates a concrete with excellent quality. The
increasing approach of results for OPC could be attributed
to the improvement of pore structure of concrete by time
regarding the hydration process. The pore structure improves
by time due to increased densification of concrete paste
which increases with the increase in hydration duration [47].
There is remarkable drop in ultrasonic pulse velocity values
after 89 days. It could be attributed to the contamination of
magnesium sulfate and sodium chloride added by the mix-
ing water during casting. Magnesium sulfate results in the
expansion caused by the formation of expansive salts [48].
Furthermore, the moisture content could be enhanced due
to chloride ingress, because of the hygroscopic properties

4900 4| —®—opc --4-- MN5C —a— CI2C —e--GI2C
4700 A
4500 A

4300 1

UPV (m/s)

4100 1

3900 A

3700

7 28 89 180 360
Curing duration (day)

Fig. 2 Ultrasonic pulse velocity approach of all types of mixes

of salts present in concrete, thus increasing the permeabil-
ity of concrete by time. Additionally, the pH of concrete
decreases by the presence of magnesium sulfate and sodium
chloride results in more porous concrete. As can be seen in
Fig. 2, chemical and green inhibitors improved the value for
ultrasonic pulse velocity of the concrete. It might be due to
high amount of alkali metals inside the inhibitors resulting
in increasing pH of concrete. From the results, Areca cat-
echu increased the velocity by 3.95% at 7 days. The respec-
tive amounts of increase were 5.73% and 8.53% for 89 and
360 days, respectively. Meanwhile, the chemical inhibitor
improved the velocity of contaminated concrete by 3.44%,
3.62, and 6.85% for 7, 89, and 360 days respectively. As
a result, green and chemical inhibitors showed acceptable
performance in improving the quality of concrete even in an
extreme corrosive medium. However, Areca catechu showed
better performance when compared to chemical inhibitor
increased by the time.

3.3 Study on Hydration of Contaminated Concrete

Heat evolution of concrete is important mainly in casting
mass concrete where cooling can cause cracking after a large
temperature rise. The cement chemistry could provide an
appropriate estimation of total heat of hydration per unit
weight of Portland cement. The total heat of hydration of the
cement at complete hydration Hy, 4 can be measured using
Eq. (7) [24]:

Hyq = 500pcsgy, +260pc,s + 866pcsq + 420pcanr

7
+ 624pgo; + 1186Pgeecao + 850Ppe0s @

where H,, istotal heat of hydration of the cement (J/g),
and p;is weight ratio of i-th compound in terms of the total
cement content [24]. The heat of hydration of OPC, MN5C,
CI2C, and GI2C mix investigated are depicted in Table 2.

@ Springer
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Table 2 The details for Heat of hydration of all types of mix

Type of concrete OPC MNs5C CI2C GI2C
Max.Temp (°C) 514 54.7 52.8 514
Initial Temp (°C) 28.5 29.2 29.3 29.3
Time to Max. Temp (hr) 10 10 10 12
1 -
mOPC BMNS5SC ®BCIl2C 8GI2C

> 4 957
g 096 0.964
=
£z 0.92 A1
g
§ 0.88 1
3 0.845
S 0.84 1
b=
2 08 1

0.76 -

Types of mixes

Fig. 3 Specific heat capacity values for all types mix

Similarly, all mixes showed approximately similar
behavior in terms of heat evolution. Before a relatively
steady state was attained during the period of study, all
mix samples ultimately showed a gradual drop in tem-
perature. This is similar to the results reported by other
researchers [41, 49]. As expected, there was no significant
difference in the peak temperature for green and chemi-
cal inhibitor-added concrete when compared to contami-
nated concrete sample. However, for chemical and green
inhibitor-modified concrete, the peak temperatures were
also lower than the contaminated concrete. The values for
decreasing the peak temperature were 3.47% and 6.03%
for green and chemical inhibitor-added concrete samples,
respectively. Interestingly, addition of green inhibitor
caused the peak temperature of contaminated concrete to
decrease until it reached the same value with OPC. The

number of cracks that usually occurs due to the high heat
of hydration during casting and hydration process could be
decreased by increase in the peak temperature of cement
hydration.

3.4 Specific Heat Capacity Investigation

Specific heat capacity of solids is greater than fluids and
similarly the fluids more than gases. This is justified by the
molecular-kinetic theory. High-speed motion of molecules
in gases with a little change in temperature increases the
volume of the gas. In the case of solids, they need higher
thermal energy to increase volume-specific heat capacity
when compared to liquids [39, 50]. The thermal capacities
of all types of concrete mixes are presented in Fig. 3.

The higher value of specific heat capacity for inhibitor-
added samples depicted the better quality of concrete and
fewer pores were available as a result of inhibitor addition.
The green and chemical inhibitor-added samples could
improve the specific heat capacity behavior of contaminated
concrete by 10.77% and 13.25%, respectively.

3.5 Sulfate Resistance Behaviour

Depending on the type of sulfate existing in solution, it
is supposed to attack calcium hydroxide, calcium alumi-
nate hydrate, and calcium silicate hydrate. As illustrated
in Fig. 4a, the initial weight gain of samples due to the
absorption of the solution by the samples increased up to
28 days with recorded percentage. No significant increases
were achieved with all samples after 28 days, which is
similar to the results reported by another report [51]. As
expected, contaminated samples showed the highest weight
loss among all samples. This could be attributed to the
sodium sulfate solution penetration and deterioration effect
of sulfate on the samples. The graphical presentation of
effect of sodium sulfate solution on compressive strength
loss is depicted by Fig. 4b. The compressive strength of all
samples decreased after 28 days. The compressive strength

Fig.4 a weight gain and b com- 35 -
pressive strength of all types of
mix immersed in 5% Na,SO, z 301 b{\-\l\.
s R
S < 25 4 Y.
é = SN
= 2 el
'5‘3 o 20 A \ \ \~~\\. -
- @ Se---lL
5 215 X *
2 2 —a— OPC N
s 10 1/ -~ MNS5C N
14| —=—OPC --+- MN5C S 5 4 —a— CI2C ~ o
—4a— CI2C —e - -GI2C —e - -GI2C A
0= T T T 1 0 - r v r —
0 100 200 300 400 7 28 89 180 360
Curaing duration (day) Curing duration (day)
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of ordinary concrete increased after 28 days. However, they
showed slight decrease after 28 days. Those samples modi-
fied with chemical inhibitor showed an enormous strength
loss. However, green inhibitor-added concrete still showed
acceptable performance against sulfate attack. Areca cat-
echu as green inhibitor slightly improved the compressive
strength of contaminated samples. The values of compres-
sive strength improvement by green inhibitor addition were
3%, 3%, 7.4%, and 16% and 3.7% for 7, 28, 89, 180, and
360 days, respectively, as green inhibitor showed its high-
est efficiency at 180 days.

3.6 Resistance to Acid Attack

The main sources for chloride ions could be found in marine
environments and in deicing salts, admixtures containing
chlorides and chloride-contaminated aggregates, cements,
and polluted water. Wetting and drying of concrete accel-
erates the chloride ingress [52, 53]. Figure 5a shows the
weight loss approach of immersed samples of all types of
mix. As expected, the results depicted that contaminated
samples showed the highest weight loss among all samples.
This could be attributed to the porous structure of contami-
nated samples. The mass loss of OPC specimen in acidic
medium can be explained by the direct attack on the alu-
minosilicate framework and the breakage of the Si—-O-Al
bonds [54, 55]. As shown in Fig. 5b, all samples reduced in
compressive strength after the period of immersion. Those
contaminated samples showed an enormous strength loss,
it is absolutely due to the detrimental effect of magnesium
sulfate and sodium chloride on microstructure of samples
during the immersion period. Chemical and green inhibitors
slightly improved the compressive strength of contaminated
samples. An important implication of these findings is that
the efficiency of green and chemical inhibitors on acid attack
resistance increased by time. This fact could be a step for-
ward in order to use the mentioned inhibitor in concrete. The
inhibition efficiency of Areca catechu was found to be about
35% at 180 days obtained in terms of acid attack.

3.7 Corrosion Potential Analysis

Therefore, potential of corrosion was expected to increase
even for OPC. The present study depicts that 2% of inhibitor
could act as adequate proportion added in concrete to pro-
vide the highest inhibition efficiency. Corrosion potential of
above -350 mV were recorded for all the exposure periods.
Areca catechu inhibitor-added concrete was more corrosion
resistant when compared with sodium nitrite. This might
be due to its pore-blocking effects of green inhibitors. It
is evident from the potential results of both chemical and
green inhibitors that their inhibitions were acceptable for
contaminated concrete samples as shown in Fig. 6a. Areca
catechu could improve the corrosion resistance of contami-
nated concrete (Fig. 6b). The potential values tended to
increase with increasing periods of exposure (become more
negative). These results are in agreement with those reported
by earlier research [56]. This is due to contamination of the
concrete that corresponds to the compressive strength values
recorded. R, is considered as high resistance if the value is
greater than 4 KQ [57]. However, Areca catechu inhibitor
was more resistant compared to sodium nitrite as represented
in Fig. 6¢. Areca catechu could decrease the corrosion rate
of contaminated concrete about 30% even in an excessive
harsh environment applied in the current research.

3.8 Linear Polarization Resistance

The corrosion rate of reinforced steel at the point of volt-
age measurement, and changes frequently over time could
be directly achieved by measuring LPR’s corrosion current
density (/_.,,) values [58]. The borderlines between pas-
sive and active corrosion were supposed to be from 0.1 to
0.5 pA/cm2 [59]. The addition of chloride found decreases
the polarization resistance, which results in the increase
in current density as shown in Fig. 7a. The competition
between the aggressive chloride ions and the passivating
hydroxyl ions results in decreasing the polarization resist-
ance. Chloride ions are expected to react with hydrated tri-
calcium aluminate (C;A) hydrate to form chloroaluminate

Fig.5 a Weight loss and b 4 - 30 A
Residual compressive strength =
of specimens immersed in 5% - = 25 4
HCL =31 a <
5 -~ '—‘/ ~ ¥ 20 -
§ 2 N t” g
z T S 15 '
£ % 2 1 —=—oprC NN
z g --+-- MN5C .\
—=—O0PC --+- MN5C £104 _ae C2C N
—a— CI2C_—e--GI2C S —e-- ~3
0 . : : | 5 . -GRC_ : d
0 50 100 150 200 7 28 89 180

Curing duration (days)
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(C3A - CaCl, - 10H,0) that may contain 75-90% chloride.
Chemical and green inhibitors showed similar perfor-
mance in reducing the current density that leads to corro-
sion rate reduction regarding Fig. 7b.

As calculated from the data represented in Fig. 7, the
green inhibitor decreased the corrosion current density
(I.orr) by 30% that shows the high inhibition efficiency of
Areca catechu as a green corrosion inhibitor. The cathodic
and anodic Tafel slopes, corrosion potential, and the val-
ues of corrosion current are achieved by the anodic and
cathodic regions of the Tafel plots. Extrapolating the Tafel
lines to the corrosion potential could result in corrosion
current density (/). The variation of potential depicted
as a function of current density is shown in Fig. 8a and b.
It is clear that the presence of green and chemical inhibi-
tors shifted both anodic and cathodic curves to lower cur-
rent densities for all the exposure times. Inhibitors could
be known as anodic or cathodic type when the change in

@ Springer

Exposure time (day)

E.,.. 1s larger than 85 mV. The largest displacement in this
research was exhibited by Areca catechu extract at 53 mV.
Thus, it may be concluded that Areca catechu extract
acted as a mixed-type inhibitor. The corrosion propagation
approach and structure deterioration increase by time. This

is in agreement with another research done before [60].
3.9 Actual Corrosion Rate

There is an increasing trend in weight loss by time. This is
attributed to the contamination of specimen using sodium
chloride and magnesium sulfate. The weight loss increase in
OPC sample was due to the wet and dry cycle accompanied
by sea water utilization as curing medium that resulted in
increasing the chloride penetration to the concrete. Weight
loss and corrosion rate values decreased by time using
Sodium nitrite and Areca catechu as chemical and green
inhibitors, respectively, and represented in Fig. 9a and b.
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Areca catechu caused reduction in weight loss of con-
taminated concrete 51.4% at 360 days. In addition, sodium
nitrite could decrease the weight loss of contaminated
concrete samples by 45.6% for the respective duration
similar to the green inhibitor. This is approved by findings
represented in many researches [45, 61-64]. Visual obser-
vations for corrosion propagation of steel reinforcement
in contaminated and inhibitors-added concrete are rep-
resented in Fig. 10. From the figure, it is clearly evident
that the corrosion product is more produced in contami-
nated concrete when compared to ordinary and inhibitor-
added concrete. It is due to the deterioration of corrosive
compounds added. The inhibitory effect of Areca catechu
added as green inhibitor could be significantly visible.

Fig.8 Corrosion potential of all

3.10 Discussions on Microstructure Analysis

Reduction in the alkalinity of the concrete caused by
Mg(OH), releases more Ca’* through C-S—H, so that it
increases the formation of gypsum and lastly decomposing
C-S-H to non-cementitious compounds of MSH. The effect
of Mg?* on concrete could be described using Eq. (8):

A denser structure can be seen in the morphology of the
inhibitor-added concrete. Rougher and denser surface con-
firms the higher compressive strength and higher modulus
elasticity that shows strong bonding between cement parti-
cles as confirmed by the compressive strength and modu-
lus elasticity results for Areca catechu-added samples.
This hydration product reacts with pozzolan to form more

mixes at a 180 days, b 360 days 150 150
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C-S—H gel, producing a denser structure. Compared with the
OPC and Contaminated concrete sample, inhibited samples
had relatively more homogeneous surfaces and exhibited
a smoother structure with some micro cracks but few air
voids at the steel surface which explained the good inhi-
bition performances of both chemical and green inhibitors
[65—67]. The dense microstructure of chemical and green-
inhibited samples accompanied by the presence of visible
micro cracks might suggest the pore-blocking role played
by sodium nitrite and Areca catechu as clearly shown in
Figs. 11 and 12. The most prominent factor which influ-
ences the natural corrosion reinforcement in concrete is dis-
solved oxygen. Reinforced corrosion is proportional to oxy-
gen content in the system [6]. The level of oxygen for OPC,
contaminated concrete, and chemical inhibited sample was
high compared to the Areca catechu-added sample, which
surprisingly decreased the dissolved oxygen according to
the results derived from EDX tests as presented in Table 3.

According to Asipita et al. [57], the C—S—H interacted
with the crystal of NaCl showing ettringite as the white
background suggesting a possible formation of Friedel’s
salt under chloride ingress. When free tricalcium aluminate
(C5A) comes in contact with sodium chloride, it will result
in Friedel’s salt formation as reported by Koleva et al. [68].
The mentioned reaction is as shown in Eq. (9):

2NaCl(aq) + 3Cao - Al,O5 - 6H,0(s) + Ca(OH),(s) + 4H,0 —

Therefore, to compensate the destructive effect of above
reaction, addition of inhibitors is considered. Inhibitors
are supposed to boost the cations at the interfacial transi-
tion zones (ITZ) between aggregates and cement paste to
improve the detrimental effects of ettringite and Friedel’s
salt formations [57]. Figure 11d showed no visible traces
of crack and ettringite formation. This might be attributed
to higher silicon content that buffers C—S—H phases which
probably converted virtually all the portlandite.

3.11 Inhibition Mechanism

The performance of an organic inhibitor is related to the
chemical structure and physicochemical properties of com-
pound like functional groups, electron density, p-orbital
character, and the electronic structure of the molecule.
Inhibitory effect of natural corrosion inhibitors clearly
evidenced the adsorption process involved during metal.
Thus, the green inhibitors protect metal through adsorption
mechanism which is found to follow Langmuir adsorption
isotherm. Corrosion inhibition of Areca catechu (Areca
Palm) is probably based on molecule adsorption. The mol-
ecules can adsorb on the metal surface by displacing water
molecules on the surface and form a compact barrier.

3Ca0 - Al,0,.CaCl, - 10H,0(s) + 2NaOH(aq). )

Fig. 11 Gypsum formation in
a MNS5SC, b MN5C, ¢ CI2C, d
GI2C concrete at 180 days
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Fig. 12 Effect of inhibitor on
steel in a MN5C, b MNS5C, ¢
CI2C, d GI2C at 360 days

Table 3 Oxygen level of all samples of steel at 180 and 360 days

Duration OPC MNS5C CI2C GI2C
180 D 19.97 26.72 22.96 10.24
360 D 23.94 30.87 23.94 7.65

The compound inhibits corrosion by controlling both the
anodic and cathodic reactions as Areca catechu leaf extract
proved to be a mixed-type corrosion inhibitor in Sect. 3.8.
Availability of no-bonded (lone pair) and n-electrons in
inhibitor molecules facilitates electron transfer from the
inhibitor to the metal according to what earlier researchers
reported [69, 45]. On the other hand, the effect of Mg>*
on concrete could be described using following Eq. (10):

High amount of alkali compounds is needed to compen-
sate the detrimental effect of Mg?" as mentioned in Eq. (10),
and also for the pore solution to be absorbed onto the sur-
face of steel reinforcement in concrete. Hence, introduction
of inhibitors could be an effective method to compensate
the effect of gypsum formation at the mutual zone between
concrete and steel reinforcement (ITZ) [57]. The inhibi-
tors considered to boost the cations amount at interfacial
transition zone (ITZ) due to their alkalinity as proved for
Areca catechu in the current study by application of AAS

test. Addition of inhibitors could also enhance the cement
hydration due to curing process inside the concrete which
leads to reducing the capillary pores. It is the high level of
potassium and sodium from the inhibitor which combined
with hydroxide and maintained the pH between 12 and 13.
Passivating the steel and forming a dense gamma ferric
oxide that is self-maintaining and preventing rapid corro-
sion is a result of the mentioned high level of alkalinity.
Areca catechu which contains high potassium of 11,720 ppm
as an alkaloid is responsible for the adsorption. Alkaloids
are a group of nitrogen-containing bases in heteroatom’s
compounds.

4 Conclusions

In this study, Areca catechu leaf extract has been utilized in
order to inhibit the corrosion of reinforcement in concrete.
Moreover, the effect of mentioned green corrosion inhibitor
on concrete properties was investigated. On the basis of the
performed test, the following conclusions were drawn from
this study:

e Areca catechu inhibitor was more resistant to corrosive
medium compared to sodium nitrite. The mentioned
issue could be done through its pore-blocking character-
istics, so that it can prevent the formation of discrepancy
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aeration of cells, which promote corrosion on the steel
surface due to oxygen level.

e Sodium nitrite and Areca catechu significantly decreased
the corrosion rate of contaminated concrete samples.
Areca catechu-added sample revealed a dense texture-
clustered formation of gypsum. However, there is no gyp-
sum visible in SEM observation for Areca catechu-added
concrete. Addition of Areca catechu to the concrete
showed a rougher surface compared to other samples at
360 days.

e Areca catechu showed superior performance in terms of
heat evolution when compared to sodium nitrite as chem-
ical inhibitor. The higher value of specific heat capacity
for inhibitor-added samples depicted the better quality of
concrete and fewer pores.
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