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ABSTRACT

A study on the use of Allium sativum (garlic) as corrosion inhibitor for carbon steel in 0.5 M H,SO,
has been carried out in static and dynamic conditions by using potentiodynamic polarization curves
and electrochemical impedance spectroscopy at 0, 200, 500, 1000 and 2000 rpm. Inhibitor
concentrations included 0, 100, 200, 400, 600, 800 and 1000 ppm. Under static conditions,
inhibitor efficiency increases with increasing its concentration up to 400 ppm, but it decreases
with a further increase in its concentration. Under dynamic conditions and short testing times,
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inhibitor efficiency increases with increasing the rotating speed, due to a better inhibitor transfer
towards the steel surface. However, for longer testing times, inhibitor efficiency increases only
during the first 2 h, and then it decreases with a further increase in time, indicating a desorption

of the inhibitor molecules from the steel surface.

1. Introduction

Due to the currently imposed requeriments for eco-friendly
corrosion inhibitors, there is a growing interest in the use of
natural products such as leaves or seeds extracts. Some
papers have reported the use of natural products for mild
steel corrosion inhibition in different environments (7-
32). This is due to the fact that synthetic inhibitors are
expensive, highly toxic for human beings and other living
species, among other factors. Among the so-called
“green inhibitors” are organic compounds that act by
adsorption on the metal surface such as ascorbic and suc-
cinic acids, tryptamine, and caffeine. Some other natural
products which have been proved to be good corrosion
inhibitors are Aloe (73), Coriandrum sativum (14), Green
Bambusa Arundinacea leaves (15), Artemisia pallens (16)
and Gum Arabic (77). Some other green inhibitors that
have been evaluated include thioureas derivatives (78),
pyridinecarboxaldehyde thiosemicarbazone compounds,
Ruta chalepensis L. Oil (22) and Geissospermum laeve (23)
as corrosion inhibitors for mild steel in hydrochloric acid
solution (79), Green Bambusa Arundinacea leaves extract
for steel-reinforced concrete (20), Phyllanthus fraternus
leaves for mild steel in H,SO, solution (27) and Hibiscus sab-
dariffa for aluminium in KOH (24), among others.

Onion and garlic maybe among the first cultivated
crops in the world due to their long storage time and

portability. At the present time, the Allium family has
over 500 members, each differing in appearance,
colour and taste, but close in biochemical, phytochem-
ical and neutraceutical content (33). Alliums were
revered to possess antibacterial and antifungal activities,
and contain the powerful sulphur and other numerous
phenolic compounds which arouse great interest (34).
However, garlic contains nearly three times as much
sulphur-containing compounds as onions. The mature,
intact Alliums contain mainly cysteine sulphoxides, and
when tissues are chopped, the enzyme allinase is released,
converting the cysteine sulphoxides into the thiosulphi-
nates (35). Evidence from several investigations suggests
that the biological and medical functions of garlic are
mainly due to their high organo-sulphur compounds
content. The primary sulphur-containing constituents in
garlic are the S-alk(en)yl-L-cysteine sulphoxides (ACSOs),
such as allicin, and g-glutamylcysteines, Allicin (diallylthio-
sul¢nate) (36-38). However, the use of garlic as corrosion
inhibitor is limited in the literature. Thus, Rajam et al.
(39) used garlic for the corrosion inhibition of carbon
steel in water well in the presence and absence of Zn**
and found that 2 mL of garlic extract and 25 ppm of
Zn** offered a 70% of inhibition efficiency. In another
works (37, 40) the same authors added Malic acid to the
Garlic extract+Zn* system, and increasing the inhibition
efficiency, but found that it decreased as time elapsed
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or decreasing the pH value of the solution. Finally,
Rodriguez-Clemente et al. (41) carried out a study on the
use of Allium sativum as corrosion inhibitor for carbon
steel in 0.5 M H,SO, by using potentiodynamic polariz-
ation curves, electrochemical impedance spectroscopy
and weight loss measurements. Inhibitor concentrations
included 0, 100, 200, 400, 600 and 800 ppm at 25°C, 40°
C and 60°C finding an inhibitor efficiency of 96% with
the addition of 400 ppm. Thus, the goal of this work is
to evaluate the use of A. sativum as corrosion inhibitor
for carbon steel in 0.5 M H,SO,4 but in hydrodynamic
conditions to see the effect of mass transport because
in power plants, where this acid is used for chemical
cleaning, it is used under these conditions by
pumping it.

2. Experimental procedure

Fresh garlic (A. sativum) bulbs were obtained from the
local market and cut into small pieces. About 250 ml of
hexane per 100 g of garlic was added, crushed and left
for 30 days until all hexane was evaporated resulting
in a solid form, which was weighted and dissolved in
hexane and used as a stock solution. The aggressive sol-
ution, 0.5 M H,SO,, was prepared by dilution of analyti-
cal grade H,SO, with double distilled water. Corrosion
tests were performed on coupons prepared from 1018
carbon steel rods containg 0.14% C, 0.90% Mn, 0.30%
S, 0.030% P and as balance Fe. Cylindrical specimens
10 mm long with a diameter of 6 mm were machined
exposing an effective surface area of 0.28 cm® to the
electrolyte. This system was machined to form the rotat-
ing disk electrode, which was ground up to 2400 grade
emery paper, rinsed with distilled water, acetone and
dried under an air flow. Rotation speeds were 0, 250,
500, 1000 and 2000 rpm. Electrochemical techniques
employed included potentiodynamic polarization curves
and electrochemical impedance spectroscopy measure-
ments, EIS. In all experiments, the carbon steel electrode
was allowed to reach a stable open circuit potential
value, E .. Polarization curves were recorded at a con-
stant sweep rate of 1 mV/s at the interval from —500 to
+500 mV respect to the E., value. Measurements were
obtained by using a conventional three electrodes glass
cell with two graphite counter electrodes symmetrically
distributed and a saturated calomel electrode as reference.
Corrosion current density values, i, Were obtained by
using Tafel extrapolation. Inhibitor efficiency, n, is calcu-
lated as follows :

Icorr

(%) = (L) « 100, M

where i, and i, are the corrosion current values with
and without inhibitor, respectively. Electrochemical
impedance spectroscopy tests were carried out at Ecq
by using a signal with amplitude of 10 mV in a frequency
interval of 100 mHz-100 kHz. An ACM potentiostat con-
trolled by a desktop computer was used for the polariz-
ation curves, whereas for the EIS measurements, a model

PC4 300 Gamry potentiostat was used.

3. Results and discussion
3.1. Stagnant conditions

The effect of A. sativum concentration in the polarization
curves for carbon steel under stagnant conditions is
shown in Figure 1. For the blank, uninhibited solution,
the curve describes an active—passive behaviour, with an
Ecorr value of —480 mV and a corrosion current density
value around 0.5 mA/cm?. As the potential is made more
anodic, the anodic current density increases due to the
metal dissolution, but at a potential value close to 0 mV a
limiting current density is reached more or less until a
potential value of 900 mV, where the current density
starts to decrease and a passive region is reached. The
passive region under these conditions starts in a passive
potential value, E,,;, around 980 mV and finishes when
the steel reaches a pitting potential value of 1515 mV. As
soon as the inhibitor is added, 100, 200 and 400 ppm,
the E. value shifts towards nobler values, except with
the addition of 200 ppm of A. sativum, and the corrosion
current density values starts to decrease together with
the anodic current density value. However, the passive
region is not exhibited for these inhibitor concentrations;
instead, an anodic limiting current is reached, with the
lowest value obtained when 400 ppm of A. sativum is
added. When higher inhibitor concentrations are added, i.
e. 600 and 800 ppm, the active-passive behaviour is dis-
played once again, but the E,,; value was lower for 600
ppm than that for the blank solution, with a value of 860
mV, whereas that for 800 ppm was higher, 1080 mV. The
passive current density was higher with 600 and 800
ppm of A. sativum(1.6 and 4 mA/cm? , respectively), than
that for the uninhibited solution. This double effect of the
inhibitor at low and high concentrations has been found
for other inhibitors such as cysteine for carbon and 304-
type stainless steel in sulphuric acid (42, 43), and copper
in acidic chloride solutions (44). It has been attributed to
the catalytical effect of oxygen and the inhibitor molecules,
which can be oxidized which can be either protective or
protective, and, thus, enhance or inhibit metal dissolution.
This decrease in the corrosion rate with the addition of
400 ppm of A. sativum is due to the inhibitor adsorption
on the steel surface.
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Figure 1. Effect of A. sativum concentration in the polarization curves for carbon steel in 0.5 M H,SO, under stagnant conditions.

The effect of A. sativum concentration in the Nyquist
curves for carbon steel in 0.5 M H,SO, under stagnant
conditions is shown in Figure 2, where it can be seen
that data describe a single, depressed, capacitive-like
semi-circle at all frequency values, with its centre in

-500

the real axis, indicating that the corrosion process is
under charge transfer control from the metal to the sol-
ution through the double electrochemical layer. When
the inhibitor is added, data still display a single capaci-
tive-like semi-circle, indicating that the corrosion
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Figure 2. Effect of A. sativum concentration in the Nyquist diagrams for carbon steel in 0.5 M H,SO,4 under stagnant conditions.
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mechanism is still the same with or without A. sativum
addition. As the inhibitor concentration increases, the
semi-circle diameter increases, reaching a maximum
value when 400 ppm of A. sativum is added; the semi-
circle diameter decreases with a further increase in the
A. sativum concentration. The semi-circle diameter rep-
resents the charge transfer resistance, Ry, equivalent to
the polarization resistance, Ry, and inversely proportional
to the iy value. Thus, the highest R, value obtained
with 400 ppm of A. sativum indicates that the i
value is the lowest at this concentration, increasing
with a further increase in the concentration, corroborat-
ing the results obtained with the polarization curves.
The R values can be used to calculate the double-
layer capacitance, Cy), by using the following expression:

1
Ca = <Tfmax> Ret, (2)

where f,.. is the frequency value at which the imaginary com-
ponent of the impedance is maximal. An increase in R refers
to more impediment of the active area at the metal surface as
a result of the increase in inhibitor concentration (42). In addition,
the values of the double-layer capacitance (Cy) decrease by
adding inhibitor into corrosive solution. Additionally, double-
layer capacitance can be calculated with the following equation:

A
Ca = &g (H) 3

where ¢ is the double-layer dielectric constant, g, the vacuum
electrical permitivity, 6 the double-layer thickness, and A is the
surface area. Mainly, the decrease in Cy value is attributed to

the replacement of the adsorbed water molecules at the metal
surface by the inhibitor molecules having lower dielectric con-
stant (43). Also, the decrease in surface area which acts as a
site for charging may be considered as another reason for the
Cq) decrease (43). These points suggest that the role of inhibitor
molecules is preceded by its adsorption at the metal-solution
interface.

3.2. Dynamic conditions

Since the most efficient inhibitor concentration was 400
ppm, and in order to see the effect of the mass transfer
on the inhibitor performance, some corrosion tests were
performed at various rotating speeds, and the effect of
these on the polarization curves for carbon steel in uninhib-
ited 0.5 M H,SOy, is shown in Figure 3. It can be seen in this
figure that as soon as the electrode starts to rotate, at 250
rpm, the E. value shifts towards more active values,
reaching a value of =590 mV, and the i, value decrases
from 0.5 down to 0.01 mA/cm?. This may be due to the
fact that oxygen diffusion is enhanced towards the steel
surface, producing a protecitve oxide layer on it
However, with a further increase in the rotating speed,
the E.or values reamain more active than that in the stag-
nant condition, fluctuating around —575 and —580 mV, but
the corrosion i, increases although the i, values under
dynamic conditions were always lower than that under
stagnant conditions. For the inhibited solution, Figure 4,
polarization curves under dynamic conditions showed a
shift in the E,, values as the rotating speed increases,

300 | 0 rpm
- = =250 rpm
500 rpm
-400 - ~-~- 1000 rpm
2000 rpm

-500 |

-600

E (mV vs. SCE)

-700

800 |
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Figure 3. Effect of rotating speed in the polarization curves for carbon steel in uninhibited 0.5 M H,SO, solution.
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Figue. 4. Effect of rotating speed in the polarization curves for carbon steel in 0.5 M H,SO, + 400 ppm of A. sativum.

decreasing from a value of —300 mV under stagnant con-
ditions down to —430 mV in the dynamic conditions. The
corrosion current density decreases as soon as the rotating
speed increased, reaching the lowest value at 250 rpm.
This might be due to the fact that formed protective

[Fe — Inh]ga“S complex is desorbed as the rotating speed
increases, leaving the steel surface exposed to the electro-
lyte, increasing thus the corrosion rate.

Nyquist curved for the steel in the uninhibited solution

at different rotating speeds can be seen in Figure 5, where

0 ppm
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Figure 5. Effect of rotating speed in the Nyquist diagrams for carbon steel in uninhibited 0.5 M H,50, solution.
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it can be seen that data display a single, capacitive,
depressed semi-circle, with its centre in the real axis, indi-
cating that the corrosion process is under charge transfer
control. As soon as the steel starts to rotate, data still
display a single capacitive semi-circle, with its centre in
the real axis, indicating that the corrosion mechanism
does not change with the steel movement, and the
semi-circle diameter increases, although this increase is
marginal, due to the formation of a protective formed
film, due to an enhancement on the oxygen difussion
towards the steel surface, decreasing ,thus, the corroson
rate. For the solution with 400 ppm of inhibitor, Figure 6,
Nyquist data display a single capacitive, depressed semi-
circle at all the frequency values, with its centre in the
real axis, indicating a charge transfer-controlled corrosion
process. As the rotation speed increases, the semi-circle
diameter increases considerably from a value of 400 Q
cm? obtained under stagnant conditions, upto a value of
1100 Qcm? at a rotating speed of 2000 rpm, with a
decrease in the corrosion rate.

It is generally accepted that the first step during the
adsorption of an organic inhibitor on a metal surface
usually involves replacement of water molecules
absorbed on the metal surface:

Inhso 4+ XH30a45 — INhygs 4 XHy 054 4

The inhibitor may then combine with freshly gener-
ated Fe?* ions on steel surface, forming metal-inhibitor

complexes (42, 44-47):

Fe — Fe?t + 2e, (5)

Fe>* + Inh,gs — [Fe — Inh]y. (6)
The resulting complex, depending on its relative solu-
bility, can either inhibit or catalyse further metal dissol-
ution or increase its corrosion rate. At low
concentrations the amount of A. sativum is insufficient
to form a compact complex with the metal ions, so
that the resulting adsorbed intermediate will be readily
soluble in the acidic environment. But at relatively
higher concentrations more A. sativum molecules
become available for complex formation, which sub-
sequently diminishes the solubility of the surface layer,
leading to improve the inhibition of metal corrosion,
because under flow conditions there are several different
effect on inhibition performance:

(1) Flow can increase mass transport of inhibitor mol-
ecules that causes more inhibitor presence at the
metal surface. This effect can improve the inhibitor
performance (48).

(2) Hydrodynamic conditions can increase mass trans-
port of metal ions (Fe?*) produced during metal dis-
solution from electrode surface to the bulk of
solution and hence lead to less [Fe—Inh]** complex
presence on electrode; this is a harmful effect for
inhibition performance.

(3) The high shear stress resulted from high flow
velocity can also separate inhibitor layer of adsorbed
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Figure 6. Effect of rotating speed in the Nyquist diagrams for carbon steel in 0.5 M H,SO, + 400 ppm of A. sativum.
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[Fe—Inh]?* complex and cause more desorption from
the metal surface, which acts as a negative factor on
inhibitor efficiency (48). The balance of the above-
mentioned effects leads to changes on inhibitor effi-
ciency with the rotation rate.

The effect of the rotation speed on the charge transfer
resistance, R., the semi-circle diameter, for both inhib-
ited and uninhibited solutions is shown in Figure 7
where it can be seen that for the uninhibited solution,
it remains more or less constant around a value of
20-25 ©Q cm?, but for the solution containing 400 ppm
of A. sativum, the R value starts at 400 Q cm? at stag-
nant conditions, but it increases with increasing the
rotating speed, reaching a maximum value of 1100 Q
cm? at 2000 rpm. Thus, for short testing times, an
increase in the rotating speed brings more inhibitor mol-
ecules towards the metal surface, reducing thus the cor-
rosion rate.

In order to evaluate the time of residence of the
inhibitor on the steel surface at the different rotating
speeds, EIS measurements were taken every 60 min
and Figure 8 shows a typical plot of the variation of
the Nyquist diagrams by using 400 ppm of A. sativum
at a rotating speed of 250 ppm. It can be seen in this
figure that data display a single, capacitive-like semi-
circle at all frequency values regardless of the exposure
time, indicating that the corrosion mechanism remains
the same throughout the time. The semi-circle diameter,
i.e. Ry, increases as the exposure time increases, reaching
its maximum value after 2 h of testing, and after that, the
semi-circle diameter starts to decrease, indicating that

1200
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the inhibitor molecules start to be desorbed at this
time. Thus, we can say that at 250 rpm, the time of resi-
dence of A. sativum on carbon steel is only 2 h.

The variation in the charge transfer resistance value
with time at the different rotation speeds is shown in
Figure 9, where it can be seen that at 250 rpm, the
highest R value, and thus, the lowest corrosion rate, is
reached after 2 h of exposure of the steel to the inhibited
acidic solution, and after that time, the R value starts to
decrease, increasing, thus, the corrosion rate due to a
desorption of the inhibitor molecules from the steel
surface. As the rotating speed increases, the R value
decreases, reaching its lowest value at a rotating speed
of 2000 rpm. However, the R value at higher rotating
speeds increases with time, which indicates that under
these conditions, flow can increase mass transport of
inhibitor molecules that causes more inhibitor presence
at metal surface, improving the inhibitor performance.
On the other hand, from the effect of rotating speed
on the double-layer capacitance value, Cy, shown in
Figure 10, it can be seen that in general terms, this
value increases with increasing the rotating speed or
exposure time. By increasing the rotating speed, inhibitor
molecules are desorbed, increasing, thus, the corrosion
rate.

Evidence from several investigations suggests that the
biological and medical functions of garlic are mainly due
to their high organo-sulphur compounds content. The
primary sulphur-containing constituents in garlic are
the ACSOs, such as allicin, g-glutamylcysteines, and
Allicin (diallylthiosul¢nate) (36-38). Additionally, in (48)
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Figure 7. Variation of the R value with time for uninhibited and inhibited solutions at different rotating speed values.
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Figure 8. Nyquist diagrams for carbon steel at different exposure times in 0.5 M H,SO4+ 400 ppm of A. sativum at 250 rpm.

it was shown that the high inhibitive performance of this
extract suggests a strong bonding of the A. sativum
derivatives on the metal surface due to the presence of
lone pairs from heteroatom (oxygen) and p-orbitals,
blocking the active sites and therefore decreasing the
corrosion rate. Therefore, bonding between inhibitor
molecules onto carbon steel surface occurs through

sharing electrons of the OH group present in the allicin
molecule of the pure extract and vacant d-orbitals of
iron. By enhancing the mass transfer, either more inhibi-
tor molecules can be transported towards the steel
surface, improving the inhibitor protection, or the
adsorbed inhibitor molecules can be desorbed due to a
high shear stress resulted from high flow velocity.

1000 / \-\.
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Figure 9. Variation of the R value with time for carbon steel in 0.5 M H,SO4+ 400 ppm of A. sativum and different rotating speed

values.
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Figure 10. Variation of the Cy value with time for carbon steel in 0.5 M H,S0,4+ 400 ppm of A. sativum and different rotating speed

values.

4. Conclusions

A study of the use of A. sativum as corrosion inhibitor for
1018 carbon steel under stagnant and dynamic conditions
has been carried out. Under static conditions, the inhibitor
efficiency increases with increasing its concentration up to
400 ppm, but it decreases with a further increase in its
concentration. Under dynamic conditions and short
testing times, inhibitor efficiency increases with increasing
the rotating speed, due to a better inhibitor transfer
towards the steel surface. However, for longer testing
times, inhibitor efficiency increases only during the first
2 h, and then it decreases as time increases, indicating a
desorption of the inhibitor from the steel surface. The
balance of the above- mentioned effects leads to
changes on inhibitor efficiency with the rotation rate.
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