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SUSTAINABLE USE OF NATURAL RESOURCES AS ALTERNATIVE FOR THE HAZARDOUS CORROSION INHIBITOR
OF MILD STEEL/DILUTE SULFURIC ACID INTERFACE: WEIGHT LOSS, EIS, AFM AND FTIR STUDIES

Point of present exploration was to figure out the anticorrosion activity of Acacia Cyanophylla (Saligna leaves) extract on
the corrosion of mild steel in dilute sulfuric acid medium, using weight loss measurements and electrochemical impedance spec-
troscopy. The result of the study revealed that the extract act as a potent inhibitor on mild steel in acid medium. The increase in
inhibitor concentration and immersion time showed a positive effect on inhibition efficiency. EIS exhibited one capacitive loop
which indicates that the corrosion reaction is controlled by charge transfer process. The increase of phase shift (r) in presence of
(ACLE) lower surface roughness. This change reveals the adsorption of the inhibitor compound on the steel surface. According to
the results of weight loss measurements, the adsorption of the extract on the steel surface can be described by the Langmuir isotherm.

The inhibition mechanism of (ACLE) molecules involves physical interaction between the inhibitor and metal surface. Ad-
ditionally, Protective film formation against acid attack was confirmed by FT-IR and AFM techniques.
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1. Introduction

Studies corrosion inhibition of metals in acidic media, par-
ticularly mild steel corrosion and its inhibition in sulfuric acid
is of interest in many industries. Indeed, mild steel has obtained
adaptable material, attributable primarily to it’s not expense and
easy to manufacture for example, in the form of plates, bars and
tubes [1]. On the other hand, the most popular mineral acids
used to clean the ferrous alloys and some stainless steels having
less than 10% chrome and nickel are hydrochloric and sulfuric
acid. This is because their high ionization, can be used at room
temperature, and are much cheaper (especially sulfuric) than
the weaker organic acids. The poor corrosion resistance of mild
steel in acid is a major constraint in its applications. Sulfuric
acid, in different concentrations, after dissolving the scale, it
can weaken the steel [2], enhancing corrosion possibility and
leading to economic losses.

Overcoming these problems, there are many approaches
that may be applied to protect or minimize the amount of mild
steel dissolved. This has been intended by the existence of in-
hibitors in solution [3,4]. However, the known dangerous effect
of most synthetic corrosion inhibitors has motivated scientists
to develop cheap, non-toxic and sustainable inhibitors from
natural sources [5,6].

Currently, several studies have investigated the corrosion
inhibitors for steel especially in acid medium by various plant

such as Terminalia catalpa extract [ 7], mustard seed extract [8],
Hibiscus sabdariffa extract [9], Ruta graveolens [10], gongrone-
ma latifoliunm [11], Camellia Sinensis leaves [12], alkaloids
extract from Molasses plant [13], etc. These researches have
revealed that phytochemical compounds containing anchoring
group including (N, S and O), that can deposited as a film on
a metal surface and provide good protection against corrosive
attack.

Also some organic dyes like thymol alizarin yellow GG
(AYGQG) [14] and blue (TB) [15], were noticed, as non-toxic
synthetic corrosion inhibitors, on ferrous metals in sulfuric
acid bath.

A restricted number of work have investigated the effect
of plant rich in tannin on various metals like mild steel, copper,
and aluminum in aggressive solution. As far back as 1964, the
beginning of scientific approach on the corrosion inhibition ef-
fects of mimosa tannin was published by Booth and Mercer [16].
The investigation of plant extracts rich in tannin was extensively
developed in the 21st century. According to Rahim et al, the
mangrove (Rhizopora apiculata) tannin extracted from the bark
was found to be an excellent potential corrosion inhibitor for
steel in acid medium [17].

In an another study carried out by Makanjuola et al, the
tannin extract from Rhizophora Racemosa has been investigated
as corrosion inhibitor for mild steel in acid medium and found
them as efficient inhibitors [18].
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As recent researches, the use of Tannin as a corrosion inhibi-
tor has been widely investigated. Mimosa tannin extract obtained
from the bark of (A. mearnsii) has been considered as a corro-
sion inhibitor for aluminum alloy in an acid rain solution. The
constituent of the extracts creates a barrier for mass and charge
transfer, noticeably slowed down the corrosion process [19]. Abu
Talib et al [20], used the Tannin bark from Melalauca Cajuputi
Powell , it has been discussed that in HCI, bark Gelamwas an
effective inhibitor against mild steel corrosion, the rate of cor-
rosion decrease with the increase of concentration.

In pursuit of natural product rich in tannin extracted by
simple procedures, A. Cyanophylla (Fabaceae) is leguminosae
species belonging from subfamily Mimosoideae [21], native to
West Australia [22].

This shrub was introduced in Tunisia for over a century,
particularly in the semiarid and arid zones [23]. First, to serve
the rangeland rehabilitation, due to the presence of 100-140 g
crude protein/kg DM with a high levels of tannins CT (40-80 g Eq
leucocyan/kg dry matter) [24]. Then it is used in antibacterial
[25], and anti inflammatory [26] activities. In recent years, hot
acid extracts of Acacia Cyanophylla leaves harvested from the
coastal region of Mersin-Turkey has been studied as a corrosion
inhibitor for mild steel in acid condition by electrochemical and
Gasometric methods. The results suggest that this extract as
a original ecological substance due to its acceptable character-
istics for this application [27].

In another case, the phytochemical analysis of Acacia Cy-
anophylla leaves has been proposed, the last consists primarily
of many polyphenols and their acidic compounds [28-30].

It is well known also that some plant polyphenols may
be difficultly soluble in water, in the natural state polyphenol-
polyphenol interactions usually ensure some minimal solubility
in aqueous media [31]. In a previous study [32], A. Cyanophylla
extract (ACLE) was investigated as corrosion inhibitor for steel
in sulfuric acid solution under the same test conditions as used
in the present work. The results obtained were encouraging and
that necessitated this renewed interest to further assess to the
stability and persistence films adsorbed on the surface.

In this article, the authors investigated the anticorrosion
potential of this extract using weight loss and electrochemical
impedance spectroscopy. We have also studied the effect of
immersion time (up to 36 h) and acid concentration (1-2.0 M
H,S0,) on inhibition effect of the extract. A probable inhibition
mechanism is proposed for this work.

2. Experimental section
2.1. Specimen preparation

In the present mild steel sheet of composition (wt%):
0.14C,0.3Mn, 0.01 Si, 0.02 P, 0.05S and rest being Fe were used
in this investigation.

The sheet was mechanically pressed cut into different cou-
pons, each of dimension, 2x2x0.3 cm were used for weight loss
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measurements. The specimens were embedded in epoxy resin
leaving a working area of 0.28 cm? used as working electrode
in electrochemical measurement.

All plates were abraded by using SiC abrasive papers
(Grade No: 220, 400, 600, 800 and 1200), then washed with
distilled water and dried in air before each experiment in the
corrosive medium.

2.2. Processing of the plant materials

Leaves samples of Acacia Cyanophylla were collected
from the Arid Region situated in the south east of Tunisia. The
leaves were dried and stored in the laboratory at room tem-
perature and in the shade before the extraction. Dried powder
(10 g) was soaked in bidistilled water (100 mL) ratio of 10 mL/g
with mechanical agitation at constant stirring rate (200 rpm)
for 3 h [32]. The aqueous solution was filtered under vacuum
and concentrated to 100 ml. The sample then stored air tight in
the refrigerator (4°C) until just before testing to minimize any
possible biological activity. From the weight of the dried aque-
ous fraction, it is calculated as each milliliter of plant extract
contains 10 mg of plant compounds. The required concentrations
of solution were prepared by using dilution methods in dilute
sulfuric acid.

2.3. Corrosion measurements
2.3.1. Weight loss method

Finely polished and dried mild steel coupons were weighed
on a digital balance with sensitivity +0.1 mg, after the specimens
were immersed (complete immersion) in a beaker containing
100 ml of test solution at 25°C with a precision of +0.5°C and
left exposed to air.

The corroded/inhibited specimens were washed with dis-
tilled water, dried with a hot air stream and reweighed.

The weight loss was calculated as the difference in weight
of the specimen before and after immersion in corrosive medium
according to the method described previously [33].

The tests were performed in triplicate to guarantee the
reliability of the results, and the mean value of the weight loss
is reported. The reproducibility of the experiment was higher
than 95%. From the weight loss values, corrosion rates (CR,,) in
mg cm 2 h™! was calculated from the following equation [34-36]:

/4

CR, =—
St

(M

where AW is average weight loss, s the total area of the speci-
men, and t is the immersion time. From the corrosion rate thus
obtained, the inhibition efficiency (yw) was calculated as follows:

cl-cC
nw (%) = —2—"2x100
CR
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where C and Cy are the corrosion rates of mild steel specimens
in the absence and presence of inhibitor, respectively.

2.3.2. Electrochemical Studies

Electrochemical impedance spectroscopy (EIS) were car-
ried out in a conventional three-electrode electrolysis cylindrical
Pyrex glass cell of 100 mL capacity. A 1 cm? platinum foil was
used as counter electrode, a saturated calomel electrode (SCE)
and mild steel were used as reference and working electrode, re-
spectively. Measurements were carried using VoltaLab 40 model
electrochemical Workstation in a frequency range from 65 kHz
to 0.01 Hz at five points per decade, with signal amplitude of
10 mV peak-to-peak.

The experiments were measured after 2 h immersion at
OCP values without bubbling at room temperature. EIS data was
analyzed by ZSimpWin program. The above procedures were
repeated three times with success for each concentration of the
tested plant extract.

2.4. Fourier-transform infrared (FT-IR)
spectroscopy

FT-IR spectra were recorded in an SHIMADZU-FTIR-
8400S spectrophotometer, at a frequency range of 4000 to
400 cm!, using the KBr disk technique. The dried sample of
Acacia Cyanophylla leaves was mixed with KBr and made the
disk.

The mild steel specimen of size 2x2x0.3 cm was prepared
as described above (Section 2.3.1). After immersion in 1.0 M
H,S0, with addition of 200 ppm of ACLE at 25°C for 24 h, the
specimen was cleaned with distilled water, dried with a cold air
blaster. Then the thin adsorption product formed on steel surface
was mixed with KBr, and making the pellets.

2.5. Atomic force microscopy analysis

The surface morphology of mild steel specimens after ex-
posure with 1 M H,SO, in the absence and presence optimized
inhibitor concentration was studied by an atomic force micro-
scope (AFM) model Agilent 5600 LS, with WSxM software
used for image rendering.

3. Results and discussion
3.1. Weight loss measurements
In pickling process with sulfuric acid, the solubility of iron
oxides in these acids is not very high. It relies on the relative

solubility of the underlying FeO and Fe metal then attacking
the base metal.
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Scale formed on carbon steels consists of a number of
oxide layers whose compositions are determined by the scale
formation conditions [37]. A wustite layer (FeO) is adjacent to
the metal; the intermediate layer consists of magnetite (Fe;0,),
while the external layer consists of hematite (Fe,05) [38]. At
greater thermodynamic stability, the scale formed was Fe,O3
and Fe;04 (intermediate layer between Fe,O and FeO).

At the outer surface, the mechanism of pickling acid can be
explained by considering the following mechanism :

Fe,04+2[H] = 2FeO + H,0 3)
Fe;0,+2[H] = 3Fe0 + H,0 )

The mechanism of pickling acid can be explained by conside-
ring the following mechanism :

FeO + 2H" — Fe?" + H,0 %)

When the scale is eliminated from the steel surface, protons
react with the base steel:

Fe + 2H" — Fe?' + H, (g) (6)

An over-pickled steel surface, iron cations can further
combine with sulfate ions to form FeSO,. The protective layer
(FeSQ,) in dilute sulfuric acid is soft poorly adherent, which
means that it can be easily damaged [39].

For this purpose a corrosion inhibitor is introduced into the
solution to decrease the metal losses considerably.

Weight loss method of monitoring corrosion rate and inhi-
bition efficiency is useful because of the simplicity and this has
been employed by several researchers [36,40].

To study the effect of addition of Acacia extract (ACLE) on
the inhibition efficiency, weight loss experiments were carried
out in three different concentrations of H,SO, at 298K for 24 h
immersion period. The values of percentage inhibition efficiency

TABLE 1

Weight loss data of mild steel with and without (ACLE) at various
concentrations of H,SO, solutions

Acid |Inh. conc. CR,,
conc. (N) | (ppm) AW (2) (mg.cm2.h™") w (%) 0
Blank 0.7660 1.023 — —
50 0.4388 0.5861 42.7 0.427
1 100 0.2971 0.3969 61.2 0.612
150 0.1891 0.2526 75.3 0.753
200 0.1240 0.1657 83.8 0.838
Blank 1.3558 5.432 — —
50 0.9165 3.672 324 0.324
1.5 100 0.7335 2.938 45.9 0.459
150 0.6277 2.515 53.7 0.537
200 0.4555 1.825 66.4 0.664
Blank 1.720 6.8921 — —
50 1.419 5.6859 17.5 0.175
2 100 1.213 4.8637 29.43 | 0.2943
150 0.9578 3.8375 44.32 | 0.4432
200 0.8260 3.3095 51.98 | 0.5198
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(nw, %) and corrosion rate (CR,,) are summarized in Table 1. It
can be seen from Table 1, that the inhibition efficiency has been
considerably increased by increasing the inhibitor concentration
of (ACLE) and there is a gradual decrease in corrosion rate. This
indicates that the aqueous extract inhibits the corrosion of mild
steel in H,SO,4 and the extent of corrosion inhibition depends
on the amount of the extract present.

The inhibition performance of ACLE can be explained as
follows [41]:

Fe + Inh <> Fe(Inh),4 <> Fe"" + ne” + Inh

Initially, when there is not sufficient Fe(Inh)ads to cover the
mild steel surface, the extent of metal dissolution takes place in
sites free of adsorbat. This because the amount of extract is low
or because the adsorption rate is slow.

Correspondingly, the maximum inhibition efficiency ob-
tained at a high concentration of 200 ppm. Further increase in
extract concentration did not cause any significant change in the
performance of the extract.

When the inhibition performance was monitored in three
various concentrations of acid solution, it is observed that the
corrosion rate of both in the absence and presence of inhibitor
has been increased with the increase in acid concentration. How-
ever, Acacia extract showed its best performance in 1M H,SO,.

Figure 1 shows the variation of inhibition efficiency of
ACLE in the optimal concentration as a function of immersion
time. For instance, at 25°C, in the first 4 h immersion, the pres-
ence of (ACLE) molecule exerted a negligible influence on the
steel dissolution, therefore this compound developed a limited
inhibiting action.

It is clear from the same figure that inhibitor efficiency
increased with increases immersion time and it reached 83.8%
after 24 hours at 25 +1°C, similarly results obtained by organic
compound in 1M H,SO, [42]. Herein, this increase can be ex-
plained by the stability and persistence of the inhibitor (ACLE)
films adsorbed on the surface [43], which supports the formation
of a protective layer, that prevent or minimize the base metal
loss and limit the hydrogen liberated.

100 o
&0 4
&0
= 4n
204
0 T T
1] ] 12 18 24 30 38
Exposure time / h

Fig. 1. Variation of the inhibition efficiency as function of immersion
time for 200 ppm. ACLE in 1 M H,SO, at 298 K
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After 24 h there is a slight decline in the inhibition ef-
ficiency at 36 h yielding 79.7%. Prolonged immersion may
result in desorption of the extract from mild steel surface [44].
Efficiency initially rises with time and then the absorptive film
falls over many days.

3.2. Electrochemical investigation
3.2.1. Open circuit potential

Figure 2 shows the evolution of the open circuit potential
(OCP) of mild steel in 1 M H,SO, solution without and with
various concentration of (ACLE) after 1800 s of immersion.

It can be observed that the steady state value of OCP firstly
moved significantly from —482 mVgcg, to the positive direction
to —464 mV g with the inhibitor concentration increasing from
0 to 100 ppm. Then the potential shifted gradually to the nega-
tive direction with further increase in ACLE concentration, and
finally reached —471 mVgcg when its concentration is 200 ppm.
This result may be interpreted on the bases of the formation of
a protective layer of the inhibitor and/or deposition of reaction
products on the electrode surface [45].

-462

-468 LR

474 4

Eqcp(mV vs. SCE)

-480 4

T T T
0 50 100 150 200

C (ppm)

Fig. 2. Steady state OCP values for mild steel immersed in 1 M H,SO,
containing (ACLE) with different concentration

3.2.2. Electrochemical impedance spectroscopy
measurements (EIS)

EIS technique was used to gain insight into electrochemical
processes happening at the steel/acids interfaces in absence and
presence of ACLE.

The evaluation of the inhibitory efficiency by Weight loss
measurements, the immersion time is of the order of 24 h. In
a previous study [32], the inhibitory efficiency by EIS meas-
urements and polarization curves are calculated after 30 min
of immersion. This finding leads us to carry out a study of the
efficiency after 2 h at OCP.
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Impedance spectra of mild steel in 1M H,SO, with and
without (ACLE) after 2 h immersion time at OCP are shown
in the form of Nyquist plots Fig. 3. The impedance diagram is
characterized by one depressed semicircle in both solutions.
This behavior indicates that the charge transfer process mainly
controls the corrosion of the mild steel [35,46].
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Fig. 3. Nyquist plots of mild steel in 1 M H,SO, containing various
concentrations of Acacia extract after 2 h of immersion

Furthermore, the radii of the capacitive semicircle in the
presence of ACLE were larger than that registered in blank
solution and increases with the inhibitor concentration. This
indicates that the impedance of inhibited solution related to
various amounts of inhibitor.

In order to extract quantitative information, a nonlinear least
squares fit analysis was used to model the spectra, employing
electrical equivalent circuits represented in Fig. 4, consisting of
a series connection of the resistance R, with the parallel connec-
tion of R, — Cy, is given as:

Rct

Z(jo)=R +— Rt 9
(jo)=R, I+ joCy R, ©)

In fact, the circuit allows the identification of both solu-
tion resistance (R) and charge transfer resistance (R). It can
be observed that the impedance loops measured are depressed
semi-circles with their centers below the real axis, due to the
non-homogeneity or roughness of the electrode surface caused
by the corrosion process [47,48], so one constant phase element
(CPE) is substituted for the capacitive element to give a more
accurate fit in Fig. 4. This circuit was previously used to fit the
measured data and to characterize the behavior of steel/acid
interface [47,49]. The impedance of the CPE is calculated using
the following equation [50,51]:

(10)

Zepp =

1
04 (7))
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In this equation, O, represent the magnitude of the CPE,
o is the angular frequency, j =—1"2. If n = 1 and n is a measure of
non-ideal of the capacitor and has a value in the range of 0 <n <1.

The charge transfer resistance, which determines the cor-
rosion rate, must be corresponding to the resistance between the
metal and outher Helmholtz plane (OHP). So, the inhibition ef-
ficiency (1i %) is calculated on the basis of the following relation:

L Ry0)
ct(inh)

ni= 100 (11)

Where R, and R,y are the charge transfer resistance value
without and with inhibitor, respectively.

Rect

Fig. 4. Electrical equivalent circuit diagram used for modeling the
metal/solution interface.

The corresponding values, obtained by fitting the experi-
mental spectra, are presented in Table 2.

TABLE 2

Some parameters obtained from EIS technique used to monitor
the inhibition of mild steel corrosion in 1 M H,SO4 containing
various concentrations of (ACLE)

Inh.C Rs Rct CPE, .o

(ppm) | (Q.em?) | (Q.em?) | 0, (pQ.s".cm™2) n " )

Blank | 0.84206 19.02 583.01 0.8692 —
50 0.8917 110.02 179 0.897 | 82.71
100 1.278 119.42 142 0.908 | 84.07
150 1.0228 135.69 130.1 0910 | 85.98
200 1.8687 145.80 121 0918 | 86.95

Inspection of the results in Table 2 indicated that the value
of R, increases with an increase in ACLE concentration could
be attributed to the adsorption of inhibitor compound on the
more active site, which effectively blocked the movement of
charges across the interface and hence an increase in the inhibi-
tion efficiency(yi) [43].

The average CPE exponent (0.908 + 0.021) presented in
Table 2, thus fulfilling the above requirement. Figure 5 shows
the values of n and Q4 vs concentration of Acacia extracts in
1 M H,SOy, solution. The low values of QO correspond with high
values of the n parameter. The addition of ACLE lowers the O
values. Thus it can be related to the gradual replacement of water
molecules and other ions originally adsorbed on the mild steel
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surface by (ACLE) compounds and consequently to a decrease
in the number of active sites necessary for the corrosion reac-
tion. This conclusion is in accordance with the findings of other
researchers [19,52,53].

0924 o = 00005831
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et
i)
=

f= 00001301
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Phase shifi (n)

03a2

0368

Fig. 5. Phase shift (n) and CPE (Q) values vs concentration (C) of
(ACLE) in 1 M H,SO, solution

Moreover, the values of the phase shift () increases in
presence of ACLE molecules when compared to that obtained
in pure 1 (M) H,SO, (0.8692). This can be attributed to a certain
decrease in the surface roughness [54], due to the adsorption of
the extract molecules on the most active adsorption sites [19].
These results evidenced that Acacia extract protecting mild steel
surface from corrosive attack.

The Bode plots also may be easily predicted from the circuit
impedance [55]. Let us consider the obtained circuit shown in
Figure 4. The phase-angle is described by:

R.C
ct ~dl (12)
Rs + Rct + (Rctcdl )ZRS

p=atan(Z,, / Zy. )= atan[
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The phase angle plots and bode impedance are shown in
Figure 6a-b respectively.

The phase angle plots indicate a single narrow peak, direct
a single time constant at intermediate frequencies Fig. 6a. The
mild steel surface roughness increase in the absence of inhibitor
therefore reduced the phase angle in the corrosion process. On
the opposite side, the presence of (ACLE) compounds on metal
effectively lowered surface roughness, as a result phase angle
increased approaching to 90° [43]. This confirms the corrosion
inhibiting effect of the Acacia extracts.

It is also apparent from Fig. 6b that addition of ACLE
causes an increase in the interfacial impedance, which further
increases upon increasing concentration of inhibitor. This value
is slightly broadened in the optimal concentration of compounds
which may suggest the formation of a protective layer [56,57].

The inhibition efficiencies presented in Table 2, show the
same trend as those determined from weight loss measurements.

3.3. Adsorption isotherm

The mechanism of inhibition corrosion reactions is studied
by adsorption isotherms to understand the adsorption behavior
of Acacia extract on mild steel surface.

The adsorption process can be described by two main types
of interactions: physical adsorption and chemical adsorption, or
both, the type of adsorption depends on the nature and charge of
the metal, structure of the extract and the type of electrolyte solu-
tion [58]. Among the various isotherms, Langmuir adsorption
isotherm is the most fundamental and hence was tested at first.

A straight line was obtained on plotting C;,,/6 against
Ciu» as shown in Figure 7. The obtained plot of the inhibitor
was linear and the regression coefficient (R* > 0.998) suggested
that the adsorption of ACLE on mild steel surface fully obeyed
to Langmuir isotherm. This Langmuir model has been used for

(a)
90
¢ Blank
801+ S0ppm
704 100ppm
60- 150ppm
501 200ppm
'?.' 30+
204 |
Y,
0 3
-10 T
202 <1 0 1 2 3 4 5 6
log (f, Hz)

(b) 1
o Blank
254 S0ppm
4 100ppm

logif,Hz)

Fig. 6. Bode-phase plots: (a) angle phase and (b) impedance modulus of mild steel in 1 M H,SO, solution with different concentration of ACLE

after 2 h immersion .
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other inhibitor systems [8,11,59]. According to this isotherm, 6
is related to the inhibitor concentration C;,,.

Res(0) = Res(inn)
Ry0)

Cinh/e = Cinh + I/Kads

0= (13)

(14)

where C is the equilibrium inhibitor concentration, K adsorptive
equilibrium constant, representing the degree of adsorption,
which obtained from the reciprocal intercept of Langmuir plot
line, and O is the surface coverage calculated by weight loss
measurements.

280

240
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60 Y=0.801X+79.372

R’=0.99874

C/8 (ppm)

120 4

80

40 . ,

T T T
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Fig. 7. Plot of Langmuir adsorption isotherm obtained by using surface
coverage values calculated by weight loss measurements

The adsorption equilibrium constant related to the free
energy adsorption (AG,) can be calculated as below [59]:

AG s = ~2.303RT10g (Cii,0 Kogs) (15)

Where R is the universal gas constant and T is the absolute
temperature.

In the above equation Cy,0= 1.0x10° mg.L™! in the solu-
tion because unit of K, has been reported in terms of L mg™".

The average value of standard adsorption free energy
(AG ) was —23.3916 kJ.mol . Herein, the negative AG,4, value
evidenced the adsorption process spontaneity and stability of the
adsorbed layer on the metal surface [60,61].

Here the calculated AG®,,, values are near —20 kJ mol™';
probably means that the adsorption of (ACLE) on mild steel
surface is mainly physisorption [48,62].

3.4. FT-IRspectra

To understand the green inhibitors interactions with the
metal surface in 1M H,SOy, the FTIR spectra were recorded for
ACLE inhibitor. Fig. 8a shows a strong broad band at 3380 cm™!
is attributed to O-H stretching. The appeared band at 2921.29 and
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Fig. 8. (a) FT-IRspectrum of inhibitor (b) FT-IRspectrum of inhibitor
adsorbed on steel surface

2856.67cm ™! are associated to the typical alkanes and aromatics
C-H stretch. At 1640 cm™', a very strong band is assigned to
C = C and C = O stretching vibration. C = C and C = O stretch-
ing vibration bands are superposition [63,64]. The flavonoids
conjugation effect of ACLE showed a slight shifts of the C =0
peak (1700 cm ™) towards lower wavenumber (1640 cm™). Ad-
ditionally, the observed bands at 1459.20 cm™' and 765.23 cm™
are associated to the C-H scissoring/streatching and the aromatic
stretching vibration, respectively.

For the appeared band at 1101 and 1088 cm !, this corre-
sponds to the aromatic ring carbonyl C-O and C-O for primary
alcohol, respectively and reflected band of aromatic ring carbonyl
appeared at 660 cm™'. These observations are in agreement with
that reported by EL Sissi and co-workers [30], and consistent
with the bonds that make up flavonoids are the main components
present in ACLE. In Fig. 8b, the IR spectrum of a scraped sam-
ple shows two weak bands at 3786.71 and 3719.50 cm ™! which
do not appear in Fig. 8a are assigned to Fe-O bending [65,66],
which reveal the fact that Acacia extract can adsorb on the metal
surface on the basis of donor-acceptor interactions between lone-
pair electrons of oxygen and the vacant d-orbital of Fe substrate.
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The presence of Acacia extract over the complex surface
was evidenced by the low intensity characteristic bands of C-H
from CH, and CHj; at 2939.82, 2871.71, 1462, and 1439.82
em™! [67,68].

The band corresponding to C = C at 1640 cm™ disappeared
due to the interaction of z electrons of aromatic rings with mild
steel surface [69] .

The two vibrations at 1101 and 1088 cm ™! corresponding
to C-O disappeared, and it is observed from figure 8b, the pres-
ence of other bands may be original oxide between (720 and
1294.68 cm™) initially formed on the surface of the steel.

This result suggests that there is an interaction between the
ACLE molecule and the surface of mild steel.

3.5. Atomic Force Microscopy (AFM)

AFM is a powerful technique to investigate the surface
morphology at nano- to micro-scale [66,70].
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Three Three-dimensional AFM images for mild steel after
immersion in 1 M H,SO,4 without and with 200ppm of aqueous
Acacia Extract are shown in Figure 9a-b, respectively.

As can be seen from Fig. 9a, the corrosion of mild steel sam-
ples in the absence of inhibitor appeared to be relatively uniform
in general. The sample surface is badly damaged due hydrogen
atoms that enters the metal produces some detrimental effects
on the mechanical properties of mild steel surface. On the other
hand, in the presence of ACLE inhibitor, Fig. 9b shows that the
mild steel surface appears more flat and homogeneous, this in-
dicated that ACLE shows an appreciable resistance to corrosion.

Fig. 10a-b illustrates the height profiles of the sample in
IM H,SO,4 without and with inhibitor respectively.

Fig. 10a shows that the surface roughness of the mild steel in
uninhibited 1.0 M H,SO, is about 61.41 nm, while in the presence
of ACLE, the roughness decreases to 36.7 nm (Fig. 10b). Thus,
the roughness is consistent with the results shown in Figs. 9a-b.

The decrease in the roughness is attributed to the formation/
adsorption of a protective layer of Fe?"-ACLE complex on the

0.00 nm

300.63 nm

0.00 nm

(b)

Fig. 9. AFM three-dimensional images of the mild steel surface in 1.0 M H2SO4: (a) in the absence of inibitor; (b) in the presence of 200 ppm

after immersion time of 24h. Scan area: 800 nm x 800 nm
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Fig. 10. Height profiles of the mild surface in 1.0 M H,SOy: (a) in the absence of inhibitor; (b) in the presence of 200 ppm. Scan area: 800 nm x 800 nm
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metal surface as revealed initially by FT-IR spectrum and weight
loss measurements. However, the presence of ACLE inhibitor
alone in the solution not being enough to form a uniform film.
It may be deduced that addition of other additive in the solution
is necessary to get uniform film, which leads to a higher inhibi-
tion efficiency.

3.6. Corrosion inhibition mechanism

FTIR results of the ACLE showed the presence of oxygen
atoms in functional groups (O-H, C=0, C-0O), that may come
from the hydrocarbons and aromatic rings from phytoconstitu-
ents of the extracts.

From the experimental and theoretical results obtained,
the natural compounds in ACLE molecules will be protonated
in acid solution [57,71]:

ACLE + xH' <> [ACLEH,]*" (16)

It is also well known that SO4°~ ions are strongly adsorbed
in acid medium on the metal surface leaving less space available
for organic molecules to adsorb [72,73].

In presence of SO, ions, the following rapid reaction
proceeds on the mild steel surface:

HZOads + SO427 = S042721ds + H2O (17)

The substitution of water molecules with SO,>~ ions leads to
creating an excess negative charge on surface, which in turn, fa-
cilitates physical adsorption of the protonated form [ACLEH, |**
through electrostatic interactions between positively charged
inhibitor and negatively charged mild steel surface [74,75].
However, the exact mechanism of corrosion inhibition could not
be envisaged due to unspecified molecular weight of the extracts.
So when protonated chemical molecules in Acacia extract are
adsorbed on steel surface and release of H, gas, a coordinate
bond may be formed by the presence of aromatic ring (source
p electrons) or oxygen atom (non bonding electrons) from the
neutral form confirmed by FTIR, which could activate formation
of a chemical bond with vacant d-orbital electrons of charged
steel surface to form the metal inhibitor complexes:

Fe — Fe?" + 2¢~ (18)
ACLE + Fe?* <> [ACLE — Fe]** (19)
[ACLEH,J*" + Fe’* < [ACLEH, — Fe]®™*  (20)

These complexes might get adsorbed onto steel surface by
van der Waals force to form a protective film which keeps mild
steel during pickling acid process without significantly affecting
the rate of oxide removal [63].

AFM results prove that Acacia extract could adsorb onto
mild steel surface to form a denser and more tightly protective
film.
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3.7. Comparative study of (ACLE) inhibitor
with some chemical pickling inhibitor

The comparison of inhibition efficiency of (ACLE) inhibi-
tor with a standard cleaning solution for mild steel immersed in
dilute H,SO, solution at room temperature clearly proves the
result obtained. It is postulated that the double or triple bond
is more toxic than a steric hindrance bond. A double or triple
bond react significantly faster and hence make them eligible for
direct interactions with the biochemical macromolecules, result
in a number of catastrophic effects. It is important to note, for
example a,b-unsaturated carbonyl or carboxyl fragment are very
important in the manufacture of polymers, textiles, or auxiliary
materials in medicine [76].

In the case of standard pickling solution [77] for mild steel,
about 84 mg of toxic chemicals such as 2-Methyl-3-Butun-2-ol
was used in 1L of dilute H,SO,. It is worth mentioning that
the corrosion rate and inhibition efficiency at low concentra-
tion (50 ppm) of (ACLE) compounds are comparable with that
of standard cleaning solution [78,79]. Regarding toxicity, the
50 Lethal Concentration (LC50) value of standard inhibitor
is 1950 mg.kg!, whereas the LD50 value of A. Cyanophylla
is 25,000 mg.kg ! [80] which is explicit that ACLE inhibitor
is around 13 times less toxic than the chemical inhibitor. The
decisive of triple bonds of acetylenic alcohol molecules due to
the p-electrons interaction with the metallic surfaces is gener-
ally accepted [68], but this bonds increases its toxicity [81].
Furthermore, according to Podobaev and Avdeev, the scale of
toxic rating acetylenic alcohols falls under “practically toxic”
category [82].

Hence, the natural inhibitor A. Cyanophylla extracts can be
an alternative to the toxic chemicals in pretreatment processes.
Also correct additive selection is important to guarantee mini-
mum adverse effects on environments and human health with
satisfactory corrosion inhibition efficiency.

4. Conclusions

In summary, the ACLE can act as an effective inhibitor for
the corrosion of steel in 1 M H,SO,. The inhibition efficiencies
vary linearly with concentration and immersion time until one
day. The optimum value was found at 200 ppm for 24 h immer-
sion at 298 K.

The inhibition efficiency increased with increase in inhibi-
tor concentration and immersion time, however decreased with
acid concentration. The optimum value was found at 200 ppm
of Acacia extract for 24 h immersion in 1 M H,SO, at 298 K.

Impedance studies revealed that the inhibitors reduced the
corrosion rate by increasing the resistance of the system.

The adsorption of ACLE on mild steel surface was found
to accord with Langmuir adsorption isotherm model. The free
energy indicates that the adsorption of extract involves mainly
the physical adsorption. Additionally, AFM studies supported
the formation of a smooth surface on mild steel in the presence
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of Acacia Cyanophylla extract compounds probably due to the
formation of an adsorptive film. These results are in agreements
with the FTIR results.

Laboratory results from this study suggest that the ACLE
is a potential eco-friendly corrosion inhibitor, which may be
beneficial for steel pickling process. Also of importance is the
exploration of ACLE in other corrosive environment such as
CO, corrosion, H,S corrosion and in cooling water systems.
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