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Abstract

The effect of C. siliqua pulp corrosion inhibition on carbon steel has been studied by gravimetric testing and electrochemi-
cal methods. In this study, two raw extracts were prepared from the pod pulp of C. siliqua: the first is methanolic and the
second is aqueous. The UHPLC/DAD analysis indicated gallic acid's presence in the extracts (methanolic and aqueous) of
C. siliqua as a major compound. The inhibition results achieved revealed that the aqueous extract with gallic acid had a good
anticorrosion activity with an inhibition rate of 91.32% at 3 g/1 for a temperature of 323 K. Potentiodynamic polarization was
performed in 1 M HCI without and with different concentrations of C. siliqua extracts clearly proves that inhibitor extracts

behave as mixed type. Adsorption of this inhibitor for different extracts studied on the surface of the carbon steel obeys

o

Langmuir adsorption with negative values of AG

suggesting a stable and spontaneous inhibition process.
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1 Introduction

The study of carbon steel corrosion in HCI acid solution has
grown relevant, owing to the numerous industrial applica-
tions of acid solutions, particularly in pickling, rescaling,
and cleaning of steel surfaces [1]. Therefore, steels and its
alloys dissolve considerably when exposed to acid solutions
or aggressive environments. Therefore, these acids cause the
degradation of metals, which leads to the problem of corro-
sion, which is a very common problem, difficult to eliminate
completely. Steel dissolution and consumption are controlled
using inhibitors. In general, inhibitors are organic molecules
that contain oxygen, sulfur, and nitrogen atoms [2—10]. The
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presence of attractive interactions between the corroding
surface of metal and the adsorbate is required for adsorption.
Adsorption can be classified as physisorption, chemisorp-
tion, or a mixture of both depending on the type of forces
involved [11-14]. Functional groups, steric factor, and aro-
maticity are all factors that influence the adsorption behavior
of organic molecules [15]. A large number of organic syn-
thetic inhibitors are highly toxic and, therefore, have nega-
tive consequences on humans and the environment [16] and
can cause temporary or permanent damage to organ systems
such as kidneys or liver, or disrupt the enzyme system in the
body [17]. Nowadays, research interests are directed towards
the application of green inhibitors (i.e., environmentally
friendly compounds). Therefore, the inhibitor used must
be cost effective and also readily available. Furthermore,
due to recent environmental awareness and restrictions, the
inhibitor must be non-toxic and biodegradable [18]. As a
result, plant extracts are increasingly being considered as
a source of corrosion inhibitors. They are used for metal
protection in acidic environments to replace the toxic chemi-
cals currently used [19]. The inhibitory performance of plant
extracts is generally linked to the presence in these extracts
of primary metabolites such as sugars, proteins, or lipids but
above all, to the presence of secondary metabolites such as
alkaloids, polyphenols, and terpenoids. These metabolites
contain polar functions with oxygen, sulfur, nitrogen atoms
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and double- or triple-conjugated bonds with aromatic rings,
which are the principal adsorption centers in their chemical
structures [20, 21].

Several studies have been published on the use of vari-
ous plant parts such as leaves [22], fruits [23], seeds [24],
and flowers [25]. They have been extracted by simple low-
cost procedures and studied as corrosion inhibitors in dif-
ferent media; for example, Prabha et al. [26] have studied
the corrosion inhibition of mild steel by aqueous extract of
Andrographis paniculata. A leguminous plant of Retama
monosperma was used as a corrosion inhibitor of carbon
steel in 1 M HCI solution by El Hamdani et al. [27]. Kathi-
ravan et al. [28] studied the inhibitory action of aqueous
extract of Ruellia tuberosa leaves on copper corrosion in
0.5 M HCI. Carob (C. siliqua) is a tree that has been popular
in the Mediterranean region. It is a member of the Legume
family (Fabaceae) [29]. After the seeds have been removed
from the fruit pod, carob powder is obtained [30]. The pulp
(90%) and seeds (10%) are the main components of carob
pod by weight [31]. In fact, the pulp of carob has been used
for centuries in human nutrition, i.e., to prepare cakes, bread
and flakes [32, 33], chocolate, cookies and as a substitute for
cocoa, cereal bars, ice creams [34, 35], as well as in animal
feed (horses, ruminants) [36] alongside other feeds such as
barley flour [37]. The pods, after removal of their seeds, are
used mainly in the food industry [38] as an antioxidant due
to their rich polyphenols composition. Numerous clinical
studies have highlighted the effectiveness of carob powder
in the treatment of acute childhood diarrhea [39]. According
to Rejeb [40], the pulp is recommended against pulmonary
tuberculosis and bronchial affections. This plant is known
in therapeutics for its hypocholesterolemic effect, antiprolif-
erative, antidiarrheal, and digestive disorders [41]. The high
fiber content of carob suggests that it could reduce blood
cholesterol levels [42]. The carob pods have a high concen-
tration of condensed tannins (16-20%), which are composed
of flavan-3-ol groups and their galloyl esters [43, 44], gallic
acid [45, 46], (+)-catechin, (—)-epicatechingallate, (—)-epi-
gallocatechingallate, and quercetin glycosides [47].

As for gallic acid, 3,4,5-trihydroxy benzoic acid is a tri-
phenolic acid, colorless, or slightly yellow, is widely pre-
sent in the plant kingdom as a secondary metabolite and
widely present in free form or as a derivative in various food
sources such as nuts, tea, grapes, and sumac (Rhus coriaria
L.) [48-50]. Other sources include gallnuts, oak bark, honey,
various berries, pomegranate, mango and other red fruits,
beverages [51-54], and vegetables especially in black radish
and onions [55]. Gallic acid is found in plant tissues as an
ester and various esters with sugar glycosides, polyols and
phenols [56]. It is a proposed reductant in dilute chemical
decontamination formulations due to its inherent stability
against radiation degradation [57]. Gallic acid significantly
slows down-scale formation and, thus, has been shown to be
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an effective scale inhibitor at very low concentrations [58].
It has a wide range of applications in the health, food, and
pharmaceutical industries, in the manufacture of inks, paints,
dyes, and also in cinematography [59]. In fact, it seems to
have an antiasthmatic effect [60] and inhibits the formation
of esophageal cancer in rats [61]. It has a cytotoxic activity
against cancer cells (leukemia, prostate cancer, lung cancer)
[62]. Kratz et al. [63] showed that gallic acid had anti-viral
activity against the herpes virus HSV-2. Further, Umar et al.
[64] revealed that gallic acid is used as a therapeutic com-
pound and an inhibitor against five key non-structural pro-
teins in the recent coronavirus epidemic caused by the novel
coronavirus SARS-CoV-2. In addition, gallic acid has been
shown to be a protective antioxidant for plants against envi-
ronmental aggression (temperature, light) or pathogens. It is
used in routine tests as a reference substance in antioxidant
activities [65] and also shows a higher antiradical activity
than ascorbic acid or oxalic acid [66].

It is more recommended that gallic acid itself can also
be useful as a corrosion inhibitor in the decontamination
process; this can avoid the addition of another component
in the formulation as a corrosion inhibitor [67]. Gallic acid
is used as a non-toxic corrosion inhibitor for steel structures
instead of toxic lead oxide (or red oxide). The possibility of
covering the steel surface with an insoluble gallic acid-iron
complex can be one of the reasons for corrosion inhibition
[68]. In gold electroless plating studies with a 1,2-hydroqui-
none fraction, gallic acid due to its high reduction potential,
was found to adsorb onto the metal surface and function
as a corrosion inhibitor [69]. Obot et al. [70] studied the
corrosion-inhibiting effect of tannic acid in the presence
of gallic acid at the mild steel/HCI acid solution interface;
indeed, the inhibition effect of tannic acid is enhanced by its
combination with gallic acid. As well as a suitable inhibitory
characteristic of gallic acid was found to be equally effec-
tive in the inhibition properties of henna extract by Ostovari
etal. [17].

The objective of this research was to investigate the
effects of inhibition of C. siliqua pulp of extracts (aque-
ous and methanolic) both without and with gallic acid on
carbon steel corrosion C38 in 1 M HCI. The performance
of inhibition is analyzed by weight loss, potentiodynamic
polarization, as well as impedance spectroscopy. The inhibi-
tor's adsorption isotherm on carbon steel was determined.

2 Materials and Methods
2.1 Preparation of Specimens and Solutions
Throughout the experiments, carbon steel was employed. The

specimens of carbon steel used in this study are rectangular
in shape (4 x 1 cm?) and contain the following composition:
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(C=0.38%, Mn=0.68%, Si=0.23%, S=0.02%, P=0.001%)
and the remainder of iron. Analytical Grade 37% HCI was
diluted with distilled water to prepare the aggressive HCI
acid solution 1 M. All of the studies were done in 1 M HCI
solution in the absence and presence of various inhibitor
concentrations (0.5; 1; 1.5; 2; 2.5; and 3 g/1).

2.2 Preparation of Plant Extracts

The dried carob pods of C. siliqua were collected in July
2017 in the northwest of Morocco (Gharb-Chrarda ouez-
zane). The samples were deposited in the Bioorganic
Chemistry Laboratory at Chouaib Doukkali University in
El Jadida. In the laboratory, the pulp was separated from the
seed of the pods; the different parts of C. siligua pulp were
crushed in a fine powder mortar.

2.2.1 Methanol and Water Extracts

The vegetable material to be extracted was weighed (60 g)
and placed in the Cartridge of Soxhlet. The distilled metha-
nol (250 ml) was introduced to the flask, which was then
heated to begin the extraction process until the plant was
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Fig.1 Some secondary metabolites separated from C. siliqua extracts [71]

totally exhausted. A 46 h time was spent extracting the plant
with methanol.

For the preparation of the aqueous extract, the same quan-
tity of crushed pulp (60 g) was extracted until exhaustion, for
a period of 28 h by following the same extraction technique
(Soxhlet).

The resulting liquid extracts were then concentrated using
a rotary evaporator to give 29.42 g and 30.14 g of metha-
nolic and aqueous extracts, respectively. These two extracts
of the plant were used to prepare the concentrations men-
tioned above. Figure 1 depicts the chemical structures of
some active components found in C. siliqua extracts (metha-
nolic and aqueous).

2.3 UHPLC/DAD analysis

The studied extracts were subjected to UHPLC-DAD
analysis. The phenolic compounds were identified as
previously explained by Puigventos et al. [72] Liquid
chromatography system (Dionex Ultimate 3000, CA,
USA), equipped with an autosampler (WPS 3000 TSL),
a quaternary pump (HPG 3400 RS), and a column oven
(TCC 3000). A Kinetex C18 reversed phase column

l OH

o
Liquiritigenin

OH
OMe

HO OH

Ceratoside

HO.
OH

HO

OH

Gallic acid (3,4,5-trihydroxybenzoic acid)
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(250% 4.6 mm, 2.6 pm particles) provided by Thermo
Fisher Scientific (CA, USA) was used for the proposed
method. The solvent was used to create a gradient separa-
tion A (0.1% formic acid aqueous solution) and solvent
B (methanol) as follows: 0-3 min, linear gradient from
5 to 25% B; 3—6 min, at 25% B; 6-9 min, from 25 to
37% B; 9—13 min, at 37% B; 13—18 min, from 37 to 54%
B; 18-22 min, at 54%B; 22-26 min, from 54 to 95%B;
26-29 min, at 95% B; 29-29.15 min, back to initial con-
ditions at 5% B; and from 29.15 to 36 min, at 5% B. The
mobile phase flow rate was 1 ml/min. The DAD detector
Dionex Ultimate 3000 was detected at 280 nm. Retention
times and UV spectra were compared to standards to iden-
tify the compounds investigated in the extracts (aqueous
and methanolic). All eleven standards used for analyses
were obtained from Sigma-Aldrich (Berin, Germany):
stock solution: gallic acid, catechine, Chlorogenic acid,
Epicathechine, vanillin, z-Coumaric acid, Sinapic acid,
naringine, Rutin, quercetin, and kaempferol. Three series
and repetition of stock solution standars at 5 concentra-
tion levels were used (10, 50, 100, 150 and 200 mg/1) for
this quantitative analysis.

2.4 Gravimetric Method

The specimens were abraded using an emery papers collec-
tion (grades 360; 400; 600; 1200; 1500; 2000), then care-
fully cleaned with acetone and distilled water and dried. At
a constant temperature regulated by a water thermostat, the
specimens were immersed in (30 ml) vials containing acid
1 M HCI without and with varying concentrations of the
inhibitor being studied. The specimens were abducted after
6 h, rinsed, dried, and precisely weighed. The experiments
were then carried out at various temperatures. Equation (1)

is used to compute the weight loss A, (mg):
A, =my—m (D

m

where m is the starting weight before immersion and m, is
the final weight after immersion.
Equation (2) is used to get the corrosion rate (w):

w(mg/cm*h™") = A, /st 2)

S is the geometrical surface area (Cm?), and 7 is the
corrosion test period (h).

The inhibitory efficiency E (%) was estimated using the
following formula (3):

E(%) = [(wo — win)/wo| x 100, 3)

where w, and w;,, are, respectively, the corrosion rates with-
out and with C. siliqua inhibitor.
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2.5 Electrochemical Method

The samples of steel 1 cm? are prepared as described
above (Section gravimetric determination) and were
first immersed into the solution for 30 min to establish a
steady-state open-circuit potential. Platinum electrode and
a saturated calomel (SCE) electrode were used as auxiliary
and reference electrodes, respectively. The material used
is potentiostat/galvanostat/FRA, SP 200 EC-Lab Research
Grad type. EC-Lab software was used to examine the data.
The effect of inhibitor on steel corrosion was determined
by measuring corrosion rate in different concentrations of
the pulp of C. siliqua. For the evaluation of inhibitor con-
centration effects on inhibition efficiency (the protection
of corrosion), experiments were carried out in the pres-
ence and absence of HCI 1 M of various concentrations of
inhibitor. At normal temperature (25 °C), the cell was left
exposed to the air. Curves of potentiodynamic polarization
in the potential range between + 10 (V) relative to the E,
were obtained after measuring the potential in an open
circuit at a scan rate of 1 (mV s™). Values of corrosion
current densities were obtained by extrapolating the tafel
lines (anodic and cathodic). The efficiency of inhibition
E(%) is defined as follows:

E%)=[1-@_/i")] x 100, )

corr

where igm and i‘(':‘(l)’rr reflect values for current densities of

corrosion without and with inhibitor, respectively. Spec-
troscopy of electrochemical impedance technical (EIS) was
carried out in the presence of open-circuit potential at the
frequency ranges between 100 (kHz) and 10 (mHz), with a
10 mV change in signal amplitude. The following equation
is used to calculate inhibition efficiency E(%).

E(%) = [(R" = RY)/R"| x 100, )
where RiC‘:h and Rgt are resistance to charge transfer in the
presence and absence of the inhibitor, respectively.

2.6 Fourier Transform Infrared Spectroscopic (FTIR)
Analysis

Fourier transform infrared spectroscopy (FTIR) was stud-
ied in the frequency range 400-4000 Cm~! for the solu-
tion of 1 M HCI + 3 g/l of C. siliqua and specimen before
and after the corrosion test by using a SHIMADZU FTIR
8400S spectrometer with a Smart iTR Attachment and
diamond attenuated Total Reflectance (ATR) crystal. The
immersed was for 24 h in 298 K. The experimental data
are analyzed by OMNIC software.
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2.7 X-ray Diffraction Analysis

X-ray diffraction (XRD) analysis was performed with a
BRUKER X D8 ADVANCE-ECO. Metal specimens pre-
pared were immersed in solutions for a period of 6 h at
303 K, and the patterns of the phases/films on the prepared
steel surface before and after immersion in 1 M HCI, without
and with 3 g/l of C. siliqua aqueous extract in the absence
and presence of gallic acid were identified using PANalyti-
cal HighScore plus. The XRD patterns were recorded in the
angular range of 26 from 10° to 70° with step size 0.06° and
scan step time 1.0 (s).

2.8 Scanning Electron Microscope (SEM) and Energy
Dispersive X-ray Spectroscopy (EDS) analysis

The metal specimens prepared were immersed for a period
of 6 hiin 1 M HCI without and with 3 g/l of C. siliqua aque-
ous extract at 303 K in the absence and presence of gal-
lic acid and then were removed carefully and thoroughly
washed with distilled water and then dried properly. SEM
images were taken using HITACHI S-570 model scanning
electron microscope and the compositional alteration of the
elemental exposed surface was examined via energy dis-
persive X-ray spectroscopy (EDS) using X-FLASH 6/10
BRUKER with an accelerating voltage of 20 kV.

3 Results and Discussion
3.1 UHPLC/DAD Analysis

A method coupling chromatography with ultra-high-perfor-
mance liquids (UHPLC) with diode-array detector (DAD)
was optimized for the separation and identification of phe-
nolic compounds in the extracts (aqueous and methanolic)
of C. siliqua. The results showed that regression curves of
each compound phenolic were discovered to be linear with
R? greater than 0.99.

In the present study, the analysis by UHPLC/DAD/
ESI-MS showed some similarity of the chromatographic
profiles obtained for methanolic (a) and aqueous (b) extracts.
In particular, we can note the predominance in the two
extracts of the peak eluted at 6.5 min (Fig. 2 and Table 1).
As can be seen from the three chromatograms (Fig. 2),
the major compound in the two studied extracts is gallic
acid (peak 1); the content of this phenolic acid in methanol
extract and the aqueous extract is 87.71 and 54.61 mg/g of
extract, respectively. When we compared our results with
the literature, we found it similar, Fadel et al. [73] reported
that the pulps and seeds of C. siligua growing in Morocco
are rich on many phenolic compounds such as gallic acid
(17.8% and 5.01%, respectively). Also, Ydjedd et al. [74]

revealed that the C. siligua growing in Algeria contained five
phenolic acids among them gallic acid (27.84%). Recently,
Goulas and Georgiou [75] determined the presence of gallic
acid in the Carob fruits growing in Cyprus. Peak numbers
correspond to those represented in Table 1.

3.2 Weight Loss Method

Table 2 describes the corrosion rate obtained using the tech-
nique of mass loss at various concentrations of different C.
siliqua pulp extracts in a solution HCl for 6 h at temperatures
ranging from 298 to 323 k. Table 2 shows that the corrosive
attack of acid on the carbon steel at all temperatures studied
in the absence of the inhibitor is too high for all the extracts
studied, because of the very aggressive nature of the chlo-
ride ions.

Table 2 demonstrates that the corrosion rate of the car-
bon steel in HC1 1 M, without and with C. siliqua extracts
obeys the Arrhenius-type reaction, because it increases with
increasing the temperature of the solution. A remarkable
decrease in the rate of corrosion of the carbon steel was
observed with the addition of an increasing quantity of C.
siliqua extracts, at each of the studied temperatures. The
existence of heteroatoms like oxygen and zn-electrons in the
heterocyclic ring system in the molecules of C. siligua may
account for the good inhibitive performance observed in this
study which facilitates the coordination interaction with iron
atoms and leads to a high tendency for protonation in acidic
medium. Table 3 lists the values for the inhibition efficiency
of carbon steel corrosion in HCI. The data obtained in this
table show that, for all the extracts studied, the efficiency
of inhibition increased as the inhibitor concentration was
raised. This suggests that some of the inhibiting molecules in
the extracts have been adsorbed to the metal surface at a high
concentration, leading to higher coverage and, thus, protect-
ing the surface from further corrosion attacks. These results
are in agreement with the studies carried out on the extract
from the Petersianthus macrocarpus plantin 1 M HCl [76].

Moreover, for extracts (methanolic and aqueous), the effi-
ciency decreases when the temperature is increased. This
phenomenon can be explained by desorption of the mol-
ecules [77], which can be attributed to the breakdown of
the physical interactions at high temperature between the
adsorbed molecules of the extract and the metal surface.
The same results were obtained by the extract of Ceratonia
siliqua used in nitric acid as a corrosion inhibitor of copper
and brass [78], as well as in the study conducted by Chefira
et al. [79] on the extract of Origanum elongatum used as a
green corrosion inhibitor of steel in acid medium, the same
adsorption behavior was obtained.

The value of the inhibition efficiency reached 90.17% at
298 K and 3 g/l for the aqueous extract of C. siliqua, indicat-
ing that the adsorption of molecules is lower in C. siliqua
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Fig.2 Chromatographic profiles of methanolic extract (a), aqueous extract of C. siliqua (b), and stock solution standards (c) recorded at 280 nm

methanolic extracts than in aqueous extracts. It is clear that
from Table 3 in extracts (methanolic and aqueous) with gal-
lic acid, the values of inhibition efficiencies E(%) increase as
the temperature rises (298-323 k). This further confirms the
increase in inhibitory effectiveness as concentration of the
extract rises. This can be related to the increase in protective

@ Springer

inhibitory film formed on the carbon steel surface at higher
temperatures. The highest inhibition efficiency was 91.32%
at 323 k and 3 g/1 for the aqueous extract of C. siliqua, indi-
cating that gallic acid can be attributed as the main constitu-
ent, responsible for the inhibitory action against corrosion.
In effect, gallic acid was also found to be a good corrosion
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Table 1 UHPLCD-DAD analysis of C. siliqua extracts and stock solution of standars

RT Standards UHPLC-DAD Methanolic Aqueous Linear equation R?
Amax (D) mg/g extract + RSD
1 6.47 Gallic acid 272 87.71+£0.04 54.61+0.08 y=105,407x — 561.69 0.996
2 10.98 Catechine 279 - - y=106,544x — 1557.59 0.995
3 12.06 Chlorogenic acid 280, 327 - - y=108,332x — 2296.63 0.995
4 13.68 Epicathechine 279 - - y=106,325x — 1365.1 0.996
5 13.86 Vannilic acid 261, 300 - - y=107,592x — 2473.8 0.994
6 18.59 n-Coumaric acid 310 - - y=109,948x — 3298.4 0.995
7 18.94 Sinapic acid 324 - - y=106,545x — 1557.6 0.995
8 20.51 Naringine 284,320 - - y=106,101x — 1169.4 0.996
9 21.69 Rutin 257,356 - - y=107,183x — 2116.3 0.994
10 26.62 Quercetin 255, 368 - - y=114,660x — 4947.7 0.997
11 27.56 Kaempferol 266, 366 - - y=106,325x — 1365.1 0.996

Table 2 Carbon steel's corrosion rate obtained by gravimetric in HCI
1 M without and with various concentrations of C. siliqua extract at
298 to 323 k: a-extract of methanol without gallic acid; b-extract of
aqueous without gallic acid; c-extract of methanol with gallic acid;
d-extract of aqueous with gallic acid

Table 3 Inhibition efficiency of carbon steel in HCl 1 M solu-
tion after additions of corrosion inhibitor at different temperatures:
a-extract of methanol without gallic acid; b-extract of aqueous with-
out gallic acid; c- extract of methanol with gallic acid; d-extract of

aqueous with gallic acid

C (g 298 K 303K 313K 323K C (g 298 K 303K 313K 323K
a. Blanc 0.1354 0.2625 0.4958 1.4145 a. Blanc - - - -

0.5 0.0437 0.1187 0.2916 0.8791 0.5 67.72 54.78 41.18 37.85
1 0.0395 0.1062 0.1979 0.8604 1 70.82 59.54 60.08 39.17
1.5 0.0354 0.0895 0.175 0.7604 1.5 73.85 65.9 64.7 46.24
2 0.0333 0.0791 0.152 0.6895 2 75.4 69.86 69.34 51.25
2.5 0.0291 0.0687 0.1229 0.6812 2.5 78.5 73.82 75.21 51.84
3 0.025 0.05 0.1104 0.6583 3 81.53 80.95 717.73 53.46
b. Blanc 0.4608 0.5723 1.2377 1.8259 b. Blanc - - - -

0.5 0.1421 0.2193 0.6997 0.9889 0.5 69.16 61.68 43.46 45.84
1 0.1299 0.2181 0.5576 0.8982 1 71.81 61.89 54.95 50.8
1.5 0.1042 0.1875 0.5282 0.7892 1.5 77.39 67.23 57.32 56.77
2 0.1017 0.1679 0.4963 0.7009 2 77.93 70.66 59.9 61.61
2.5 0.0698 0.1519 0.4289 0.6936 2.5 84.85 73.45 65.35 62.01
3 0.0453 0.1115 0.3738 0.6434 3 90.17 80.51 69.8 64.76
c¢. Blanc 0.2687 0.9021 1.2479 1.6062 c. Blanc - - - -

0.5 0.1625 0.5146 0.6208 0.6312 0.5 39.52 42.95 50.25 60.7
1 0.1541 0.45 0.5604 0.6021 1 42.65 50.11 55.09 62.51
1.5 0.1396 0.3937 0.4708 0.5021 1.5 48.04 56.36 62.27 68.74
2 0.1271 0.3479 0.3791 0.3646 2 52.69 61.43 69.62 77.3
2.5 0.1229 0.3083 0.3562 0.3354 2.5 54.26 65.82 71.45 79.12
3 0.1208 0.2854 0.2604 0.3021 3 55.04 68.36 79.13 81.19
d. Blanc 0.2187 0.2437 0.3979 1.4875 d. Blanc - - - -

0.5 0.1208 0.1229 0.1916 0.5375 0.5 44.76 49.57 51.85 63.86
1 0.1125 0.1146 0.1708 0.3396 1 48.56 52.97 57.07 77.17
1.5 0.0979 0.1021 0.1354 0.3271 1.5 55.23 58.1 65.97 78.01
2 0.0812 0.0896 0.1083 0.2958 2 62.87 63.23 72.78 80.11
2.5 0.075 0.0771 0.1 0.2146 2.5 65.71 68.36 74.86 85.57
3 0.0687 0.0708 0.0729 0.1291 3 68.58 70.94 81.68 91.32
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inhibitor of aluminum 6061 in alkaline solutions by the
study conducted by Ali et al. [80].

3.3 Electrochemical Polarization Results

The polarization curves without and with C. siliqua extracts
at different concentrations in HC1 1 M at 303 k are shown in
Fig. 3. Based on the results obtained, it can be noted that the
addition of C. siliqua extracts leads to a decrease in densities
of anodic and cathodic currents and displaces the corrosion
potential (E,,,) towards the more negative values (cathodic).
The evolution of the log(i..,.) = f(E,,.) curves according
to the concentration of C. siliqua extracts is substantially
identical. The cathodic polarization curves are represented
by straight lines indicating that the reaction of hydrogen
reduction at the surface is performed by a pure activation
mechanism [81]. The values of the electrochemical param-
eters obtained by the polarization curves without and with
different C. siliqua extracts are reported in Table 4.

Based on the results obtained from the table above, it can
be noted that the corrosion potential E,,, values for all C.
siliqua extracts change slightly with concentration, indicat-
ing that these extracts inhibit cathodic and anodic reactions
and, therefore, these C. siliqua extracts can be classified as

mixed type but preferably as cathodic inhibitor against cor-
rosion of carbon steel C38 in a solution of HCl 1 M. The
same observations were obtained by the work of EI Ham-
dani et al. [27] that tested the alkaloid extract of Retama
monosperma as an inhibitor for the corrosion of carbon
steel in HC1 1 M solution. In addition, corrosion current
densities (i,,,) decrease when concentration of all extracts
increases. This decrease is likely due to adsorption of C. sili-
qua extracts on the metal surface [82]. The study in Table 4
showed that p, values are approximately constant in the pres-
ence of different C. siliqua extracts while . values change,
this shows that anodic and cathodic reactions are carried
out but that the effect on cathodic reactions is greater. These
results are completely in accord with the work carried out on
the extract of Artemesia herba albamedium used as corro-
sion inhibitor of stainless steel in solution 1 M H;PO, [83].
It is also noted from the results that the inhibitory efficacy
E(%) increases with the increase in the concentration of C.
siliqua extracts. The highest inhibition value was obtained
for the concentration of 3 g/l (90.44%) and (91.27%) for
extracts (methanolic and aqueous) with gallic acid, respec-
tively. The values of inhibition efficiencies, calculated from
polarization studies, show the same trend as those obtained
from weight loss measurements. A comparison of our results

Fig. 3 Polarization curves of
steel in 1 M HCl containing
different concentrations of C.
siliqua extract: a extract of
methanol without gallic acid; b
extract of aqueous without gal-
lic acid; ¢ extract of methanol
with gallic acid; d extract of
aqueous with gallic acid

Log ig,; (MA.Cm?)

Log i.y; (MA.Cm?)
=3

—3g b

E .on (mV/ecs)

E .o (mV/ecs)

Log i ou(mA.C?)
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Table 4 Electrochemical parameters for various concentrations of C.
siliqua extract obtained via polarization curves: a-extract of methanol
without gallic acid; b-extract of aqueous without gallic acid; c-extract
of methanol with gallic acid; d-extract of aqueous with gallic acid

C) E.., mv/ i, (pA/ E(%) B, (mv/dec) B, (mv/dec)
ecs) cm?)
a. Blanc -340.400  675.664 - 74.0 321.3
0.5 -378.353  317.804 52.96 23.3 176.9
1 -402.209  294.251 56.45 48.2 166.9
1.5 -409.536  282.833 58.14 422 147.5
2 -418.313  266.84 60.51 48.1 155.7
2.5 -423.765 257.903 61.83 449 152.1
3 -436.624  221.374 67.23 51.8 154.5
b. Blanc -313.208  938.576 - 75.2 217.5
0.5 -322.373  487.688 48.04 66.9 162.1
1 -339.604 382914 59.2 774 166.8
1.5 -352.314  368.664 60.72 94.9 125.3
2 -362.610  349.341 62.78 74.4 130.7
2.5 -409.536  261.968 72.09 66.4 152.1
3 -419.674 149.541 84.07 65.8 243.5
¢. Blanc -315.256 1363.96 - 66 172.8
0.5 -344.327  766.907 43.77 79.6 135.4
1 -350.192  655.963 5191 84.9 169.2
1.5 -365.322  335.15 7543 62.4 143.7
2 -410.303  230.692 83.08 59.5 135.4
2.5 -425.814 174.901 87.17 58.8 117.8
3 —443.243 130.35 90.44 75.4 157.1
d. Blanc -338.818 1061.61 - 92 159.6
0.5 -409.752  716.297 32.53 89.2 143.3
1 -419.102  502.708 52.65 71.2 204.3
1.5 -420.889 191.656 81.94 66.4 165.1
2 —437.547 166.246 84.34 74 187.2
2.5 -439.762 107.219 89.9 80.2 154.3
3 -457.644  92.703 91.27 83.8 156.6

with those of other similar studies on the corrosion-inhibit-
ing effect of plant extracts shows that our extracts are clearly
more effective; Thus, El Attari et al. [84] recently carried out
a study on the corrosion-inhibiting effect of the essential oil
of Dysphania ambrosioides on steel in 1 M HCI, and they
found an inhibition efficiency of 90.20% at 4 g/I.

3.4 Electrochemical Impedance Spectroscopy
Results

Nyquist diagrams of the steel immersed in the HCI acid solu-
tion without and with varied quantities added of C. siliqua
extracts are shown in Fig. 4. The resulting impedance dia-
grams are not perfect semicircles, and this is attributed to the
difference in frequency dispersion [85], due to the dissimilarity
of the electrochemical system. This dissimilarity results from
adsorption of the inhibitor, impurities, roughness, dislocations,

and formation of porous layers [86, 87]. When the concentra-
tion of all C. siliqua extracts increases from 0.5 to 3 g/l, it is
noted that the increase in the size of the capacitive loop is well
marked, which can be attributed to the load transfer process,
and the impedance value obtained in the case of the control is
lower than that obtained in the case of C. siliqua extracts. This
result reflects the influence of these extracts on the process at
the steel/acid interface. The electrochemical parameter’s val-
ues and inhibitory efficiency for different concentrations of
C. siliqua extracts for corrosion of steel in HCI 1 M obtained
by electrochemical impedance spectroscopy are presented in
Table 5. The impedance results are simulated by the equivalent
electrical circuit representative of the adsorption mechanism,
illustrated in Fig. 5. This circuit consists of the constant phase
element (CPE) which represents the frequency distributed in
double capacitive layer, used to report the previously described
inhomogeneities, the electrolyte resistance (R,) which repre-
sents the ohmic fall in the electrolyte when a current passes
between the working and reference electrode, and the load
transfer resistance (R_,).

Note that (Cg4.) (double-layer capacity) and (R,) are
introduced in parallel to show that at the interface level, the
establishment of the double layer (modification of the dis-
tribution of electrical loads at the interface) and the transfer
of load (electron transfer due to electrochemical reactions)
are carried out simultaneously. Examination of the results in
Table 5 indicates that the load transfer resistance (R.,) values
become more important with the increase in the concentra-
tion of C. siliqua extracts. The inhibitory efficiency E(%) of
all the extracts studied, calculated from these parameters,
evolves in the same way as the load transfer resistance, and
reached a value of 89.32% and 92.04% for extracts (metha-
nolic and aqueous) of C. siligua with gallic acid, respec-
tively. The results also show that the double-layer capac-
ity (C,.) decreases steadily as the inhibitor concentration
rises. The same observation was carried out by GHAZI et al.
[88] on the adsorption of the Peganum harmala methanolic
extract on steel surface in 1 M HCI. Better protection pro-
vided by an inhibitor is associated with a decrease in metal
capacity [89]. This decline is linked to the adsorption of
organic molecules on the surface of the steel [90]. Indeed,
the thickness of the organic layer grows as the inhibitor
adsorbs more, and the double layer’s capacity decreases [91].

This trend is in agreement with the Helmholtz model,
given by the following equation:

€&

Cy = 7 XA, 6)

where d is the protective layer's thickness, € is the protective
layer's dielectric constant, g, is the environmental permittiv-
ity (8.854 x 10'*F/cm), and A is the electrode surface.

The inhibitor's adsorption to the steel's surface, there-
fore, reduces the medium's dielectric constant €, and/or
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Fig.4 Nyquist diagrams of steel 500 600 o
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increases the double layer's thickness. The impedance 1 AGy,
study also confirmed the inhibitory character of all C. sili-  Kads = Cro P\ 7 (®)
2

qua extracts obtained with mass loss measurements and
polarization measurements.

3.5 Adsorption Isotherm

An isotherm is a function that describes the adsorbed
quantity versus the concentration at a constant tempera-
ture. The pace of adsorption isotherms at a given tempera-
ture depends on the adsorbent/adsorbent interactions and
in particular on the nature of the adsorbed species and the
nature of the metal surface. An adsorption isotherm such
as Langmuir is used in this study to describe the inhibi-
tion mechanism of C. siliqua extracts. Langmuir’s adsorp-
tion isotherm is expressed by the following mathematical
relationship:

C.
inh __ 1 C

inh (7)

=—+
0 K.qs

a

With

@ Springer

where C;;, is the inhibitor's concentration in the electrolyte;
K4 1s the constant of equilibrium of the adsorption process;
0 is the degree of surface coverage R is the perfect gas con-
stant=8.314 J/K/mol; T is the temperature and Cp,( is the
water concentration and AG:1 i 18 the standard-free adsorp-
tion energy.

Figure 6 illustrates this procedure and shows C;, /0
versus of concentration for different temperatures. It can
be seen that this representation gives straight lines with
correlation coefficients greater than 0.98 and slope values
are equal to 1 for all C. siliqua extracts. This shows that
the adsorption of these extracts on the steel surface in HCl
acid medium follows Langmuir's isotherm of adsorption.
The same results were observed in the testing of henna
extract used as a mild steel corrosion inhibitor in HCI 1 M
[17].

The equilibrium constant's values (K,,) were given
in Table 6, (K,,,) is related to the free adsorption energy
standard (AG:l 1) by the following equation:
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Table 5 Electrochemical parameters for different concentrations of C.
siliqua extract obtained by electrochemical impedance method in 1 M
HCI: a-extract of methanol without gallic acid; b-extract of aqueous
without gallic acid; c-extract of methanol with gallic acid; d-extract
of aqueous with gallic acid

C (g/) Rg(QCm?  R,(QCm?»  C, (WFICm?  E(%)
a. Blanc ~ 2.599 51.08 148.3 -
0.5 1.727 95.88 89.17 46.72
1 2223 1114 68.29 54.15
1.5 1.207 193.3 60.46 73.57
2 1.079 200.3 57.48 74.49
25 1.864 309.5 49.4 83.49
3 3.661 340.1 41.74 84.98
b. Blanc ~ 1.762 65.85 439.9 -
0.5 2327 281.2 107.8 76.58
1 2.491 387.3 111 82.99
1.5 1.899 393.5 100.1 83.26
2 1.746 394.4 98.47 83.3
25 1.86 396.2 88.49 83.37
3 2474 4972 88.42 86.75
¢. Blane 2327 21.74 126.4 -
0.5 2.587 65.49 61.57 66.8
1 1.578 108 60.77 79.87
15 1.629 117.5 50.25 81.49
2 1.927 122.4 47.99 82.24
25 1.985 154.2 4725 85.9
3 1.391 203.7 45.36 89.32
d. Blanc  2.506 4223 1775 -
0.5 1.578 72.07 126.4 414
1 1.261 94.67 89.17 55.39
15 1.875 189.5 79.46 77.71
2 1.661 340.1 46.31 87.58
25 1.914 500.8 41.74 91.57
3 1.599 530.4 39.64 92.04
Rs CPE
WA »
Rct
Fig.5 Equivalent electrical circuit
AG?, = —RTLn(Cy 0-Kyg;) )

From this equation, (AG;dS) values at all studied tem-
peratures can be calculated.

In this equation, Cy,q is used in g/l, K, in 1/g, so the
adsorption (AG:1 ) unit depends only on the R X T factor
(kJ/mol). The values obtained from (AG;dS) are given in

o

Table 6. (AH ) and (AS:1 &) values are determined from
the following equation:

AGy = AHY, — TAS; (10)

Figure 7 demonstrates the change in (AG:1 4 versus T.
The resulting lines have the slope (AS;dS), while (AH;dS) its
ordinate at the origin. The adsorption parameters collected
in Table 6, clarify the chemical interaction between natural
extract with the metal surface. In general, two types of
adsorption might be considered: physical adsorption or
chemical adsorption, and sometimes both at the same time.

(AG; 4s) values are negative at the temperatures studied
for all C. siliqua extracts, indicating that the C. siliqua
adsorption process occurs spontaneously [92]. Exother-
mic adsorption (AH a 1:<0) may involve physical adsorption
and/or chemisorption, While an endothermic adsorption
process (AH; 4 > 0) is attributed to chemisorptions [93].
Physisorption differs from chemisorption in an exother-
mic process by taking into account the absolute value of
(AH;dS). When the value is less than 40 kJ/mol, it is a
physisorption and if the value of (AH;dS) is close to 100 kJ/
mol, it is a chemisorptions [94]. In this work, the values
of (AH a ) obtained for extracts (aqueous and methanolic)
of C. siliqua show that exothermic adsorption can occur,
so physical adsorption has been detected. However, the
calculated values of (AH;dS) for extracts (aqueous and
methanolic) of C. siliqua with presence of gallic acid are
20.985 and 13.547 kJ/mol, respectively, indicating the
chemisorbed nature on metallic surface. The higher value
of (AH;dS) for aqueous extract of C. silqua with gallic
acid indicates that it is more adsorbed than the metha-
nolic extract of C. siliqua with gallic acid on the metallic
surface. This corresponds to the findings of weight loss
measurements, polarization curves, and impedance. The
values of (AS; 1) obtained for extracts (aqueous and meth-
anolic) of C. siliqua with gallic acid are high and positive,
reflecting an increase in the disorder that occurs during the
formation of the metal complex/adsorbed species [95]. The
evolution of (AGZ1 4s) versus temperature is linear for all the
extracts studied, indicating a good correlation between the
thermodynamic parameters.

3.6 Kinetic/Thermodynamics Considerations

Temperature is a significant factor in the study of metal
dissolution. For example, the rate of corrosion in acidic
solutions grows exponentially as the temperature rises.
The mechanism of action of an inhibitor can be achieved
by comparing the apparent activation energies (E,) in the
presence and absence of C. siliqua extracts. The Arrhenius
formula is presented by
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Fig.6 Langmuir's isotherm of
adsorption of C. siligua extract
on carbon steel in HCI 1 M at
different temperatures: a extract
of methanol without gallic acid;
b extract of aqueous without
gallic acid; ¢ extract of metha-
nol with gallic acid; d extract of
aqueous with gallic acid

Table 6 Thermodynamic
parameters of C. siliqua extract
in HCI 1 M for different
temperatures: a-extract of
methanol without gallic

acid; b-extract of aqueous
without gallic acid; c-extract
of methanol with gallic acid;
d-extract of aqueous with gallic
acid

Ea
Ln(w) = Ln(A) — RT

with A is Arrhenius factor (pre-exponential).
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Cinn(g/D) Cip (g/D
T (K) K4 (Vg) AG. ;. (kJ/mol) R AH., (kI/mol) AS; ;. (J/mol/K)
a. 298 4.57 -20.88 0.9969 -35.70
303 1.98 -19.12 0.9857 -40.92
313 1.49 -19.01 0.9972 -31.520 -39.97
323 1.46 -19.56 0.9919 -37.03
b. 298 3.14 -19.95 0.9879 16.72
303 2.61 -19.82 0.986 16.01
313 1.68 -19.32 0.9899 —14.968 13.9
323 2.06 -20.49 0.997 17.09
c. 298 1.68 -18.39 0.9958 107.17
303 1.5 -18.42 0.9941 105.5
313 1.62 -19.23 0.9833 13.547 104.72
323 2.51 -21.02 0.9924 107.02
d. 298 1.47 -18.07 0.9885 131.06
303 1.8 —-18.88 0.9891 131.57
313 1.72 -19.38 0.9878 20.985 128.96
323 3.11 -21.59 0.9917 131.81
(11 The variation curves of Ln(w) as a function of (1000/T)

for the C. siliqua extracts are given in Fig. 8. These are

straight lines, thus, showing that the law of Arrhenius

applies to describe the kinetics of the adsorption of
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Fig.7 Variation of AG; 4 Versus T(K) T(K)
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inhibitor on the surface of the steel. Activation enthalpy
(AH}) and the activation entropy (AS) in the transition
state for the intermediate complex of corrosion from car-
bon steel in HCI, without and with different concentrations
of C. siliqua extracts, were achieved by utilizing the fol-
lowing transition state equation:

g () = [ (2 (7)) +

The variation of Ln(w/T) versus the inverse of the tem-
perature (1000/T) is presented by straight lines (Fig. 9),
where (AH /R) is the slope of the line and log (R/hN)
+AS’ /R is the ordinate at the origin. These two expres-
sions make it possible to calculate the activation parameters,
(AH}) and (AS?), of which values are collected in Table 7.

It is noted from Table 7 that the values of (E,) are more
than that of blank and increase with the concentration for
extracts (aqueous and methanolic) of C. siliqua. When (E,)
with inhibitor presence is greater than the blank value, this
phenomenon is commonly seen as a result of physisorp-
tion, this result is consistent with the literature data [96].
Analysis of temperature's influence on protection efficien-
cies E(%) (Table 3) shows that inhibition efficiencies for
extracts (aqueous and methanolic) of C. siliqua decrease
with temperature increase. This is related to a decline in the

AS*x 1 AH =
2303R 2303RT’

12)

adsorption of these extracts at higher temperatures. This con-
firms that physical adsorption could be the sort of adsorption
on the metal surface. These results appear to be consistent
with other research that showed that an increase in (E,) with
inhibitor concentration was associated with the physisorp-
tion mechanism [97]. However, in our study, the data show
that the values of (E,) are lower than that of blank in the
event of extracts (aqueous and methanolic) of C. siliqua in
the presence of gallic acid. The concentration rises leads to
a decrease in activation energy. This decrease is attributed
to the substantial increase in the adsorption capability of the
inhibitor on a metallic surface with the decrease in corrosion
rate [98], this indicates that the inhibitory action of these C.
siliqua extracts occurs by chemical adsorption. For extracts
(aqueous and methanolic) of C. siliqua, it is observed that
the (AS?) values evolve towards more positive values. This
leads to more disorderly behavior. Moreover, in the case of
extracts (aqueous and methanolic) of C. siliqgua in the gal-
lic acid presence, the values evolve towards more negative
values (more ordered behavior). This can be explained by
the involvement of the constituents of these extracts in the
activated complex of the corrosion reaction, which leads to
a more ordered system [99]. For all studied concentrations
of C. siliqua extracts, the mean value of the E, — AH’, differ-
ence is around 2.57 kJ/mol, which corresponds to the mean
value of R X T, indicating that the corrosion reaction is a
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Fig.8 Arrhenius straight lines 1 1
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monomolecular reaction [100]. These results are in agree-
ment with the studies carried out on the plant extracts [101,
102].

3.7 Fourier Transform Infrared Spectroscopy (FTIR)
Studies

The FTIR spectra of 1 M HCI+ 3 g/1 of the methanolic and
aqueous extracts of C. siliqua before and after the corrosion
tests are presented in Fig. 10. A summary of these results
is given in Table 8. The spectra revealed that all extracts
had nearly identical peaks; however, after the corrosion
test, the intensities reduced or increased when these com-
pounds reacted with the metal and acid to generate corro-
sion products [103]. A broad band at 3300/3327 cm! and
3334/3328 cm™! can be attributed to the stretching vibration
(O-H) before/after the corrosion test for the methanolic and
aqueous extracts respectively. In the methanolic extract, a
small peak at 2932 cm™' was observed for the pure extract
corresponding to a stretching vibration (C—H) in the -CH,
group. Such a peak can be attributed to the stretching vibra-
tion of the carbonyl groups (C=0), and its intensity was
shifted from 1635 to 1627 cm™ after testing for the metha-
nolic extract and from 1632 to 1633 cm™" for the aqueous

@ Springer

extract indicates the formation of an iron-plant extract
complex [104]. Before the corrosion test in the methanolic
extract, a peak appears at 1050 cm™! which could be attrib-
uted to stretching vibrations (C—0O) in the primary alcohol.
However, this peak was increased for the pure extract and
its intensity decreased after the corrosion test. The stretch-
ing vibration (C-0O) in tertiary alcohol was observed at
1193 cm™! before the test in the methanolic extract and
disappeared in the FTIR spectra after the corrosion test,
whereas in the extract aqueous, two peaks appear at 1160
and 1033 cm™!; can be related to the stretching vibration of
(C-0) and disappear after the corrosion test; and reveals
that oxygen atoms can act as active adsorption centers. Dou-
ble peaks around 500/1000 cm™ are related to stretching
vibrations (C—H) in aromatic rings for three tests. Thus, the
results showed that C. siliqua extracts contain organic mol-
ecules rich in oxygen atoms as well as aromatic rings, such
as phenols, which meet the basic requirements of a good
inhibitor [105].

3.8 X-ray Diffraction Studies

The X-ray diffraction (XRD) patterns of the prepared steel
surface before and after immersion in 1 M HCI, without and
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Fig.9 Variation of Ln(w/T) in 1000/T
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the inverse of the temperature
without and with C. siliqua
extract: a extract of methanol
without gallic acid; b extract of
aqueous without gallic acid; ¢
extract of methanol with gallic
acid; d extract of aqueous with
gallic acid
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with the aqueous extract of C. siliqua in the absence and
presence of gallic acid are shown in Fig. 11.

Similarly, the peak list of the XRD patterns of the pre-
pared steel before and after immersion in 1 M HCI without
and with the aqueous extract of C. siliqua in the absence
and presence of gallic acid are highlighted in Table 9, while
Table 10 shows the identified Patterns list of the phases
obtained from the XRD Patterns of the steel without HCI
and steel immersed in 1 M HCI both in the absence and
presence of the aqueous extract of C. siligua without and
with gallic acid.

By analyzing the spectra obtained, we note the presence
of two lines in the spectrum recorded without immersion
of HCI acid (20 =45.0435° and 65.1878°), the identifica-
tion of these two lines is done by comparing the experi-
mental data with the reference data that constitute the code
file. This study shows that the diffraction lines are those
characteristics of iron, which does the main element con-
stitute the Carbon steel sample according to the standard
file (COD 96-900-6598), while during the immersion of
the steel in HCl in the absence of the extract, the intensity
corresponding to the peak of iron towards (20=65.2577°)
was decreased (8.16%); so, we note the appearance of iron
oxide (Fe,,05,) at 65.2577° according to the standard file

(COD 96-900-2332) as well as the appearance of peaks at
(21.9281° and 33.7206°) suggesting the presence of iron
oxides (Fe,Oy) according to the standard file (COD 96-900-
3081), i.e., corrosion products resulting from the deterio-
ration and degradation of the steel sample. The presence
of inhibitor without gallic acid indicates a lower presence
of corrosion products in HCI; however, the introduction of
the extract with gallic acid reveals the complete absence
of the iron oxides. This observation is due to the inhibitive
effect of the extract of C. siliqua with gallic acid. Therefore,
the extract effectively aided the passivation of the steel and
minimized the chemical reaction involving the diffusion of
the anodic and cathodic species [106].

3.9 Scanning Electron Microscope (SEM) and Energy
Dispersive X-ray Spectroscopy (EDS) Studies

Scanning electron microscope (SEM) images were taken in
order to study the surface morphology of carbon steel in the
absence and presence of inhibitor. SEM/EDS micrographs
obtained for carbon steel surface before and after immersion
in 1 M HCI, without and with 3 g/l of C. siliqua aqueous
extract in the absence and presence of gallic acid are shown
in Fig. 12.
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Table 7 Thermodynamic

e C (g/l) A (mg/cmz/hl) E, (kJ/mol) AH* (kJ/mol) AS* (J/k/mol) E,— AH?

pflr.ameters of activation of C. a 2 (kJ/mol) 4

siliqua extract in 1 M HCl:

a-extract of methanol without a. Blanc 5.07 x 10! 71.59 69.0203 -29.4872 2.57

gallic acid; b-extract of aqueous ——, 5 5.97 x 10™ 91.64 89.0678 293094 2.57

without gallic acid; c-extract

of methanol with gallic acid; 1 5.05 x 10" 91.62 89.0429 27.9209 2.57

d-extract of aqueous with gallic 1.5 4.96 x 10 91.91 89.3256 27.7629 2.58

acid 2 3.08 x 10' 90.95 88.3778 23.8138 2.57
2.5 8.80 x 10'* 93.97 91.3958 32.5269 2.57
3 7.99 x 10" 100.03 97.4484 50.8676 2.58
b. Blanc 5.87 x 107 46.28 43.7025 -104.837 2.57
0.5 4.16 x 10'° 65.27 62.69 -50.2805 2.58
1 1.41 x 10'° 62.76 60.1792 -59.2763 2.58
1.5 428 x 10" 65.97 63.3926 -50.0311 2.57
2 1.84 x 10'° 64.01 61.4288 -57.0398 2.58
2.5 5.46 x 10! 73.12 70.5393 -28.8719 2.58
3 3.71 x 10" 84.57 81.9926 6.2214 2.58
¢. Blanc 232 % 108 49.95 47.3673 -93.4052 2.58
0.5 5.90 x 10° 36.33 33.749 -143.0839 2.58
1 7.46 % 10° 37.15 34.5696 -141.1293 2.58
15 231 % 10° 34.51 31.9365 -50.8749 2.57
2 1.10 x 10* 27.18 24.6019 -176.1803 2.58
25 8.22 x 10° 26.62 24.0441 -178.6121 2.57
3 1.32 % 10° 22.26 19.6809 -193.7976 2.58
d. Blanc 6.39 x 10° 60.21 57.6376 —65.84430 2.57
0.5 2.33 % 107 47.74 45.1591 -112.5274 2.58
1 1.96 x 10° 35.92 33.3416 -152.2609 2.58
1.5 3.54 % 10° 37.78 35.2006 ~147.3340 2.58
2 5.36 x 10° 39.25 36.6764 ~143.8895 2.57
25 4.15 % 10* 33.09 30.509 -165.1617 2.58
3 1.18 x 107 18.68 16.105 -213.8576 2.57

Fig. 10 FTIR spectrum of C. 120 120

siliqua extract pure before and a b

after corrosion test: a extract of 100

methanol; b extract of aqueous

80

60

Transmittance (%)
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20
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Acid + 3 g/l inhibitor after test

Transmittance (%)

Pure extract (aqueous)

Acid + 3 g/l inhibitor before test

Acid + 3 g/l inhibitor after test

20

3500 2500

Wavenumber (cm™ )

The surface morphology of the carbon steel sample
was examined by SEM/EDS after 6 h of immersion in 1 M
HClI in the extract-free solution and also when the extract
was introduced. Figure 12a shows a freshly polished (as-
received) surface of the steel that is very smooth and not cor-
roded but with minor scratches due to polishing operation.
The associated SEM of Fig. 12b (without extract) reveals a

@ Springer
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surface that is rapidly attacked and heavily damaged with
evidence of cracks, pits, and/or cavities which simply affirms
metallic dissolution in the stated medium due to the pitting
action of chloride ions. By comparison of SEM images, it
can be noted from Fig. 12c, d that it exhibits a reduction in
corrosion attack. This reduction is more observed in SEM
images of samples immersed in the presence of gallic acid
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Table 8 Characteristic peaks obtained from FTIR spectra for 1 M HCl+ C. siliqua solution before and after corrosion test: a-extract of methanol;

b-extract of aqueous

Pure extract

1 M HC1 + 3 g/l inhibitor before test

1 M HC1 +3 g/l inhibitor after test

a. Frequency (cm™) Functional group Frequency (cm™)

3287.92 O-H stretching 3300.41
29323 C-H stretching -
1634.05 C=0 stretching 1635.06
- - 1193.13
1347.06 C—H stretching 1050.6
925.08 =C-H bending -
665.49 =C-H bending -

599.1 =C-H bending 595.11

b. Frequency (cm™) Functional group Frequency (cm™)

Functional group Frequency (cm™) Functional group

O-H stretching 3327.64 O-H stretching
C=0 stretching 1627.66 C=0 stretching
C-O stretching - -

C-O stretching 1111.5 C-0 stretching
=C-H bending 602.77 =C-H bending

Functional group Frequency (cm™) Functional group

O-H stretching

3316.21 O-H stretching 3334.99 O-H stretching 3328.01 -

2939.52 C-H stretching - - - C=O0 stretching
1633.09 C=0 stretching 1632.77 C=0 stretching 1633.89 -

1422.66 C—C stretching - - - -

1343.47 C-H bending - - - -

1103.41 C-O stretching 1160.11 C-O stretching - -

1046.77 C-O stretching 1033.63 C-O stretching - =C-H bending
599.18 =C-H bending 598.94 =C-H bending 599.19

— Without HCI Fo Table9 Peak list obtained from the XRD Patterns of the steel:

Inhibitor with gallic acid
20000

Inhibitor without gallic acid
—— Without inhibitor

15000

Intensity (a.u)

10000

Fey 05,
Fe, Oy Fe, 04
~ bok
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.. jt Y
X Fea

10 20 30 40 50 60 70
2 Theta (°)

5000 -t

Fig. 11 XRD patterns of the steel surface before and after immersion
in 1 M HCl in the absence and presence of aqueous extract of C. sili-
qua without and with gallic acid

(Fig. 12d) which is consistent with the previous tests that
show a lower corrosion rate for the samples immersed in the
presence of this additive.

The EDS analysis results of the carbon steel surface
before and after immersion in 1 M HCI in the absence and
presence of C. siliqua aqueous extract without and with gal-
lic acid are shown in Fig. 12. Specifically, an EDS spectrum
highlights the major elemental constituents at the surface

a-without HCI; b-without inhibitor; c-presence of inhibitor without
gallic acid; d-the presence of inhibitor with gallic acid

Pos. [°2Th.] Height [cts] FWHM Left d—ospacing Rel.
[°2Th.] [A] Int.
[%]
a.45.0435 8857.41 0.2401 2.01104 100
65.1878 1147.96 0.3601 1.42997 12.96
b. 21.9281 298.35 0.3601 4.05008 2.11
33.7206 227.32 0.9604 2.65584 1.61
45.0542 14,161.92 0.2401 2.01059 100
65.2577 1154.96 0.2401 1.42861 8.16
c. 33.5928 241.3 0.7203 2.66566 1.74
45.0731 13,835.59 0.1801 2.00979 100
65.3034 885.21 0.3001 1.42772 6.4
d. 45.0428 13,305.49 0.2401 2.01108 100
65.2548 985.28 0.2401 1.42867 7.41

of the material: whether a polished, corroded, or inhibited
material’s surfaces. The associated EDS of the as-received
spectrum of the abraded sample in Fig. 12a highlights the
elements constituting carbon steel sample (Fe, Mn, and C)
with a high atomic content of iron to 88.63% (Table 11), in
addition to oxygen low signal to 1.80% related to the air-
formed oxide film [107]. The attached EDS spectrum of
Fig. 12b displays a signal for Cl to 0.61% special for the
constituent of acid solution, as well as the presence of the

@ Springer
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Table 10 Identified patterns

A . Ref. code Score Compound name Displacement ~ Scale factor Chemical formula

list of the phases obtained [°2Th.]

from the XRD Patterns of the

steel: a-without HCL; b-without  96.900-6598 99 Iron 0 0.599 Fe, oo

g‘ﬂilb;fl‘fg:llfgfgﬁczogrle‘;};ﬂ’;or 96-900-8570 1 Graphite 0 0.461 Cion

of inhibitor with gallic acid 96-900-0662 66 Iron 0 1 Fe; 00
96-900-3081 5 Iron oxide 0 0.018 Fe, g9 Og.00
96-900-2332 Magnetite 0 0.339 Feys 00 O32.00
96-900-0660 81 Iron 0 0.406 Fe, oo
96-901-4236 Iron oxide 0 0.318 Fe4 000500
96-900-0662 70 Iron 0 0.987 Fe, oo
96-152-4200 18 Nickel iron 0 0.027 Nig 55 Fe; 4o
96-151-4234 8 Manganese oxide 0 0.097 Mn 57 O35.09
96-151-4107 Bixbyite 0 10.068 Mns; 09 Ous.00

oxygen peak with a higher atomic percentage in this case,
which indicates the formation of non-protective corrosion
products [108] on the corroded surface. These features may
be explained by a serious attack of steel immersed in 1 M
HCI solution. The addition of inhibitor decreases the atomic
content of oxygen which indicates a reduction in corrosion
attack. This decrease is more apparent with the addition of
gallic acid, and also intensity of Cl peak disappeared at the
same time which is consistent with previous findings indi-
cating that this additive is more efficient in increasing cor-
rosion resistance. Therefore, it could be concluded that the
covered surface increases and the dissolution of carbon steel
decreases. These results suggest the formation of inhibitive
and protective film on the steel surface that subdued and
overpowered the charge and mass exchange by acting as a
blockade and, consequently made the inhibited surface dis-
play enhanced properties [109].

4 Conclusion

This work was devoted to the examination of the corrosion
protection of C38 in 1 M HCI acid medium by using of
extracts (aqueous and methanolic) of the pulp of C. sili-
qua, without and with addition of gallic acid. The inhibitory
properties of these extracts were studied by gravimetric and
electrochemical methods (spectroscopy of electrochemical

@ Springer

impedance and polarization curves). The following findings
were reached of this study:

1. A maximum efficiency is obtained for the aqueous
extract of C. siliqua with gallic acid at a concentration
of 3 g /1 and the efficiency was 91.32% at 323 K.

2. The influence of temperature on the kinetics of corrosion
has helped understand the mode of action of C. siliqua
inhibitor.

3. The polarization curves showed a decrease in current
density versus concentration.

4. The impedance diagrams showed that this is a process
of load transfer on a heterogeneous surface for all the
concentrations studied.

5. Based on the polarization results, the studied inhibi-
tor operate as inhibitor of mixed type but the effect on
cathodic reactions is greater.

6. The adsorption model obeys Langmuir’s isotherm of
adsorption.

7. The FTIR spectra analysis confirms the adsorption of C.
siliqua extracts molecules on the carbon steel surface.

8. EDX, SEM, and XRD confirm the corrosion of carbon
steel in 1 M HCl and its inhibition by C. siliqua aqueous
extract with gallic acid.

9. The main constituent responsible for corrosion inhibi-
tion characteristic of C. siliqua extract is found to be
gallic acid.
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Table

11 Percentage of atomic contents of elements obtained from

EDX spectra

System Percentage of elements detected (%)
Fe C Mn o Cl

After polishing 88.63 8.99 0.58 1.80 -
Without extract 58.53 18.88 0.64 21.34 0.61
With extract in the  58.66 23.06 0.55 17.73 -

absence of gallic

acid
With extract in 58.07 23.94 0.57 17.42 -

pres
acid

ence of gallic
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