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Abstract- The diversity of extractable compounds provides a potentially rich source of high-
value products. The corrosion inhibition performances of seven Thymus algeriensis extracts on
mild steel in 0.5 M HCI were investigated using the gravimetric method, electrochemical
measurements, and surface analysis. The results indicate that the addition of all the extracts
significantly decreases the corrosion rate of mild steel with efficiency proportional to the
extract concentration. A maximum percentage of inhibition was obtained for the microwave-
assisted aqueous extract (T = 100 °C, extraction time = 15 minutes) at a concentration of 500
ppm, which is the most phenolics-enriched extract. Potentiodynamic polarization curves show
that the extracts acted as mixed-type corrosion inhibitors and slowed down the anodic and
cathodic reaction kinetics. Scanning electron microscopy confirms the presence of a protective
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film. The inhibition properties were attributed to the synergism of the active components of the
extracts, mainly flavonoids, carotenoids, chlorophylls, and phenolic compounds with
functional groups such as conjugated double bonds, aromatic rings, and heteroatoms, which
adsorb on the metal surface of the mild steel to form a protective layer preventing the contact
of the aggressive medium.

Keywords- Corrosion; green inhibitors; Thymus algeriensis; Impedance spectroscopy;
Microwave-assisted extraction; SEM

1. INTRODUCTION

Everything around us is susceptible to deterioration [1]. When the destructive attack is
carried out by physicochemical or even biological means, it involves swelling or aging of the
plastic, rotting of the wood, or even erosion of the granite [2]. On the other hand, when the
irreversible deterioration of metal takes place through chemical or electrochemical reactions,
corrosion occurs leading to the alteration of the material properties [3].

Nowadays, steel has taken a prominent place in our lives. Indeed, thanks to its low
manufacturing cost, and its good mechanical and thermal properties, this material is found in
different shapes and sizes, for many and varied applications: the oil and gas industry, the
automotive industry, and many other industrial fields [4,5]. However, mild steel suffers from
corrosion and the characteristic is significant in industries as production stoppage, replacement
of corroded parts, accidents, and risks of pollution are frequent events with sometimes heavy
economic consequences [6].

The use of specific inhibitors is one of the most practical methods for corrosion protection,
especially in acidic solutions. However, those from synthetic sources are very expensive and
mostly dangerous. The non-toxic and biodegradable features of natural-product derivatives
have led to their use as green inhibitors [7-10].

Natural products such as compounds extracted from plants seem to be an ideal ecological
alternative to replace traditional corrosion inhibitors [11-13]. The present work aims to
investigate for the first time the effect of microwave-assisted extracts of Thymus algeriensis
obtained in different conditions (temperature ranging from 40 to 120 °C, extraction time from
5 to 15 minutes, solvent: water or ethanol/water 50/50) as green corrosion inhibitors on the
behavior of mild steel in acidic solution. Different techniques have been used to confirm the
anticorrosion efficiency of these extracts such as weight loss methods and electrochemical
methods including potentiodynamic polarization and impedance spectroscopy. Scanning
electron microscopy (SEM) was used to examine the metal surface's morphology following
exposure to an aggressive environment both without and with the addition of inhibitors.

2. EXPERIMENTAL SECTION

Microwave-assisted extracts T40, T60, T80, T100, T120 (extraction time 10 minutes,
water as solvent), T100/5 min (extraction time 5 minutes, water as the solvent), and T100/15
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min (extraction times 15 minutes, ethanol/water 50/50 as the solvent) were reported previously
by us [14].

2.1. Electrode preparation

Commercial mild steel was used with the following chemical composition (percentage by
weight, wt%): 0.04% Mn, 0.39% C, 0.09% P, 0.32% Si, 0.02% Al, 0.04% S and Fe balance.
The sample with 1 cm? of exposed area was mounted in epoxy resin. Before measurement, the
samples were mechanically polished using a series of silicon carbide emery papers (between
600 and 2000 grades), cleaned with distilled water, degreased with acetone, and then dried
before immersion in the corrosive solution (0.5 M HCI).

2.2. Electrolyte composition

The corrosion behavior of mild steel was studied in an acidic solution (0.5 M HCI) with
and without inhibitor addition. The used concentrations of the extracts were 100, 200, 300, and
500 ppm.

2.3. Gravimetric study

To measure the weight loss, the steel samples were immersed in beakers containing 0.5 M
HCI solution. This was done both in the absence of extracts and in the presence of four different
concentrations of each extract (100, 200, 300, and 500 ppm). The samples were then sanded
sequentially with 600, 800, and 1200 grit fine sandpaper, rinsed with deionized water, and
degreased with acetone. Finally, the weight of the washed coupon was measured using a digital
balance with an accuracy of 0.1 mg and this weight was recorded as m1. Following that, the
samples were submerged in aerated test solutions at 25 °C for three days before being taken
out, rinsed with acetone for one minute, washed with distilled water, dried, and then reweighed
(m2). The corrosion rate was calculated from equation 1 [15]:

CR= 22 1)

Sxt

where Am is the difference between m1 and mz measured in grams, S is the total surface of the
specimen in cm? and t represents the immersion time in days. The surface coverage, represented
as 0, and the percentage inhibition efficiency, denoted as IE, were determined using the
equations (2) and (3), respectively [16-18]:
__ CRo—CR
0 = R, (2
CRo stands for the corrosion rate of the samples without inhibitor addition, while CR represents

the corrosion rate of the samples in the presence of the inhibitor.

IE = £2=%Fx100 (3)
CRy
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2.4. Electrochemical tests

Electrochemical experiments were conducted using a Radiometer Analytical Voltalab 40
PGZ301 potentiostat/galvanostat, which was controlled by Voltamaster 4 software. These
experiments were carried out in a standard three-electrode cell, with mild steel serving as the
working electrode, platinum mesh as the counter electrode, and a saturated calomel electrode
(SCE) used as the reference electrode. The polarization curves were recorded after 60 min of
immersion in the test solution. Electrochemical Impedance Spectroscopy (EIS) spectra were
recorded between 100 kHz and 10 mHz frequency range, using an applied AC signal of 10 mV
at the OCP. The data were analyzed and fitted using ZSimpWin software.

2.5. Surface analysis

The surface morphologies of treated and untreated samples were observed using the SEM
model ZEISS EVO 15 after immersion in an aggressive environment for 7 days. Before
immersing the samples, they underwent a series of polishing steps, starting with silicon carbide
paper of various grade numbers ranging from 600 to 1200. Subsequently, a further polishing
step was carried out using diamond paste to achieve a nearly mirror-like surface finish. After
being immersed for a period of 7 days, the test coupons were retrieved, rinsed with distilled
water, dried, and promptly subjected. to analysis.

3. RESULTS AND DISCUSSION

Although most of the studies on plants and in general natural sources are addressed to
discovering and, then, developing bioactive compounds for a medicinal purpose, their
biodiversity and wide polypharmacology offer several inputs for different applications. This is
extremely true for the presence of natural constituents, such as polyphenols, flavonoids,
alkaloids, glycosides, etc, that are largely studied as antioxidant agents.

In the Lamiaceae family, Thymus emerges for the versatile use that men make of it as both
amedicinal and aromatic plant. In fact, it finds several applications as a condiment and culinary
spice, but also as an essential oil for its antioxidant, anti-inflammatory, antimicrobial,
anticancer, and age-delaying properties [19]. T. algeriensis represents one of the most known
North African Thymus species. Due to the great interest in the biological and pharmacological
properties of Thymus and, in particular, T. algeriensis, the phytochemical composition has been
largely investigated, and several protocols for extraction of the main components have been
developed [20,21].

In the last years, pollution and chemicals waste are dramatically increasing and great efforts
are trying to address the issue by resorting to more eco-friendly activities and developing
greener alternatives to traditional life-routinary products, such as cleaning detergents, car fuels,
etc, also due to the more and more restrictive environmental regulations. In this field, recently,
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producers and users are trying to replace the till-now used chemical anticorrosive agents with
greener ones, even if their numerous vantages also include high efficiency. In fact, their high
operating cost and hazardous environmental effects promoted the study of non-toxic and
environmentally sustainable anticorrosive agents, especially nature-based [22].
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Figure 1. Main components of microwave-assisted extracts from T. algeriensis. In blue the
most abundant compounds.

In this frame, besides the conventional uses of T. algeriensis, this diverse and new scientific
application is in development and some research groups have already reported the use of its
extracts as corrosion inhibitors for aluminum alloy [18] and mild steel [23].
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Figure 2. Evolution of the corrosion rate (CR) and inhibition efficiency (IE) of mild steel in
0.5 M HClI solution for different concentrations of extracts
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Attracted by its high potentiality not only in the MedChem field, we have been involved in
the study and characterization of microwave-assisted extracts of T. algeriensis. In particular,
we obtained seven extracts, namely T40, T60, T80, T100, T120, T100/5 min, and T100/15 min
and characterized their complex mixture of phenolic acids, carotenoids, chlorophylls, and
flavonoids, identifying benzoic acid (highest concentration), epicatechin, chlorogenic acid,
syringic acid, naringin, catechin, o-coumaric acid, and also gallic acid, vanillic acid, p-
coumaric acid, sinapinic acid, trans-ferulic acid, 3-hydroxybenzoic acid, and (Figure 1) as the
main components [14].

Herein, we assessed the ability of such extracts to inhibit the corrosion of commercial mild
steel by different assays.

Table 1. Corrosion rate and inhibition efficiency for mild steel in 0.5 M HCI solution with
different concentrations of extracts obtained from gravimetric measurements

Sample/extract C (ppm) CR 0 IE (%)
Blank 0 2.53:10°° 0 0
T40 100 1.93-10°% 0.23 23.71
200 1.69103 0.33 33.20
300 1.22-10°% 0.42 51.79
500 1.19103 0.52 52.96
T60 100 1.76 103 0.30 30.43
200 1.51-10° 0.40 40.32
300 1.21-10° 0.52 52.18
500 1.16 10°® 0.54 54.15
T80 100 1.73-10°® 0.31 31.62
200 1.13-10°® 0.55 55.33
300 1.09 103 0.56 56.92
500 1.02 10 0.59 59.68
T100 100 1.70-10°® 0.32 32.81
200 1.06 10°® 0.58 58.10
300 0.99-10°% 0.60 60.87
500 0.9510 0.62 62.45
T100/5 min 100 1.63-10° 0.35 35.57
200 0.90-10°% 0.64 64.43
300 0.87 10°® 0.65 65.61
500 0.82 10 0.67 67.59
100 1.60 10°® 0.36 36.76
T100/15 min 200 0.8310% 0.67 67.19
300 0.75-10°% 0.70 70.35
500 0.68 103 0.73 73.12
T120 100 1.66 103 0.34 34.39
200 1.0310°® 0.59 59.29
300 0.96 10 0.62 62.05
500 0.84 10°° 0.66 66.80

C: concentration; CR: corrosion rate; 0: surface coverage; IE: inhibition efficiency; T40, T60, T80, T100 and
T120: Thymus extracts at 40, 60, 80,100 and 120°C; T100/5min and T100/15min: Thymus extracts at 100°C for
5 and 15 min.
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3.1. Weight loss test

The influence of the addition of each extract at different concentrations on the corrosion
rate of mild steel and the corresponding inhibition efficacy is shown on Figure 2.

All the extracts inhibit the corrosion of steel in the acidic medium. The weight loss and the
corrosion rate decrease, whereas the inhibitory efficiency increases with the increase in the
concentration of inhibitors (Table 1) to reach maximum values of 73.12% and 67.59% for
T100/15 min and T100/5 min, respectively, at 500 ppm.

The decrease in the corrosion rate and the increase in the inhibitor efficiencies with the
inhibitor concentration is due to the adsorption of inhibitor molecules on the metal surface as
indicated by the increase of the surface coverage (8), which increases with the inhibitor
concentration. This behavior may be due to the active sites in the mild steel being blocked by
active molecules that reduce the attack of corrosive solutions on the metal surface.

3.2. Potentiodynamic polarization curves

Figure 3 depicts potentiodynamic polarization curves of mild steel without and with the
various concentrations of extracts. It is observed that the shape of the curves is almost identical
for all the extracts and the addition of the various extracts systematically results in a reduction
in the cathodic and anodic current densities. The inhibition efficiency IE (%) obtained from
potentiodynamic polarization curves was calculated according to the following equation:

igorr_ icorr
%IE = =5—=x100 (4)

Icorr

where i°cor IS the corrosion current density in the absence of the inhibitor while icorr is that with
inhibitor addition. Electrochemical parameters such as ecorr, icorr, Rp together with inhibitor
efficiency, are shown in Table 2.

It is clear that the values of current densities (icor) decreased with increasing the
concentration of the inhibitors. It passes from 112 mA cm for the blank to 18.17 mA cm for
T100/15 min, 19.32 mA cm for T120 and 34.72 mA cm for T100/5 min in the presence of
inhibitors at 500 ppm. Moreover, the inhibitory efficiency improved with the increase in the
concentration of inhibitors. The T100/15 min extract is the most effective. The inhibitory
efficacy changes in the following order: T100/15 min > T120 > T100 > T100/5 min > T80 >
T60 > T40 which can be explained by the richness of T100/15 min extract in phenolic acids
and flavonoids (11 phenolic compounds and 5 flavonoids were previously identified in this
extract) [14].

The anodic and cathodic polarization curves show that the addition of these inhibitors leads
to a decrease in the anodic and cathodic current densities and slightly modifies the corrosion
potential values (Ecorr). These experimental results confirm that these extracts are mixed
inhibitors since the displacement of the corrosion potential Ecorr in the presence of different
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concentrations of the extracts is less than 85 mV compared to the corrosion potential of the
blank [24-30].

Table 2. Electrochemical parameters obtained from polarization curves after immersion the
electrodes in 0.5 M HCI solution without and with extracts at different concentrations

Sample/extract C Ecorr fcorr Rp El
(ppm) (mV) (LA cm?) (Qemd) (%)
Blank - -389 112 153 -
T40 100 -385 77.52 210 30.78
200 -360 72.35 227 35.40
300 -359 69.41 263 38.03
500 -252 66.37 267 40.74
T60 100 -380 67.43 259 39.79
200 -379 55.21 316 50.70
300 -376 47.89 333 57.24
500 -371 42.19 369 62.33
T80 100 -381 71.62 228 36.05
200 -362 52.81 320 52.85
300 =377 48.03 365 57.12
500 -374 39.58 394 64.66
T100 100 -435 61.32 285 45.25
200 -456 49.35 336 55.94
300 -458 44,73 379 60.06
500 -459 32.06 502 71.37
T100/5 min 100 -379 63.29 279 43.49
200 -372 47.90 364 57.23
300 -383 43.56 382 61.10
500 -381 34.72 488 69.00
T100/15 min 100 =377 41.34 432 63.09
200 -369 31.16 513 72.18
300 -373 24.63 687 78.00
500 -372 18.17 774 83.77
T120 100 -364 65.21 269 41.77
200 -355 33.62 497 69.98
300 -353 29.36 536 73.78
500 -353 19.32 751 80.96

C: concentration; Ecorr: corrosion potential; icorr: current densities; Rp: polarization resistance; El: inhibition
efficiency.

This result clearly indicates that the addition of the inhibitors reduces the anodic dissolution
of iron (oxidation to Fe?*) and slows down the evolution of the discharge of protons (H*), which
can be explained by the adsorption of organic compounds present in the extracts forming a
protective layer adsorbed on the metal surface.
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Figure 3. Polarization curves of mild steel in 0.5 M HCI in the absence and in the presence of
T. algeriensis extracts at different concentrations.
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3.3. Electrochemical impedance spectroscopy (EIS)

Nyquist plots of mild steel in the presence and the absence of various concentrations of all
the extracts are given in Figure 4.

From the figures, we can see that the impedance diagrams display single capacitive
semicircles, showing that the corrosion process is specially controlled by charge transfer [31]
. For more details of the impedance spectra, we used the equivalent electrochemical circuit,
shown in Figure 5.

CPE
—
R1
—\W\
AN\——
Rp

Figure 5. Equivalent electric circuit

This circuit has been used by many authors to explain the behavior of mild steel in acidic
solutions [8,11,32,33]. In this circuit, R1 represents the electrolyte resistance, Rp is the charge
transfer resistance, and CPE is the double electrochemical layer.

Due to the inhomogeneous nature of the electrode surface, ideal capacitance such as Cq is
replaced by constant phase elements, CPE, whose impedance is calculated by:

ZCPE = (QUJo)"! (5)

where Q is the CPE (S.sn.cm?); o is the angular frequency (rad/s); n is the CPE index ranging
from 1 (pure capacitor) to 0.5 (ideal resistor) [32,34]. After considering the non-uniformity of
the electrode surface, the real capacitance was obtained by the following expression:

C = Q(omax )"t (6)

where omax IS the maximum frequency, at which the imaginary component of the Nyquist plot
is maximum. However, in the presence of the extracts, the diameter of the semicircles increased
with the increase of the extract concentration and Cdl levels fell, suggesting a reduction of the
dielectric constant of the metal solution interface by the deposition of inhibitive molecules
forming an adherent protective film on the metal surface [35]. The Rp values were used to

calculate the inhibition efficiency percentage (IE%) using equation (7):

Re=RP" % 100 )
Rp

Rp and Rp°, respectively, represent the polarization resistance in the presence and absence of
extract. According to the results obtained (Table 3), T100/15 min is the most promising extract.
Indeed, inhibition efficiency greater than 82% was obtained at a concentration equal to 500
ppm.
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Table 3. EIS parameters for mild steel in 0.5 M HCI solution with different concentrations of
extracts

Sample/extract C Ri Rp CPE o b IE
(ppm)  (Q.em?)  (Q.cm?) (%)
Blank 11.36 341 8.43-10* 0.94 6.80:10*
T40 100 10.84 465 9.24-10°% 0.93 4.60-10* 26.66
200 10.92 493 7.50-10° 091 4.71-10* 30.83
300 11.36 525 7.40-10° 092 1.83:10* 35.05
500 11.38 569 2.69-10° 0.94 3.9810* 40.07
T60 100 12.47 570 5.6210° 0.89 3.84-10* 40.17
200 10.98 710 4.06 10° 0.88 6.2010* 51.97
300 13.25 750 2.54-10° 0.87 1.04-10° 54.33
500 11.37 860 2.21-10° 092 231:10°% 60.35
T80 100 10.74 510 5.7210°® 0.89 3.19-10* 33.14
200 13.45 748 4.98 10 094 1.41-10°% 54.41
300 12.31 775 452 10° 091 237:10° 56.00
500 11.56 898 3.1710° 0.87 4.13.10* 62.03
T100 100 11.23 612 6.0310° 091 5.3210* 44.28
200 12.41 735 5.39 106 0.88 7.21-10* 53.60
300 13.21 849 2.70-10° 094 3.2510° 59.83
500 11.57 1198 2.1210° 0.89 9.71-10* 71.53
T100/5 min 100 10.65 593 9.2310°® 0.90 8.14-10* 42.49
200 11.87 785 7.2610° 0.89 1.6510% 56.56
300 17.35 843 5.3210° 0.89 8.37:10* 59.55
500 16.65 1120 4.14 10° 0.87 9.31-10* 69.55
T100/15 min 100 11.56 910 7.8510° 0.87 7.25-10* 62.53
200 12.85 1113 5.69 10° 0.89 6.83:10* 69.36
300 13.08 1710 3.2410° 0.88 5.6210* 80.06
500 17.52 1965 1.36 10 092 2.6910°% 82.65
T120 100 11.58 590 8.74-10° 0.94 4.38:10* 42.20
200 12.69 1117 3.6910° 090 279103 69.47
300 18.02 1420 2.9810° 0.98 3.8710°% 75.98
500 17.26 1597 1.98 -10° 097 7.21-10* 78.65

C: concentration; Ri: electrolyte resistance; Rp: polarization resistance; CPE: constant phase elements; o
describes the distribution of the dielectric relaxation time in the frequency domain; ¥%: chi-squared; El: inhibition
efficiency.

The inhibition efficiency of these extracts follows the following order: T100/15 min > T120 >
T100 > T2100/5 min> T80> T60> T40, in full agreement with the potentiodynamic polarization
study.

3.4. Adsorption isotherms

The surface coverage values (0) for different concentrations of extracts, obtained from
gravimetric measurements in 0.5 M HCI medium at 25 °C, were used to study the adsorption
process of the different extracts. The plot of Ciawe as a function of Cim is linear (Fig. 6) and the
correlation coefficient (R?) is always close to 1 (R > 0.9912).
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Figure 6. Langmuir plot for mild steel in 0.5 M HCI with different concentrations of T.
algeriensis extracts at 25 °C

From the plots, we can say that the adsorption of the active molecules of the extracts obeys the

Langmuir model, given by the following equation:

Cin 1
Th = Kods + Cinn (8)

where Cinn is the inhibitor concentration and Kags is the adsorption equilibrium constant. The
adsorption equilibrium constant Kags is related to the standard free energy of adsorption AG®ads

by the relation below:
—AGags

Kaas = ?1’5 e RT 9)

The value 55.5 is the concentration of water in solution in mol L, and R is the universal
gas constant in J/molK and T is the temperature in kelvin (K). The corrosion inhibition b
organic compounds can be explained by the criterion 20/40; the values of AG®ags around -20
KJmol™ are consistent with the electrostatic interaction between charged organic molecules
and the charged metal surface (physisorption). The values around -40 KJmol? involve charge
sharing or transfer from the organic molecules to the metal surface to form a coordinate bond
(chemisorptions) and those between [-20, -40 kJmol™?] are attributed to mixed adsorption.
However, recent studies confirm that the standard free energy of adsorption may not be a
reliable criterion to distinguish between physisorption and chemisorption and this parameter is
not sufficient to comprehended mechanism of the adsorption of plant extracts, because the

molecular mass is unknown [16,27,36,37,38].
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3.5. Surface analysis

In order to observe the morphology of the metal surface in an acidic solution in the absence
and the presence of 500 ppm of each extract, SEM was applied. The images obtained reflect
the harmful effect of the aggressive environment and the protective power of the extracts. As
can be seen, Figures 7b clearly shows the damaging action of the aggressive HCI solution.

] BT < 0001 Dute 24 o 2022 Sgalh+ 1 o5 M7+ 2000 Dute 24 jsa 2012 Sl SE1 .1 T+ 20004Y Date 24 o 2002 SgulA+ 1
WD: s Tine 113845 Mg: 99X WD:R0inm Tie 214612 Mag: SO0X WD:88imm Tme 22822 Mg+ S00X

0 4 0000 02 Sl
[ DT+ 200008 Due 24 jua 2002 SguilA 51 o 1 DT 20000 Date: 24 Jus 2022 SquiA =51 . EHT = 20001 Dute: 24 jua 2022 SgulA < SE1
i WO 1% en Time 15:4036 Mg+ 0% W« 1061 mm Tise 710025 Mage SOOX W+ RS0mm Tise 202231 Mage 500X

- B 0000 Due 24 jua 2002 Sgud A+ 51 - T« 20000¥ Dute 24 Jua 2022 S« 51 - EHT = 20004V Dt 24 jua 2022 SguiA» SEL
WD 9binm Tie 12046 Mg+ 50X W+ 1055 nm Tie 171780 M= 500X Woriinm Toe 195007 Myg: 500X

Figure 7. SEM images taken for mild steel before immersion (a), after 7 days immersion in 0.5
M HCI in the absence of inhibitors (b) and in the presence of 500 ppm of T. algeriensis extracts:
(c) T40, (d) T60, (e) T80, (f) T100, (g) T100/5 min, (h) T100 /15 min, and (i) T120
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In the absence of inhibitors, the surface has undergone corrosion and is completely covered
by oxidation products. Whereas in the presence of the extracts, as shown in Figure 7, the
samples are much less damaged and the surfaces are practically intact in particular with T100/5
min, T100/15 min, and T120. These micrographs clearly show the presence of a deposited film
on the metal surface. The latter is due to the adsorption of inhibitor molecules on the steel
surface leading to corrosion inhibition.

4. CONCLUSION

The main objective of this study was to propose new green corrosion inhibitors for mild
steel in an acidic environment in order to replace the use of hexavalent chromium-based
compounds. The principal conclusions achieved are:

1) MAE extracts from T. algeriensis show good inhibitive action for mild steel corrosion in
0.5 M HCI; ii) the value of the inhibition efficiency (%IE) increases with increasing the
inhibitor concentration; iii) there is a good agreement between the data obtained from
gravimetric and electrochemical methods; iv) the adsorption of all MAE extracts on the steel
surface obeys to Langmuir adsorption isotherm; v) SEM images confirm the ability of T.
algeriensis extracts to retard the corrosion of mild steel by the formation of an adherent film
on metal surface.
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