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Abstract- The present work is devoted to study the Thymus Algeriensis (TA) extracts as 

antioxidants and green corrosion inhibitors of mild steel (MS) in 1 M HCl medium at 303 K. 

The extract from aerial parts of Thymus Algeriensis were obtained by distillation and 

analyzed. Antioxidant activity of methanolic extract of TA was examined by using both 

DPPH radical scavenging and β-carotene-linoleic acid bleaching and likened with ascorbic 

acid and BHA (butylated hydroxyanisole) used as reference compounds. Corrosion inhibition 

of of mild steel (MS) in HCl by ethyl acetate (EATA) and methanol (EMTA) extracts of TA 

was studied using weight loss and electrochemical techniques. TA extract was found to be a 

better inhibitor. Indeed, the inhibition efficiency increased with increase EATA and EMTA 

concentration but decreased with rise in temperature. The variation of inhibitory efficacy with 

temperature point towards physical adsorption which is supported by the kinetic and 

thermodynamic parameters derived from the experimental data. Polarization studies show 

Analytical & 

Bioanalytical 
Electrochemistry 

 

2018 by CEE 

www.abechem.com  



Anal. Bioanal. Electrochem., Vol. 10, No. 12, 2018, 1587-1610                                         1588 

 

that the EATA and EMTA act as mixed typed inhibitor. Inhibitive effect was afforded by 

adsorption of the EATA and EMTA components which was found to accord with Langmuir 

adsorption isotherm.   

Keywords- Extract of Thymus Algeriensis, Antioxidant activity, Corrosion inhibition, Acidic 

medium, Mild steel  

 

1. INTRODUCTION  

Mild steel have wide spread industrial applications due to their availability and low cost. 

In processes such acid cleaning, pickling and descaling operations in oil and gas exploration, 

acidic solutions are widely used. Mild steel surfaces exert in service in these environments 

undergo considerable corrosion. Significant reduction in corrosion rates has been attained by 

various means enclosed reduction of the mild steel impurity content, application of several 

surface modification techniques as well as insertion of desirable alloying elements [1]. 

However, the the preventions used to reduce the corrosion of materials, includes those related 

to the use of corrosion inhibitors, the choice of appropriate inhibitors be dependent on 

primarily on the structure.  Most of these inhibitors are organic molecules generally include 

heteroatoms, π-electron and aromatic rings, which allow an adsorption on the metal surface 

[2-7]. 

Ascribe to the rarity, toxicity and synthesis constraints of some materials which used as 

corrosion inhibitors, eco-friendly [8-10] materials are interested. This is because in addition 

to cheaper, extract of plants are environmentally friendly and ecologically acceptable, 

renewable and readily available. Furthermore, the use the extract of plants as corrosion 

inhibitors are substantiated by the phytochemical constituents existing therein, with 

molecular and electronic structures bearing close similarity to those of conventional organic 

inhibitor molecules [11].  

These environmental ecological inhibitors of corrosion are extracted from aromatic herbs, 

spices and medicinal plants [12-14]. Most of the natural products of plant origin are non-toxic 

[15], biodegradable and readily available in sufficient quantity in addition to meeting the 

structural considerations. Various plant parts: seeds, fruits, leave and flowers [16-18] were 

extracted and used as highly effective in protection of metals and alloys in various corrosive 

media. The results from these studies confirm that biomass extracts possess remarkable 

abilities to inhibit the corrosion reaction. 

In Morocco, the Thymus Algeriensis (TA) it is encountered in the Middle Atlas, the High 

Atlas, the Anti-Western Atlas, the Rif and the Oriental.  

Thymus Algeriensis (TA) has never been studied for the purpose of corrosion inhibition of 

MS in hydrochloric acid. The present paper reports on the inhibiting effect of ethyl acetate 

(EATA) and methanol (EMTA) extracts of TA on the acid corrosion of MS. Corrosion 

inhibition efficiency (η) has been experimentally evaluated using gravimetric, DC and AC 
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methods. Otherwise, evaluation of antioxidant activity was estimated by DPPH radical 

scavenging and β-carotene-linoleic acid bleaching. 

 

2. EXPERIMENTAL PROCEDURES 

2.1. Plant material and extraction 

The aerial parts (stalks, leaves and flowers) of TA were harvested in April 2014 from the 

area of Al Hoceima National Park (Morocco). The typical Thymus Algeriensis (TA) 

extractions were performed according to a previously described experimental procedure [14]. 

A mass of 40 g of the TA plant and comminute has undergone a hot extraction with 200 mL 

of solvent by "Soxhlet" with a series of solvents of increasing polarity as follows: hexane, 

dichloromethane, ethyl acetate, ethanol, methanol, water. 

 

2.2. Electrolytes and electrodes 

All experiment tests were performed in the corrosive medium at various concentrations of 

TA extracts. All test solutions were prepared from analytical grade chemical reagents without 

further purification with the use of distilled water. For each experiment, a freshly prepared 

solution was used. The concentration range of TA extracts employed was varied from 0.125 

to 2.0 g/L, and the solution in the absence of TA extracts was taken as blank for comparison. 

The steel used in this study is a MS with a chemical composition 0.09 wt. % P; 0.38 wt. % Si; 

0.01 wt. % Al; 0.05 wt. % Mn; 0.21 wt. % C; 0.05 wt. % S and the rest of Fe. The preparation 

of TMS samples was done according to the method stated in another previous work [15]. 

 

2.3. Determination of total phenolic, flavonoids and flavonols contents of two extracts 

Phenolic contents of aqueous TA extracts were estimated by the Folin-Ciocalteu 

colorimetric method [19]. Phenolics contents are explicited as gallic acid equivalent (GAE) 

per g of powder (the equation regression was 20,0052. 0,0258, 0,9957y x r= + = ).    

Aluminum chloride colorimetric method was used to quantify flavonoids content [20]. 1 

mL of each sample and standard (dissolved in CH3-CH2-OH) was added to 1 mL of AlCl3 

(2% in CH3-CH2-OH). The mixture was remained at room temperature for 10 min in dark. 

Then, the absorbance was measured at 430 nm. This assay was realized in triplicate. Total 

flavonoids content were explicited as quercetin equivalent (QE) per g of powder (the 

equation regression was 20.0344. 0.0088, 0.991y x r= + = ).   

The assay is performed in a test tube. 2.8 mL of distilled water, 0.1 mL of AlCl3, 0.1 mL 

of CH3CO2K (1 M), 0.5 mL of the extract are mixed, then incubated in the shade at room 

temperature for 30 min [21]. Absorbance was read at 415 nm. The flavonol content is 
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explicited in mg quercetin equivalent per g of powder (the equation regression was
2y=0.008.x-0.016, r =0.998 ).   

 

2.4. Antioxidant activity 

2.4.1. DPPH assay 

Radical scavenging activity (RSA) of TA extract versus the stable radical DPPH was 

determined by a slightly alter DPPH free radical scavenging assay [22]. Its principle is based 

largely on the ability of antioxidant molecules to donate hydrogen to DPPH, which 

consequently turns into an inactive form. Briefly, 1.9 mL of a DPPH solution was added to 

0.1 mL of aqueous TA extract at different concentrations. The absorbance of mixture was 

read after 30 of incubation. The scavenging activity DPPH radical was explicited as 

percentage inhibition by the following equation [23]: 

( )blank sample blankA - A / A × 100è ø
ê ú          (1) 

Where, A sample is the absorbance of the solution containing the sample at 515 nm, and 

Ablank is the absorbance of the DPPH solution. The IC50 values were calculated as the 

concentration of extract causing a 50% inhibition of DPPH radical.  

 

2.4.2. Bleaching of β-carotene assay 

The capacity of TA extract to prevent bleaching of β-carotene is determined using the 

method described by Bougatef and colleagues [24]. Briefly, 0.5 mg of β-carotene in 1 mL of 

CHCl3 is mixed with 25 µL of linoleic acid and 200 mg of Tween 40. CHCl3 is evaporated 

under reduced pressure at 45 °C in a rotary evaporator, then 100 mL of oxygen-saturated 

distilled water is added and the resulting mixture was stirred vigorously. The reaction 

medium contains 2.5 mL of the emulsion of β-carotene / linoleic acid and 0.5 mL of solutions 

of TA extracts or reference antioxidants (BHA). The mixture is placed in a water bath and 

incubated at 50 °C for 2 hours. Oxidation of the above emulsion is followed by measuring 

each sample absorbance just after preparation (t=0 min) and at intervals of 20 min until the 

end of the experiment (t=120 min) at 470 nm. The negative control contains 0.5 mL of 

methanol (CH3O) instead of the methanol extract, and standard antioxidants. The antioxidant 

activity (AA%) is explicited as percentage inhibition compared to the negative control using 

the following formula [25]:  

()
0 120 0 120t t t tActivityantioxidant %= 1- (A - A )sample / (A - A )control - ×100è ø

ê ú   (2) 

At 0: absorbance at temps t = 0. 

At 120: absorbance at temps t = 120 min.   
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2.5. Corrosion tests 

2.5.1. Gravimetric study 

Gravimetric experiments were realized following to the standard methods [26]. 

Afterwards weighing accurately, the MS specimens were immersed in a 100 mL beaker 

containing 250 mL of 1 M HCl solution in the presence and absence of various 

concentrations of EATA and EMTA. After 6 h of acid immersion, the specimens were taken 

out, washed, dried, and weighed accurately. The inhibition efficiency (ηWL%) and surface 

coverage (θ) were calculated as follows [27,28]: 

b a

R

W - W
C =

At
           (3) 

i

WL

0

w
ɖ (%)= 1-×100

w

å õ
æ ö
ç ÷

          (4) 

i

0

w
ɗ = 1-

w

å õ
æ ö
ç ÷

           (5) 

Where Wb and Wa are the specimen weight before and after immersion in the tested 

solution, w0 and wi are the values of corrosion weight losses of MS in uninhibited and 

inhibited solutions, respectively, A the total area of the MS specimen (cm2) and t is the 

exposure time (h). 

 

2.5.2. Electrochemical experiments 

Electrochemical measurements, including open circuit potential, DC and AC techniques, 

were performed in a three-electrode cell using the Volta lab (Tacussel- Radiometer PGZ 100) 

and controlled by Voltamaster 4 software at under static condition. Steel (mild steel) samples 

with a surface area of 1 cm2 were used as the working electrode; the reference electrode was 

a saturated calomel electrode (SCE). A platinum electrode was used as auxiliary electrode of 

surface area of 1 cm2. Before DC and AC techniques, the working electrodes were immersed 

into the test solution and left for 0.5 h at the open-circuit potential (OCP). Scan rate of 

potential was 0.5 mV s-1 and potential was scanned in the range of -650 to -250 mV/SCE 

relative to the corrosion potential. The Tafel data were analysed and fitted using the 

polarisation CorrView 2.80 software (Scribner Associates, Inc.). The inhibition efficiencies at 

different concentrations of EATA and EMTA were calculated using the following formula 

[29]: 

hTafel(%) = corr corr(i)

corr

I - I

I
 ³ 100         (6) 

Where Icorr and Icorr(i) are the corrosion current densities for MS electrode in the 

uninhibited and inhibited solutions, respectively. 
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AC measurements were executed at Ecorr, over a frequency range of 100 kHz to 0.1 Hz 

with a signal amplitude perturbation of 10 mV was measured with data density of 10 points 

per decade. The impedance data were analysed and fitted with the simulation ZView 2.80, 

equivalent circuit software. All electrochemical tests have been performed in aerated 

solutions at 308 K. 

The inhibition efficiency of EATA and EMTA inhibitors was calculated from the charge 

transfer resistance values using the following formula [29]: 
i °

ct ct

z i

ct

R - R
ɖ %= ×100

R
                                                                                     (7) 

Where, R°
ct and Ri

ct are the charge transfer resistance in absence and in presence of 

inhibitor, respectively.  

 

3. RESULTS AND DISCUSSION 

3.1. Total phenolic, flavonoid and flavonol contents  

Phenolic compounds are known antioxidant agents, and thus different patterns of 

accumulation of phenolics can have implications on the antioxidant activity [30,31]. In this 

sense, a comparative evaluation of the content of different phenolic groups of ethyl acetate 

(EATA) and methanol (EMTA) extracts of Thymus Algeriensis was made employing 

spectrophotometric (colorimetric) techniques, which are widely used and convenient when 

dealing with several samples of unknown composition [32]. This included the estimation of 

total phenolics, flavonoids and flavonols in ethyl acetate (EATA) and methanol (EMTA) 

extracts of Thymus Algeriensis are shown in Table 1.  

 

Table 1. Total content in different groups of phenolic compounds (mg/g, dry weight) in ethyl 

acetate (EATA) and methanol (EMTA) extracts of Thymus Algeriensis 

 

Extract Total phenolics (a) Total flavonoids (b) Flavonols (c) 

EATA 24.13± .21 12.11±0.09 17.81±1.32 

EMTA 169.42±8.16   5.87±0.33 34.00±2.12 

                           All the values are mean ± SD; SD: standard deviation 
                                         (a) (mg GAE/g powder) 
                                         (b) (mg QE/g powder) 
                                         (c) (mg QE/g powder) 

 

The results obtained in this study showed a significant level of Total phenolics and 

Flavonols methanol extracts of Thymus Algeriensis (Table 1). Flavonoids are one class of 

secondary plant metabolites that are also recognized as Vitamin P. These metabolites are 

mostly used in plants to produce yellow and other pigments which play an important role in 
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the colours of plants. Besides, Flavonoids are readily ingested by humans and they seem to 

display important anti-inflammatory, anti-allergic and anti-cancer activities [33]. The total 

flavonoids content of Thymus Algeriensis extract was also determined using aluminium 

chloride colorimetric method (Table 1). EATA extract of Thymus Algeriensis flavonoid 

content was higher than EMTA extract of Thymus Algeriensis.  

 

3.2. Antioxidant activity 

Many different techniques are disposable to estimate the antioxidant properties of 

compounds or complex mixtures such as Extracts; however, a single procedure cannot 

identify all possible mechanisms characterizing an antioxidant. Therefore, in the present 

study, two different assays were conducted in order to evaluate in vitro antioxidant properties 

of the extract of Thymus Algeriensis: scavenging activity on DPPH radicals and β-carotene 

bleaching, in the evaluation of the antioxidant activity we use the extract methanolic for he 

who has given a significant amount of Total phenolics which are responsible for this activity 

and that gave a significant anti corrosion activity compared to the other extract. 

 

C o n c e n t r a t io n  (mg  /  m L )

R
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Fig. 1. DPPH free radical scavenging activity of different concentrations of EMTA extract of 

Thymus Algeriensis and reference antioxidants; Ascorbic acid and BHA 

 

Table 2. DPPH radiacl scavenging activity of EMTA 

 

Sample Scavenging ability (%, Mean ± SD), concentration (µg/mL) IC50 

 5.0 10.0 20.0 30.0 40.0 50.0 100.0 - 

EMTA 20.9±1.2 33.4±2.5 53.5±2.8 75.2±2.6 83.1±0.7 85.6±1.1 86.9±0.1 14.8 

BHA 51.0±1.6 65.9±1.5 83.1±0.9 87.5±0.1 88.5±1.0 89.0±1.2 89.7±0.7 5.55 

Ac. Asc 85.3±1.3 93.0±1.7 93.2±1.2 93.4±1.1 93.4±1.5 93.8±1.0 94.3±1.0 2.82 

All the values are mean ± SD (n=4); SD: standard deviation; EMTA: Methanol extract of T. Algeriensis, BHA: 

Butylated hydroxyanisole; Ac. Asc: Acid ascorbic   
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The DPPH radical is widely used in assessing free radical scavenging activity because of 

the ease of the reaction. DPPH scavenging activity was 85.6% at a concentration of 50 µg/mL 

EMTA extract of Thymus Algeriensis, while that of the control, BHA and ascorbic acid are 

89% and 93.8% respectively (Fig. 1). The IC50 values of EMTA extract of Thymus 

Algeriensis and reference antioxidants were calculated from the percentage inhibitions at 

various concentrations are given in Table 2. 

An extract with the highest IC50 value exhibits the lowest scavenging activity and vice 

versa. IC50 value of the extract is lowering compared to those obtained standards 

antioxidants, Ascorbic acid and BHA obtained by same procedure. Ascorbic acid was the 

most effective antioxidant  

IC50=2.82 µg/mL. BHA also showed an excellent scavenging activity, with value of IC50 

of 5.55 µg/mL. Several techniques used for estimate of antioxidant activity of the extracts 

were the β-carotene/linoleic acid system. In the β-carotene bleaching assay, the oxidation of 

linoleic acid produces free radicals due to the removing of hydrogen atom from diallylic 

methylene groups of linoleic acid [34]. The highly unsaturated β-carotene then will be 

oxidized by the generated free radical. Degradation of the orange coloured chromophore of β-

carotene could be monitored spectrophotometrically. Nevertheless, the presence of 

antioxidant components could prevent the bleaching of β-carotene because of their ability to 

neutralize the free radicals [35,36]. Table 3 also shows the results of β-carotene bleaching 

inhibition EMTA extract of Thymus Algeriensis and reference antioxidants; Ascorbic acid 

and BHA. In this assay, the antioxidant activities were highest for BHA, followed by 

Ascorbic acid and EMTA extract of Thymus Algeriensis (Table 3). 

 

Table 3. Antioxidant activity of EMTA, ascorbic acid and BHA of β-carotene bleaching 

 
Compounds β-carotene bleaching 

EMTA 59.85°1.98 

BHA 96.70±1.66 

Ac.Asc 76.28±1.98 

 

3.3. Corrosion tests 

3.3.1. Potentiodynamic polarization measurements 

DC methods are appropriate for monitoring the advancement and mechanisms of the 

anodic and cathodic partial reactions as well as identifying the effect of an additive on either 

partial reaction [37]. DC experiments were made to establish the effect of the anodic (
2+Fe Fe + 2e­ ) and cathodic ( +

22H + 2e H­ ) partial reactions of the corrosion process.  
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Fig. 2. Potentiodynamic polarization plots for MS in 1 M HCl in the absence and presence of 

ethyl acetate (EATA) and (b) methanol (EMTA) extracts of Thymus Algeriensis 

 

Table 4. Potentiodynamic parameters for the corrosion of MS in 1 M HCl without and with 

different concentrations of ethyl acetate (EATA) and methanol (EMTA) extracts of Thymus 

Algeriensis 

 

Medium 
Conc. 

(g/L) 

Ecorr 

(mV/SCE) 

Icorr 

(µA/cm2) 

βc 

(mV/dec) 

ηTafel 

(%) 

Blank —– 479.6 2604.1 211.7 —– 

EMTA 

0.125 472.6 895.6 191.5 65.6 

0.25 473.9 763.4 201.8 70.7 

0.5 464.3 246.4 176.7 90.5 

1 464.0 196.0 203.0 92.5 

2 481.0 142.6 189.3 94.5 

EATA 

0.125 470.0 1610.4 208.9 38.1 

0.25 471.2 1597.1 203.7 38.7 

0.5 473.3 1253.6 201.7 51.9 

1 474.7 668.4 190.7 74.3 

 
2 476.0 338.5 202.1 87.0 
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Typical anodic and cathodic polarization curves obtained for the corrosion of MS in 1 M 

HCl solution with and without of various concentrations of (a) EATA and (b) EMTA are 

presented in parts a and b of Figure 2, respectively.  The curves showed that the introduction 

of the EATA and EMTA to 1 M HCl solution has modest influence on both anodic and 

cathodic half reactions, although cathodic influence appeared much pronounced. Corrosion 

current densities (Icorr), corrosion potential (Ecorr) and the cathodic Tafel slope (βc) derived 

from the polarization curves aregiven in Table 4. 

From the results obtained in the present study, it is pertinent to say that TA extracts acts as 

mixed-type inhibitor. The cathodic current-potential curves (Fig. 2) gave rise to parallel lines 

indicating that the addition of both EATA and EMTA to the 1 M HCl solution did not modify 

the hydrogen evolution mechanism and the reduction of H+ ions at the MS surface takes place 

mainly through a charge transfer mechanism. The components of EMTA and EATA were 

first adsorbed on the MS surface and blocked the reaction sites of the MS surface. In this 

way, the surface area available for H+ ions was decreased while the actual reaction 

mechanism remains unaffected [38]. 

The results in the table indicate that the introduction of the various concentrations of the 

TA extracts does not remarkably shift Ecorr/SCE. For instance, the difference between the 

Ecorr/SCE of the blank solution and that of the highest concentration of EATA extract is 9.6 

mV while that of the EMTA is 15.6 mV. It could be inferred that the EMTA and EATA acted 

as a mixed-type inhibitor and the inhibition is by simple geometric blocking mechanism [39]. 

From Table 2, it is observed that the Icorr values gradually decreased with simultaneously 

increase in the concentration of EMTA and EATA up to 2 g/L from 2604.1 to 142.6 and 

338.6 µA/cm2 leading to inhibition efficiency of 94.5% and 87% for EMTA and EATA, 

respectively. This result again highlights the effectiveness of methanol extract over ethyl 

acetate extract of TA in protecting MS against acid attack. 

 

3.3.2. AC impedance studies 

AC technique provides a new and performing method to characterize the film coverage 

on the electrode, which is related to charge transfer resistance (Rct). The interface capacitance 

can also be used to establish the film quality [40-44]. It is known that the coverage of an 

organic substance on the metal surface not only depends on the structure of the inhibitor 

organic and the nature of the metal, but likewise on the experimental conditions such as 

immersion time and concentration of adsorbent [43,44]. In this work, the influence of EMTA 

and EATA concentration on the surface coverage was carried out. 

Figs. 3 and 4 represented in panels a and b as Nyquist and Bode plots, respectively, show 

the impedance spectra for MS corrosion in HCl solution with and without various 

concentrations of EMTA and EATA. In all the studied frequency range, the Nyquist plots 

(Fig. 3a & Fig. 4a) show single semicircles which correspond to one time constant in Bode 
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plots. Inspection of Figure 3 revealed that increasing concentration of the EMTA results in an 

increase in the size of the semicircles (Fig. 3a) and the impedance of the interface (Fig. 3b). 

This increase is indicative of the MS surface protection in HCl solution afforded by the 

adsorbed EMTA. Also, examination of Figure 4 clearly showed that the EATA increased the 

size of the semicircle (Fig. 4a) and impedance of the interface (Fig. 4b). This implies that the 

higher concentration inhibits MS corrosion in HCl solution while the lower concentration 

accelerates the dissolution of MS in the studied medium. 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Impedance plots for MS in 1 M HCl in the absence and presence of different 

concentrations of methanol (EMTA) extract of Thymus Algeriensis illustrate as (a) Nyquist, 

(b) Bode-frequency and (c) Bode-phase plots 

 

All the impedance spectra exhibit one single depressed semicircle, and the diameter of 

semicircle increases with the increase in EMTA and EATA concentration. The semi-circular 

appearance shows that the corrosion of steel is controlled by the charge transfer and the 

presence of EMTA and EATA does not change the mechanism of steel dissolution [45,46]. 

The semicircles are not perfect but depressed with centers under the real axis. The observed 

depression with and without EMTA and EATA for the Nyquist semicircle with center under 

the real axis is typical for solid metal electrodes that show frequency dispersion of the 

impedance data [11]. Such behavior characteristic for solid electrodes and often referred to 

frequency dispersion could be attributed to different physical phenomena such as roughness 
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and in homogeneities of the solid surfaces, impurities, grain boundaries and distribution of 

the surface active sites [47]. 
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Fig. 4. Impedance plots for MS in 1 M HCl in the absence and presence of different 

concentrations of ethyl acetate (EATA) extract of Thymus Algeriensis illustrate as (a) 

Nyquist, (b) Bode-frequency and (c) Bode-phase plots 

 

The Bode diagrams have two levels: the first at high frequency is attributed to the 

resistance of the electrolyte Rs and the second at low frequency is attributed to the charge 

transfer resistor Rct. The module of the impedance |Z| low frequency that is related to the 
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charge transfer resistance increases with the increase in the concentration of both inhibitors, 

this shows that the inhibitory power of these compounds increases with the increase in 

concentration that can be attributed to the adsorption of inhibitor molecules on the surface of 

steel. 

EIS parameters were obtained by fitting the impedance spectra exploiting the equivalent 

circuit model using ZView software proposed in Fig. 5, in which the solution resistance (Rs) 

is shorted by a constant phase element (CPE) that is in parallel to the charge transfer 

resistance (Rct). All the experimental data are fitted (typical example Fig. 6) utilizing the 

equivalent circuit presented in Fig. 5. The impedance function of a CPE is defined by the 

mathematical expression given below [48]: 

-1 -n

CPEZ = A (iɤ)          (8) 

Where A (Ω-1 sn cm–2) is the magnitude of the CPE, ω (rad s-1) is the sine wave 

modulation angular frequency, i2=-1 is the imaginary number and n is an empirical exponent 

which measures the deviation from the ideal capacitive behaviour [49,50]. Depending on the 

values of n, CPE can represent resistance (n=0), capacitance (n=1), inductance (n=-1) and 

Warburg impedance (n=0.5) [51-55].  

The transfer function is thus represented by an equivalent circuit, having only one time 

constant (Fig. 5). Parallel to the double layer capacitance (simulated by a CPE) is the charge 

transfer resistance symbolized by Rct, and Rs is the electrolyte resistance.  

 

 

Fig. 5. Electrical equivalent circuit used for modelling the interface MS/1M HCl solution 

without and with both extracts 

 

 

Fig. 6. Typical example of EIS and Bode plots simulated in 1 M HCl in the presence 2 g/L of 

EMTA extract 
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Excellent fit with this model was obtained for all experimental data. It is clear that the 

measured impedance plot is in accordance with that calculated by the used equivalent circuit 

model. It means that the equivalent circuit model proposed in Fig. 5 could reasonably 

represent the charge transfer and metal/solution interface features related to the corrosion 

process of iron in acidic solution containing EMTA and EATA extracts. 

Table 5 contain all the impedance parameters obtained from the simulation of 

experimental impedance data, including Rs, Rct, A, n and τ. In the table are shown also the 

calculated “double layer capacitance values, Cdl, derived from the CPE parameters according 

to substitute [56]: 

( )
1/n

1-n

dl ctC = A (R )           (9) 

dl ctŰ=C R                         (10)      

Inspection of the results in Table 5 indicates that the Rct value increased with the 

concentration of EMTA and EATA extracts, reaching a maximum value of 219.8 Ω cm2 and 

86.73 Ω cm2 at 2 g/L respectively. Also, the value of the proportional factor A of CPE varies 

in a regular manner with inhibitor concentration. The change of Rct and A values can be 

related to the gradual replacement of water molecules ions by extracts molecules on the 

surface and consequently to a decrease in the number of active sites necessary for the 

corrosion reaction [57]. Indeed, the increase of the values of n when compared with 1 M HCl 

and with EMTA and EATA extracts concentration can be explained by some decrease of the 

surface heterogeneity, due to the adsorption of the inhibitor on the most active adsorption 

sites [58].  

Also, the addition of both extracts to the corrosive solution decreases the double layer 

capacitance (Cdl) and it increases the time constant (τ) value (Table 5). This shows that there 

is agreement between the amount of charge that can be stored (i.e. capacitance) and the 

discharge velocity in the interface (τ) [59]. The double layer between the charged metal 

surface and the solution is considered as an electrical capacitor. The adsorption of EMTA and 

EATA on the MS surface decreases its electrical capacity because they displace the water 

molecules and other ions originally adsorbed on the surface. The decrease in this capacity 

with increase in EMTA and EATA concentrations may be attributed to the formation of a 

protective layer on the electrode surface [58]. The thickness of this protective layer increases 

with increase in EMTA and EATA concentration, since more EMTA and EATA will 

electrostatically adsorb on the electrode surface, resulting in a noticeable decrease in Cdl. This 

trend is in accordance with Helmholtz model, given by the following equation [60]: 

0
dl
ŮŮ

= S
d

C                                  (11) 
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Where d is the thickness of the protective layer, ε is the dielectric constant of the 

protective layer and ε0 is the permittivity of free space (8.854³10−14 F cm−1).  

Data in the table shows that inhibition efficiency increases with an increase in the 

concentration of EMTA and EATA extracts reaching the values of 94.2% and 85.4% for 

ethyl acetate (EATA) and methanol (EMTA) extracts of Thymus Algeriensis respectively at 

the highest concentration (2 g/L) studied. 

 

Table 5. Electrochemical impedance parameters for MS in 1 M HCl without and with 

different concentrations of ethyl acetate (EATA) and methanol (EMTA) extracts of Thymus 

Algeriensis 

 
Medium Conc. 

(g/L) 

Rs 

(Ω cm2) 

106 A 

(Ω-1sn cm-2) 

n Rct 

(Ω cm2) 

Cdl 

(μF cm-2) 

τ 

(ms) 

ηZ 

(%) 

 Blank 1.98 937.43 0.832 12.70 378.8 4.94 —– 

         

 0.125 2.33 327.22 0.845 39.12 147.1 5.75 67.5 

 0.25 1.79 311.12 0.849 42.41 144.1 6.11 70.0 

EMTA 0.5 1.95 232.71 0.853 92.36 120.0 11.08 86.2 

 1 1.98 204.22 0.855 134.7 111.0 14.95 90.6 

 2 2.14 141.87 0.858 219.8 79.90 17.56 94.2 

         

 0.125 2.17 373.24 0.854 24.33 167.1 4.06 47.8 

 0.25 1.78 336.27 0.857 34.16 159.6 5.45 62.8 

EATA 0.5 2.07 309.76 0.859 41.66 151.7 6.32 69.5 

 1 1.82 282.97 0.862 58.32 146.7 8.55 78.2 

 2 2.03 237.62 0.863 86.73 128.3 11.13 85.4 

 

3.3.3. Weight loss measurements 

3.3.3.1. Effect of concentration 

Weight loss measurement is a non-electrochemical technique for the determination of 

corrosion rates and inhibitory efficacy which provides more reliable results than DC and AC 

methods because the experimental conditions are approached in a more realistic manner yet 

the immersion tests are time-consuming [61,62]. Table 6 shows the percentage of inhibition 

efficiency (ηWL) for ethyl acetate (EATA) and methanol (EMTA) extracts of Thymus 

Algeriensis at the temperature of 308 K. From the table 6, it was revealed that as the 

concentrations of EMTA and EATA increased, the percentage of inhibition efficiency was 

also increased (concentration-dependent). The optimum value of inhibition was obtained at 

the concentration of 2 g/L. This indicates that the adsorption process between the adsorbate 

(EMTA and EATA) and the MS surface was efficiently achieved and led to the formation of 

a strong metal-inhibitor interaction, thus lowering the capability of chloride ion (Cl-) to 

adsorb on the MS surface.  
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Table 6. Weight loss data of MS in 1 M HCl for various concentrations of Thymus 

Algeriensis extracts 

 

Thymus 

Algeriensis 

Conc 

(g/L) 

CR 

(mg cm-2 h-1) 

ηWL 

(%) 

θ 

EMTA 0 0.520 — — 

 

0.125 0.161 69.1 0.691 

0.25 0.144 72.3 0.723 

0.5 0.057 89.1 0.891 

1 0.033 93.7 0.937 

2 0.020 96.1 0.961 

    
 

EATA 0 0.520 — — 

 

0.125 0.285 45.1 0.451 

0.25 0.266 48.9 0.489 

0.5 0.201 61.3 0.613 

1 0.155 70.1 0.701 

2 0.061 88.1 0.881 

 

Table 7. Corrosion parameters for MS in 1.0 M HCl in absence and presence of optimum 

concentration of the inhibitor studied at different temperatures 

 
Temp  

(K) Medium 

CR 

(mg/cm2 h) 
θ 

ηWL 

(%) 

313 
Blank 1.890 — — 

EATA 0.687 63.6 0.636 

 EMTA 0.165 91.3 0.913 

323 
Blank 3.390 — — 

EATA 1.749 48.4 0.484 

 EMTA 0.519 84.7 0.847 

333 
Blank 6.080 — — 

EATA 3.191 47.5 0.475 

 EMTA 1.087 82.1 0.821 

 

343 

Blank 9.520 — — 

EATA 5.626 40.9 0.409 

 EMTA 2.515 73.6 0.736 

 

The surface coverage of the MS was also reduced upon the addition of TA extracts which 

indicates that the EMTA and EATA as a good corrosion inhibitor for MS in acid solution. 

 

3.3.3.2. Effect of temperature 

Two main types of interaction often describe adsorption of organic substance inhibitors 

on a corroding metal surface viz: chemical adsorption and physical adsorption. It has been 

proposed [63,64] that physisorbed molecules are attached to the metal at local cathodes and 

essentially retard metal dissolution by stifling the cathodic reaction while chemisorbed 
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molecule inhibitors protect anodic areas and decrease the inherent reactivity of the metal at 

the sites where they are attached. The more efficient molecule inhibitors appear to protect 

anodic areas preferentially by chemisorption. Initial deduction of the adsorption mechanisms 

in this study involved the assessment of the effects of varying system temperature between 

313 and 343 K on corrosion and inhibition processes. The variation of inhibitory 

effectiveness with temperature is given in Table 7. 

Activation energy (Ea) of the corrosion process reflects the reaction rate, which has been 

accomplished by investigating the temperature dependence of the corrosion rates. The values 

of Ea are obtained founded on Arrhenius equation [65]: 

a
R

-E
C = Aexp

RT

å õ
æ ö
ç ÷

                    (12) 

Where CR represents corrosion rate, R is the universal gas constant, T is the absolute 

temperature, A is the pre-exponential factor.  
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Fig. 7. Arrhenius plot for MS in 1 M HCl in the absence and presence of optimum 

concentration of EATA and EMTA 

 

Besides, equation 12 can be written as follows: 

where CR represents corrosion rate, R is the universal gas constant, T is the absolute 

temperature, A is the pre-exponential factor. Besides, equation 12 can be written as follows: 

a
R

E
Ln C = - + Ln A

RT
                   (13) 

According to equation 12, the Ln CR behaves linear function with 1/T. Thus, the value of 

Ea could be obtained by calculating the linear slope (-Ea/R) of equation 5. The 

correspondence plots are exposed in Fig. 7, and the values of Ea are exposed in Table 8. 

It is obvious from the table that Ea values obtained for EMTA and EATA solutions are 

larger than that gotten for the blank solution. This result suggests that EMTA and EATA 
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respectively retarded the corrosion of MS in 1 M HCl solution by increasing its activation 

energy. This could be done by adsorption onto the MS surface, making a barrier to mass and 

charge transfer. However, such types of molecule inhibitors perform good inhibition at 

ordinary temperature, with considerable loss in inhibitory effectiveness at elevated 

temperatures. 

A transition state formulation of Arrhenius equation as follows can be used to calculate 

enthalpy and entropy of the activation [66]: 

a aR

A

ȹH ȹSC R
Ln = - + Ln +

T RT N h R

è øå õå õå õ
é ùæ öæ ö æ ö

ç ÷ ç ÷ç ÷ê ú
                 (14) 

Where CR is the corrosion rate, ΔHa is the enthalpy of the activation, ΔSa is the entropy of 

the activation, R is the universal gas constant, T is the absolute temperature, NA is Avogadro’s 

number, h is Plank’s constant.  
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Fig. 8. Transition state plot for MS in 1 M HCl in the absence and presence of optimum 

concentrations of EATA and EMTA 

The values of ΔHa and ΔSa could be obtained by respectively calculating the slopes aȹH
-

RT
 

and intercepts a

A

ȹSR
Ln +

N h R

è øå õå õ
é ùæ öæ ö

ç ÷ç ÷ê ú
of equation 14. Plots of RC

Ln
T

å õ
æ ö
ç ÷

against 1/T are shown 

in Fig. 8, and the values of ΔHa and ΔSa are exposed in Table 8. 

 

Table 8. Values of activation parameters for MS in 1 M HCl with the optimum concentration 

of EATA and EMTA 

 
Medium Ea 

(kJ/mol) 

∆Ha 

(kJ/mol) 
∆Sa aSD  

(J/mol K) 

Ea - ∆Ha 

(kJ/mol) 

Blank 48.55 45.81 -93.50 2.74 

EMTA 79.64 76.90 -14.21 2.74 

EATA 61.52 58.78 -59.85 2.74 
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From Table 8, the thermodynamic parameters (ΔHa and ΔSa) reveals that the dissolution 

reaction of MS in 1 M HCl in the presence of EMTA and EATA extracts are higher than in 

the absence of EMTA and EATA. The positive sign of ΔHa reflect the endothermic nature of 

the MS dissolution process indicating that dissolution of MS is difficult [67]. Considering 

these data of activation function ΔHa, it is useful to emphasize that the more energy barrier is 

required for the dissolution of MS in the presence of EMTA and EATA [68]. One can arrive 

at a similar conclusion which is examined with activation energy. There is also an agreement 

between the values of ΔHa and Ea as they change in the same manner which is qualified by 

following equation ΔHa = Ea - RT. 

ΔSa in the absence and presence of EMTA and EATA is negative. This indicates that the 

adsorption process is rather slow and that activated complex in the rate determining step 

represents an association rather than dissociation meaning that a reduce in disordering takes 

place on going from reactants to activated complex [69]. 

 

3.3.3.3. Adsorption isotherm 

The corrosion inhibition mechanism of EMTA and EATA on the MS surface in 1 M HCl 

solution can be investigated by the evaluation of adsorption isotherm. The interaction of 

EMTA and EATA molecules on the metal surface can be studied by investigating the mode 

of adsorption and the adsorption isotherm. Among different adsorption isotherms, the 

Langmuir adsorption isotherm is the most fundamental so was tested at first. The correlation 

between θ and EMTA and EATA concentration can be studied by Eq. 15. 

C 1
= + C
ɗ K

                    (15) 

Where K is the equilibrium constant of the adsorption process, C is the EMTA and EATA 

concentration and θ (ηWL/100) is the fraction of metal surface covered by the EMTA and 

EATA. According to Fig. 9 and table 9, the plot of C/θ versus C yielded straight lines with a 

correlation coefficient (R2>0.98) close to 1 suggesting that the adsorption of both extracts on 

the MS surface obeyed a Langmuir adsorption isotherm [70-73]. The applicability of the 

Langmuir adsorption isotherm to the adsorption of the EMTA and EATA on MS in 1 M HCl 

confirms the formation of a multi-molecular adsorption layer, which prevents interaction 

between the adsorbate and the adsorbent. So other isotherms were not considered for further 

investigations. The value of equilibrium constant (K) was calculated from the interception of 

the straight line in Fig. 9. The equilibrium constant is related to the standard free energy of 

adsorption ( °

adsȹG ) with the following equation (Eq. 16): 

( )
2

°

ads H OȹG =-RTLn C K                   (16) 
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Where the CH2O=1000 g/L in the solution. 

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

1.5

2.0

2.5

C (g/L)

 C
/q
 

 EMTA

 EATA

 

Fig. 9. Langmuir adsorption isotherm for EATA and EMTA extracts on MS in 1 M HCl 

 

The thermodynamic adsorption parameters obtained from Langmuir adsorption plots are 

exposed in Table 9. It was found that K values follow the order EMTA > EATA. Thus, 

EMTA has the highest value of K indicating higher corrosion inhibition activity. The K value 

may be taken as a measure of the strength of the adsorption forces between the EATA and 

EMTA molecules and the metal surface [74]. 

 

Table 9. Langmuir adsorption parameters for both extracts of Thymus Algeriensis at 308 K 

 

Inhibitors Slopes Kads 

(L/g) 

R2 

EMTA 1.00 14.61 0.999 

EATA 1.04 3.99 0.982 

 

Generally, the energy values of 
adsG¯D  around -20 kJ mol-1 or less negative are associated 

with an electrostatic interaction between charged EATA and EMTA molecules and charged 

metal surface, i.e. physisorption; those of -40 kJ mol-1 or more negative involve charge 

sharing or transfer from the EATA and EMTA molecules to the metal surface to form a 

coordinate type bond, i.e. chemisorptions [75]. 

In our study, it is very important to note that discussion of the adsorption isotherm 

behavior, using natural product extracts as inhibitors, in terms of the standard free energy of 

adsorption value, is not possible because the molecular mass of the extract constituents is not 

known. Some authors [76-78], in their study on acid corrosion with plant extracts, noted the 

same limitation. 
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4. CONCLUSION 

Ethyl acetate (EATA) and methanol (EMTA) extracts of Thymus Algeriensis have good 

inhibition effects on the corrosion of MS in hydrochloric acid solutions. The evaluated 

inhibition efficiencies are concentration and temperature dependent. EMTA has shown better 

inhibition efficiency in 1 M HCl solution and reaches 96.1% in 1 g/L concentration. 

Adsorption of EMTA and EATA on the mild steel surface in HCl solutions gave a good fit to 

the Langmuir isotherm model. The potentiodynamic polarization curves indicated that EMTA 

and EATA extracts behave as a mixed type of corrosion inhibitors. Data obtained from the 

AC technique show a frequency distribution and therefore a modelling element with 

frequency dispersion behavior, a constant phase element (CPE) has been used. The Extract of 

Thymus Algeriensis under investigation plays an important role as a potential source of 

natural antioxidant. 
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