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Abstract Ethyl acetate extract (EAE) and butanolic

extract (BE) of Thapsia villosa were investigated as cor-

rosion inhibitors of Carbon Steel (CS) in 1 M H2SO4 using

electrochemical impedance spectroscopy (EIS) techniques,

potentiodynamic polarization and weight loss measure-

ments. The effect of temperature on the corrosion behavior

of CS was studied in the range of 20–40 �C. The experi-

mental results show that EAE and BE are good corrosion

inhibitors and the protection efficiency increased with

increasing concentration of the extracts, but decrease with

rise in temperature. The EAE and BE act as a mixed types

inhibitors. The adsorption of extracts on CS surface follow

Langmuir isotherm. The apparent energies, enthalpies and

entropies of the dissolution process were discussed.

Keywords Carbon steel � Corrosion � EIS �
Potentiodynamic polarization � Plant extract � Weight loss

Introduction

Metals and alloys react electrochemically with the envi-

ronment to form stable compounds, in which the loss of

metals occurs. Metallic structures are exposed to conditions

that facilitate corrosion processes. Furthermore,

hydrochloric and sulfuric acids are widely used for pickling

and de-scaling of carbon steel which promote the acceler-

ation of metallic corrosion, causing ecological risks and

economic consequences in term of repair, replacement and

product losses [1]. Therefore, the prevention of the corro-

sion is vital not only for the protection of metals but also in

decreasing the dispersion of the toxic compounds into the

environment [2]. One of the best-known methods for cor-

rosion protection is the use of inhibitors [3]. Organic

compounds having functional groups such as -OR, -COOH,

-SR and/or NR2 have been reported to inhibit corrosion of

metals in acid solutions [4]. The presence of oxygen, sul-

fur, nitrogen atoms and multiple bonds in organic com-

pounds enhances their adsorption ability and corrosion

inhibition efficiency [1]. However, most of these com-

pounds are expensive, toxic and not biodegradable [5].

Therefore, alternative sources of products are preferred.

Investigation of plant extracts as corrosion inhibitors is

interesting because they are ecologically acceptable and

not expensive. Extracts of some plants such as bupleurum

lancifolium [6], Limonium thouinii [7], and Punica

granatum [8] have been reported to inhibit the corrosion of

metals in acid solutions.

Thapsia villosa, which belongs to the family Apiaceae,

grow over a wide area in the West Mediterranean region,

including Portugal, Spain, the south of France and the

North West of Africa. Thapsia villosa has been used in folk

medicine as a purgative [9]. Thapsia villosa is found to

contain phenylpropanoid; 2,3-dlhydroxy-2-methylbutyrlc
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1 Laboratoire des Molécules Bioactives et Applications,
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acids [9], sesquiterpenes [10], terpenes [11] and essential

oils [12]. However, it has never been studied for the pur-

pose of corrosion inhibition.

The aim of this work is to investigate the inhibitory

effects of ethyl acetate and n-butanol extracts as corrosion

inhibitors for carbon steel in acidic solution using the

weight loss, potentiodynamic polarization curves and

electrochemical impedance measurements.

Experimental

Material

ASTM A179 low carbon steel composed of (wt%): C

0.11 %, Mn 0.52 %, P 0.024 %, S 0.030 % and Fe balance

was used in the present study. The steel specimens were

taken from the Seamless cold-drawn tube of heat exchan-

ger for petroleum refining. Each sheet was mechanically

press cut into specimens in sizes of 3 9 3 9 0.2 cm were

used for gravimetric measurements, whereas specimens

used for polarization and EIS measurements were imbed-

ded in epoxy resin leaving a working area of 1.0 cm2.

Preparation of plant extracts

Air-dried aerial parts of Thapsia villosa were macerated in

methyl alcohol (70 %) at room temperature. The hydro

alcoholic solutions were concentrated under reduced pres-

sure to dryness and the residue was dissolved in hot water

and kept in cold overnight. After filtration, the residue was

successively treated with ethyl acetate and n-butanol. Then,

the solvents were removed to afford ethyl acetate and n-

butanol extracts [13, 14]. The ethyl acetate extract (EAE)

and n-butanol extracts (BE) were then used directly in the

experiments.

Solution

The aggressive solution of 1 M H2SO4 was prepared by

H2SO4 98 % (Merck) with distilled water. The concentra-

tion range of the EAE and BE employed varied from 100 to

800 ppm.

Electrochemical measurements

The Electrochemical experiments were carried out in the

conventional three-electrode cell consisting of a CS as

working electrode, a platinum rod as counter electrode and

a saturated calomel electrode (SCE) as a reference elec-

trode. Before measurement the working electrode was

immersed in test solution at open circuit potential (OCP)

for 30 min to ensure OCP to reach steady state.

Electrochemical impedance spectroscopy (EIS) was

carried out at the OCP of each sample was immersed for

30 min over a frequency range of 100 kHz–10 mHz with a

signal amplitude perturbation of 10 mV. Inhibition effi-

ciency (gR%) was estimated using the following relation:

gR % ¼
R0

p�Rp

R0
p

� 100 ð1Þ

where Rp and R
0
p are polarizations resistors in the absence

and presence of the inhibitor, respectively.

The potential of potentiodynamic polarization curves

was started from cathodic potential of -250 mV to anodic

potential of ?250 mV vs. OCP at a sweep rate of

1.0 mV s-1. Inhibition efficiency (gp%) was defined as [6]:

gp% ¼ icorr � i0corr

icorr

� 100 ð2Þ

where icorr and i
0
corr represent corrosion current density

values in absence and presence of inhibitor, respectively.

All electrochemical measurements were performed

using a computer-controlled instrument, Voltalab-PGZ 301

with Voltamaster (ver 7.0.8) software. The above electro-

chemical tests were conducted for each concentration of

Thapsia villosa extracts at different temperatures. Each

experiment was repeated at least three times to check the

reproducibility.

Weight loss measurements

CS specimens were abraded with a series of SiC paper,

washed with distilled water, degreased with acetone and

dried with a cold air stream. Experiments were realized

under total immersion in stagnant aerated condition at 20–

40 �C. The specimens were weighed and suspended in

beakers. After 7 h, these coupons were taken out, washed,

dried and weighed accurately. From the weight loss data,

the corrosion rate (CR) was calculated from the following

equation [15]:

CR ¼ W

At
ð3Þ

where W is the average weight loss, A is the total area of

the specimen and t is immersion time (7 h). The inhibition

efficiency (gw) was calculated as follows:

gw % ¼ CR � CR0

CR
� 100 ð4Þ

where CR and CR0 represent the values of corrosion rate in

absence and presence of inhibitor respectively.
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Results and discussion

EIS measurements

Figure 1 shows the EIS response of CS in 1 M H2SO4

solution without and with various concentrations of EAE

and BE at 20 �C, represented via Nyquist plots. Only one

capacitive loop at the higher frequency range is observed

which means that the corrosion of CS is controlled by the

charge transfer process [16, 17]. The increasing diameter of

loop obtained in 1 M H2SO4 in the presence of EAE and

BE indicated the corrosion inhibition and the strengthening

of inhibitor film [18]. These loops are not perfect semi

circles which can be attributed to the frequency dispersion

effect as a result of the roughness and inhomogeneous of

metal surface [19, 20]. Due to non-ideal frequency

response the capacitance is usually replaced by a constant

phase element (CPE) [19], whose impedance is given by

[21]:

ZCPE ¼ 1

QðjxÞn ð5Þ

where Q is the magnitude of the CPE, x is the angular

frequency (x ¼ 2pf , where f is the AC frequency), j is the

imaginary unit, and n is the deviation parameter of the

CPE: 0 B n B 1, for n = 1, Eq. (5) agrees to the impe-

dance of an ideal capacitor, where Q is identified with the

capacity.

A simple electrical equivalent circuit (EEC) has been

proposed to model the experimental data. The EEC

depicted in Fig. 2 is employed to analyze the impedance

spectra, where R1 represents the solution resistance, R2

denotes the charge-transfer resistance, and a CPE instead of

a pure capacitor represents the interfacial capacitance. The

values of the interfacial capacitance Cdl can be calculated

from CPE parameter and polarization resistor according to

the following equation [22, 23]:

Cdl ¼ R
1�n
n
p Q

1
n ð6Þ

where Rp is the polarization resistor. The values of

parameters such as Rp, Q, n and v2, obtained from fitting

the recorded EIS as well as the derived parameters Cdl are

listed in Table 1. The Chi-squared (v2) is used to evaluate

the precision of the fitted data. Inspection of Table 1

reveals that the v2 values are low, which indicates that the

fitted data have good agreement with the experimental

data. It is observed that Rp values increased and the Cdl

values decreased with increasing inhibitors concentration.

The increase in Rp values can be attributed to the adsorp-

tion of the inhibitors on the metal surface leading to the

formation of protective film on the metal surface and thus

decreases the extent of the dissolution reaction [24]. The

decrease in the Cdl values may be due to the increase in the

thickness of the electric double layer [1]. The inhibition

efficiency (gp %) was achieved at (60 %) and (80 %) for

EAE and BE, respectively.

Potentiodynamic polarization curves

Polarization curves were obtained for CS in 1 M H2SO4

solution without and with the inhibitor. Tafel plots obtained

in different concentrations of EAE and BE solutions at
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20 �C were shown in Fig. 3. The electrochemical param-

eters including corrosion potential (Ecorr), corrosion current

density (icorr), anodic and cathodic Tafel slopes (ba and bc),

surface coverage values (h) and inhibition efficiency

(gp ¼ h� 100) are presented in Table 2.

It is clear from Fig. 3 and Table 2 that, the addition of

both EAE and BE to the acid solution causes a remarkable

decrease in the corrosion rate predominantly shifts the

cathodic curves to lower values of current densities; it may

be due to the adsorption of organic compounds present in

the extracts at the active sites of CS surface, retarding both

metallic dissolution and hydrogen evolution reactions and

consequently slowed down the corrosion process [25]. The

structure and functional groups of the inhibitors play

prominent roles during the adsorption process [1]. Inspec-

tion of Table 2 showed that both anodic and cathodic Tafel

slopes do not change remarkably upon addition of EAE and

BE, which indicates that the extracts act as a mixed type

inhibitor for the corrosion of C steel. The values of inhi-

bition efficiency ðgp%Þ determined using potentiodynamic
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a with and without EAE, b with and without BE
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polarization are in good agreement with those obtained

from EIS measurements.

Weight loss measurements

Effect of concentration and temperature on corrosion rate

and inhibition efficiency

The weight loss expressed as the corrosion rate (CR) for

the CS specimens in 1 M H2SO4 solution containing dif-

ferent concentrations of Thapsia villosa extracts (EAE and

BE) as a function of inhibitor concentration in the tem-

perature range of 20–40 �C is showed in Fig. 4. Inspection

of the plots revealed that CR decreases noticeably with

increase in both of EAE and BE concentrations, indicating

that the addition of plant extracts retard the dissolution

process of CS.

In similar experimental conditions, the influence of

temperature on CR was studied. The results presented in

the Table 3 and Fig. 4 show that the CR increases with

temperature both in uninhibited and inhibited solutions,
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and goes up more rapidly at the higher temperature; the rise

in temperature usually accelerates the corrosion reactions

which results in higher dissolution rates of the metal.

The variation of inhibition efficiency (gw%) with tem-

perature and plant extracts concentrations is shown in

Table 3 and Fig. 5. It is clear from Fig. 5 that gw%
increases with the increase in EAE and BE concentration,

while it decreased with increase in temperature. This can

be attributed to increased rate of desorption of phyto-

chemical compounds from the surface of CS with

increasing temperature because these two opposite pro-

cesses are in equilibrium [26, 27]. Several authors have

reported similar observation and the plant extracts were

believed to be physically adsorbed on the CS surface

[26, 28, 29].

At the EAE concentration of 800 ppm, the maximum

EI % in 1 M H2SO4 is 60 % at 20 �C; 57 % at 30 �C; and

37 % at 40 �C. While at the same concentration of BE, the

maximum EI % in 1 M H2SO4 is 74 % at 20 �C; 67 % at

30 �C; and 56 % at 40 �C. The results indicate that both

extracts are good inhibitors for CS in 1 M H2SO4 solution

and the maximum inhibition efficiency was achieved using

BE.

Adsorption isotherm

The decrease in CR by addition of EAE and BE is attrib-

uted to either adsorption of the plant component on the CS

surface [30]. To evaluate the adsorption process of phyto-

chemical components on the CS surface, Langmuir,

Temkin and Freundlich isotherms were obtained according

to following equations:

Langmuir:
C

h
¼ 1

Kads

þ C ð7Þ

Temkin: h ¼ 1

a
logKadsC ð8Þ

Freundlich: log h ¼ logKads þ a logC ð9Þ

where: C is the concentration of inhibitor, Kads is the

adsorption equilibrium constant, h is the surface coverage,

a is the adsorbate parameter

The correlation coefficient (r2), presented in the Table 4,

was used to choose the isotherm that best fit experimental

data. Best results from the plots were obtained for Langmuir

adsorption isotherm, that suggests monolayer adsorption of

both EAE and BE on the CS surface at all temperatures.

Figure 6a, b show the straight lines of C/h versus C,

deviate from unity for EAE at 20–40 �C, indicates that the

interaction force between phytochemical compounds on

the CS surface cannot be neglected [28, 31], and each

molecule occupies more than one adsorption site on the

metal surface [32]. A modified Langmuir adsorption iso-

therm could be applied to this phenomenon, which is given

by following equation [33]:

C

h
¼ n

Kads

þ nC ð10Þ

Table 3 Corrosion parameters obtained from weight loss of CS in 1 M H2SO4 containing various concentrations of EAE and BE at different

temperatures

C (ppm) Temperature (�C)

20 30 40

CR (mg cm-2 h-1) h gw (%) CR (mg cm-2 h-1) h gw (%) CR (mg cm-2 h-1) h gw (%)

EAE Blank 0.3957 – – 0.4271 – – 0.663 – –

200 0.2457 0.3791 37.91 0.2871 0.3278 32.78 0.5734 0.1351 13.51

400 0.1914 0.5163 51.63 0.2357 0.4481 44.81 0.5057 0.2372 23.72

600 0.1757 0.5560 55.60 0.1986 0.5350 53.50 0.4586 0.3083 30.83

700 0.1671 0.5777 57.77 0.1871 0.5619 56.19 0.4357 0.3428 34.28

800 0.1571 0.6030 60.30 0.1814 0.5753 57.53 0.4186 0.3686 36.86

BE Blank 0.3957 – – 0.4271 – – 0.663 – –

200 0.2371 0.4008 40.08 0.2828 0.3378 33.78 0.4928 0.2567 25.67

400 0.1700 0.5704 57.04 0.2186 0.4882 48.82 0.3828 0.3567 35.67

600 0.1328 0.6644 66.44 0.1757 0.5886 58.86 0.3486 0.4742 47.42

800 0.1028 0.7402 74.02 0.1414 0.6689 66.89 0.2928 0.5583 55.83

800 0.1028 0.7402 74.02 0.1414 0.6689 66.89 0.2928 0.5583 55.83
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On the contrary, for the BE, the slope almost equals to

unity, which suggests that the interaction of adsorbed

species is negligible [34].

The adsorptive equilibrium constant (Kads) listed in

Table 5 was estimated from intercept of the Langmuir

isotherm plot. The values of equilibrium constant decrease

with rise in temperature, which may be attributed to des-

orption of inhibitor components at higher temperature

[35, 36].
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Table 4 Correlation coefficient (r2)

Isotherm EAE BE

20 �C 30 �C 40 �C 20 �C 30 �C 40 �C

Langmuir 0.999 0.999 0.999 0.999 0.999 0.998

Temkin 0.991 0.998 0.997 0.936 0.990 0.978

Freundlich 0.984 0.976 0.998 0.997 0.997 0.966
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Fig. 6 Langmuir isotherm adsorption for CS in 1 M H2SO4 at

different temperatures of a the EAE b of the BE

Table 5 Parameters of the

linear regression between C/h
and C in 1 M H2SO4

T (�C) Parameters of the linear regression

EAE BE

Slope r2 Kads (L mg-1) Slope r2 Kads (L mg-1)

20 1.36 0.999 5.47 9 10-3 0.93 0.999 3.09 9 10-3

30 1.27 0.999 3.49 9 10-3 1.02 0.999 2.51 9 10-3

40 1.15 0.999 0.93 9 10-3 1.08 0.998 1.64 9 10-3
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Effect of the temperature

The effect of temperature on the rate of the CS corrosion

process using electrochemical measurements was studied

in 1 M H2SO4 alone and in the presence of EAE and BE.

Corresponding data are given in Tables 6 and 7. It was

found that the corrosion current density (icorr) increased but

the polarization resistance (Rp) and the inhibition efficiency

decreased with increasing temperature. The decrease in

inhibition efficiency reveals that the film formed on the

metal surface is less protective at higher temperatures,

since desorption rate of the inhibitor is greater at higher

temperatures [37].

The activation parameters were calculated from Arrhe-

nius equation:

CR ¼ Aexp � E�
a

RT

� �
ð11Þ

where CR is corrosion rate, E
�
a is the apparent activation

energy of the CS dissolution and A is the Arrhenius pre-

exponential factor. The apparent activation energy was

calculated from the plots of logarithm of CR versus 1/T

(Fig. 7) and shown in Table 8. It can be seen in the Table 8

that E
�
a is higher in the presence of the inhibitors than in

their absence and increased with the increase in concen-

tration of EAE and BE, which indicate a strong adsorption

of the inhibitor molecules at the CS surface [1].

An alternative form of Arrhenius equation is the tran-

sition-state equation [38, 39]:

CR ¼ RT

NAh
exp

gS
�

a

R
expð� gH

�

a

RT
Þ ð12Þ

where h is the plank’s constant, NA is Avogadro’s number,

gS
�
a the entropy of activation and gH

�
a is the enthalpy of

activation. Figure 8 shows a plot of lnCR=T vs. 1/T.

Straight lines were obtained with a slope of � gH
�
a

RT
and an

intercepts of (ln R
NAh

þ gS
�
a

R
), from which the values of gS

�
a

and gH
�
a were calculated and listed in Table 8. For both

ethyl acetate and n-butanol extracts, the positive signs of

enthalpies reflect the endothermic nature of the dissolution

process [39, 40].
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Fig. 7 Arrhenius plots related to the corrosion rate for CS in 1 M

H2SO4 a EAE, b BE

Table 8 The values of activation parameters E
�

a, DH
�

a and DS
�

a for CS in 1 M H2SO4 at different concentrations of EAE and BE at different

temperatures

Activation parameters E
�
a, DH

�
a DS

�
a and at (20–40) �C

C (ppm) EAE BE

E
�

a (kJ mol-1) DH
�

a (kJ mol-1) DS
�

a (J mol-1 K-1) E
�

a (kJ mol-1) DH
�

a (kJ mol-1) DS
�

a (J mol-1 K-1)

Blank 21.45 18.71 -15.58 21.45 18.71 -15.58

200 35.23 32.49 27.06 30.42 27.69 10.59

400 40.39 37.64 42.49 33.74 31.00 19.25

600 39.88 37.13 39.82 40.12 37.37 38.74

800 39.84 37.09 39.24 43.51 40.76 48.13

1000 – – – 51.73 48.98 74.01
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It is evident from data listed in Table 8 that, the values

of E0
a are larger than corresponding values of gH0

a indi-

cating the corrosion process involved a gaseous reaction,

simply the hydrogen evolution reaction, associated with a

decrease in total reaction volume [39, 40]. Moreover, the

difference value E0
a � gH0

a is 2.74 kJ/mol, which is

approximately equal to the average value of RT. Therefore,

this shows that the corrosion process is a unimolecular

reaction as it is characterized by the equation:

E0
a � gH0

a ¼ RT ð13Þ

Investigation of Table 8 reveals that the sign of gS
�

a is

negative in free acid solution, whereas it becomes positive

with the addition of both extracts, this suggest that the

adsorption of organic inhibitor molecules is accompanied

by desorption of water molecules from the steel surface

[41]. Hence, the gain in entropy is attributed to the increase

in solvent entropy and to more positive water desorption

enthalpy [26]. The positive values of the entropy, related to

substitutional adsorption, can be attributed more to the

increase of adsorbed inhibitor molecules rather than the

decrease of water molecule desorption [41].

Conclusion

It can be concluded as follows:

• EAE and BE of Thapsia villosa act as good inhibitors

for the corrosion of CS in 1 M H2SO4 solution.

• The inhibition efficiency of all electrochemical tests

and weight loss measurements were in good agreement.

• The inhibition efficiency of CS in acid solution

increased with increases in concentrations of the EAE

and BE and decreases with rising temperature.

• The adsorption of organic molecules on the CS surface

obeys the Langmuir adsorption isotherm.

• Potentiodynamic polarization measurements demon-

strate that EAE and BE act as a mixed-type inhibitions.

• The apparent activation energy (Ea) of CS dissolution

increases in presence of Thapsia villosa extracts.
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