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Gravimetric method was used to study the temperature effects on mild steel corrosion in 2.0M of HCl 
and H2SO4 in the absence and presence of aqueous extract for fenugreek leaves (AEFL). In     2.0 M 
HCl, the results revealed that the inhibition efficiency of AEFL increases with increasing 
concentration, but an increase or decrease in the inhibitor efficiency depending on its concentration is 
detected with increasing temperature. On the other hand, in 2.0 M H2SO4, the inhibition efficiency of 
AEFL was found to increase with increasing both the inhibitor concentration and solution temperature. 
However, the AEFL inhibited mild steel corrosion in HCl more than in H2SO4 at all inhibitor 
concentrations and solution temperatures. The inhibition action of AEFL was performed via adsorption 
of the extract species on mild steel surface. The adsorption was spontaneous and followed Langmuir 
adsorption isotherm in HCl, while followed Temkin adsorption isotherm in H2SO4 at all studied 
temperatures. Thermodynamic data for both inhibitor adsorption and mild steel corrosion led to 
suggest the occurrence of (a) comprehensive adsorption (physical and chemical adsorption) for the 
inhibitor species on mild steel from HCl solution and (b) chemical adsorption for the inhibitor species 
on mild steel from H2SO4 solution. The inhibition mechanism for the adsorption of AEFL species on 
mild steel surface from both acids was discussed with the light of some AEFL constituents. 
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1. INTRODUCTION 

The effect of temperature on a chemical reaction of practical and theoretical important. Like 
most chemical reactions, the rate of corrosion of iron and steel increases with temperature especially in 
media in which evolution of hydrogen a companies corrosion, e.g. during corrosion of steel in acids. 
Acid pickling of steel is usually carried out at elevated temperature� up to 60°C in hydrochloric acid 
(HCl) solutions and� up to 90°C in sulfuric acid (H2SO4) solutions [1]. Accordingly, pickling 
inhibitors are expected to be chemically stable to provide high protective efficiency under the 
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conditions mentioned above. Temperature effects on acidic corrosion and corrosion inhibition of  iron 
and steel most often in HCl and H2SO4 solutions had been the object of a large number of 
investigations [2-10]. Temperature dependence of the inhibitor efficiency (IE) and the comparison of 
the obtained thermodynamic data of the corrosion process both in absence and presence of inhibitors 
leads to some conclusions concerning the mechanism of inhibiting action.  

The object of the present work was to study the temperature effects on mild steel corrosion in 
2.0 M HCl and 2.0 M H2SO4 solutions in the absence and presence of various additions of aqueous 
extract for fenugreek leaves (AEFL) by using gravimetric method. Various thermodynamic parameters 
for inhibitor adsorption on mild steel surface were estimated and discussed. Kinetic parameters for 
mild steel corrosion in absence and presence of the studied inhibitors were evaluated and interpreted. 
On the light of inhibitor constituent, the inhibition mechanism for mild steel in both acids was 
suggested. 
 
 
2. EXPERIMENTAL PART 

2.1. Materials 

The experiments were performed with mild steel rods of the following composition; C: 0.250, 
Mn: 0.480, Si: 0.300, Ni: 0.040, Cr: 0.060, Mo: 0.020, S: 0.021, P: 0.019 and the remainder is Fe. 
 

2.2. Preparation of AEFL 

Stock solution of the inhibitor extract were prepared by boiling 10 g of dried, grounded 
fenugreek leaves in 250 ml of de-ionized water for 1 h. The extract was left all night and then filtered 
and completed to 250 ml by de-ionized water. Both the freshly prepared extract and that aged in a 
refrigerator for tow months give almost the same results. 
 

2.3. Solutions 

The aggressive solutions used were made of AR� grade (BDH) HCl and H2SO4. Appropriate 
concentration (2.0 M) of each acid was prepared using de-ionized water in the absence and presence of 
various concentrations of AEFL. The employed concentration range of AEFL was of 0.5-10 v/v % 
(ml/100ml)  
 

2.4. Corrosion rates measurements 

Gravimetric methods was employed for corrosion rates calculations. Prior to each experiment, 
the mild steel specimen of 1.0 cm in diameter and 5.0 cm in length was abraded with a series of emery 
paper from 220 to 1000 grades. Then, the specimen was washed several times with de-ionized then 
with ethanol and dried using a stream of air. After weighing accurately, it was immersed in 100 ml 
flask, which contained 50 ml of 2.0 M HCl or 2.0 M H2SO4 in  absence and presence of a certain 
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concentration of AEFL. After 120 minute, the specimen was taken out, washed, dried and weighed 
accurately. Then the tests were repeated at different inhibitor concentrations and different 
temperatures. 
 
 
3. RESULTS AND DISCUSSION 

3.1. Effect of temperature on mild steel corrosion rates 

The value of corrosion rate ( .corrρ ) was calculated from the following equation: 

 

tA
mm

cmgcorr .
)min..( 2112

.
−

=−−ρ                                                           (1) 

 

where 1m  and 2m  are  the masses of the specimen before and after corrosion, A  is the total area of the 

specimen and t is the corrosion time. 
Table 1 represents the corrosion rates of mild steel specimen in 2.0 M of HCl and H2SO4 in the 

absence and presence of different concentrations of AEFL at different temperatures. As observed from 
Table 1, the corrosive attack of the uninhibited acids on mild steel surface at all studied temperatures 
was in the order HCl > H2SO4, because of the more corrosive nature of chloride ions. Similar 
observations were found in previous studies [11-13]. In 2.0 M inhibited HCl solutions, a remarkable 
decrease in mild steel corrosion rate was observed with the addition of increasing amount of AEFL at 
each studied temperature. While in 2.0 H2SO4 solutions, the low concentration additions (0.5 and 1.0 
v/v%) of AEFL causes an acceleration effect especially at temperatures of 30° and 40° C, this behavior 
disappears with increasing both inhibitor concentration and solution temperature. It is clear from Table 
1 that corrosion rate of mild steel in both acids in absence and presence of AEFL obeys the Arrhenius 
type reactions as  it increases with rising solution temperature.  

 
Table 1. Mild steel corrosion rates in 2.0 M of both HCl and  H2SO4 in absence and presence of 
different concentrations of AEFL  at different temperatures  
 

ρcorr×105 (g cm-2 min-1) 
H2SO4  HCl 

70° 60° 50° 40° 30°  70° 60° 50° 40° 30° 

.inhC  
(v/v %) 

������ ������ ���	� 
���� 0.998  �����
 �	���� ������ ����
 ��	�� 0.0 
18.427 8.865 5.275 2.203 �����  29.994 6.413 2.986 1.022 0.713 0.5 
13.281 5.409 4.369 1.715 �����  22.967 5.480 2.278 0.647 ����
 1.0 
9.548 4.894 3.914 1.521 0.807  ������ 3.696 1.947 0.563 0.308 2.0 
7.687 4.115 3.271 1.341 0.741  ��	�� 2.695 1.105 0.361 0.237 5.0 
4.301 3.059 1.887 0.817 0.467  ���	� 1.735 1.011 0.349 0.180 10.0 

 

Assuming that the corrosion rate of mild steel against the concentration of the studied inhibitor 
obeys the kinetic relationship [14, 15]: 
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.. logloglog inhcorr CBk +=ρ                                                               (2) 

 

Where k  is the rate constant and equal to .corrρ  at inhibitor concentration of unity, B is the reaction 
constant which in the present case is a measure for the inhibitor effectiveness and .inhC  is the v/v% 
(ml/100ml) concentration of the AEFL. Figure 1 represents the curves of .log corrρ  versus  .log inhC  at 

various studied temperatures. The straight lines show that the kinetic parameters (k and B) could be 
calculated by Eq. 2, and listed in Table 2. The obatained results from this table were summarized as 
follows: 
 

• The negative sign for  the values of reaction constant B indicates that the rate of corrosion 
process is inversely proportional to the inhibitor concentration, meaning that the inhibitor 
becomes more effective with increasing its concentration. So, when the change of .corrρ  with 

inhibitor concentration becomes steep (high negative value for constant B) it reflects good 
inhibitive properties for the studied inhibitor. Accordingly, by using the value of the constant B, 
it is possible to compare the  inhibitor action in both acids and at different temperatures:  

• At all studied temperatures the B values recorded for mild steel in HCl are more negative than 
these recorded in H2SO4, reflecting that AEFL is more effective in the former acid than in the 
latter. 

• Increasing temperature leads to an increase in the inhibitory action of AEFL in both acids 
except that in HCl solutions as it is observed limited decrease in the negative value of B with 
increasing temperature from 30o to 50o and after which it tends to become more negative. 

• The k  value increases with rising temperature in both acids and its magnitude at each 
temperature for each acid  is comparable to that recorded in Table 1 for the analogous system 
containing 1.0% of AEFL which indicates the validity of Eq. (2). 

 

Table 2. Kinetic parameters for the corrosion of mild steel in 2.0 M of both HCl and H2SO4 containing 
AEFL at different temperatures. 
 

Kinetic parameters 
H2SO4  HCl 

k ×105 (g cm-2 min-1) B   k ×105 (g cm-2 min-1) B  

Temperature 
 

(°C) 
1.023 -0.287  0.447 -0.421 30° 
1.820 -0.292  0.724 -0.360 40° 
4.467 -0.308  2.291 -0.383 50° 
5.754 -0.309  5.129 -0.437 60° 

13.490 -0.452  22.387 -0.649 70° 
 

3.2. Effect of temperature on inhibition efficiency (%)IE   

With the calculated corrosion rates listed in Table 1, the inhibition efficiency or acceleration for 
mild steel corrosion in both acids in the presence of various concentrations of AEFL and at different 
temperatures was obtained from the following equation: 
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100)((%)
.

.. ×
−

= ο

ο

ρ
ρρ

corr

corrcorrIE                                                        (3) 

 

where ορ .corr  and .corrρ  are the corrosion rates of  mild steel in absence and presence of certain 

concentration of AEFL, respectively. 
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Figure 1. Variation of .log corrρ  with .log inhC  for mild steel corrosion in (a) 2.0 M HCl and (b) 2.0 
H2SO4 at various temperatures. 

 
 

Table 3. Inhibition efficiencies of AEFL at different concentrations and temperatures in 2.0 M of both 
HCl and  H2SO4 

 
(%)IE  

H2SO4  HCl 
70° 60° 50° 40° 30°  70° 60° 50° 40° 30° 

.inhC  
(v/v %) 

����� 34.50 23.51 -1.29 -16.49  ���

 ����
 74.17 67.47 62.75 0.5 
63.96 38.29 36.64 21.15 -6.91  �	��	 �
�
� 80.29 79.41 80.04 1.0 
74.09 53.39 43.24 30.07 19.14  �	��� ���
� 83.16 82.08 83.91 2.0 
79.14 64.54 52.57 38.34 25.75  ���	� ����� 90.44 88.51 87.62 5.0 
88.33 73.64 72.64 62.44 53.21  	
�
� 	��
� 91.25 88.89 90.60 10.0 
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Table 3 illustrates the variation of (%)IE  with AEFL concentration at different temperatures in 

2.0 M of HCl and H2SO4. The obtained data in Table 3 reveal that in both acids, the inhibition 
efficiency increased with an increase in the inhibitor concentration. This suggests that the inhibitor 
species are adsorbed on the mild steel/solution interface where the adsorbed species mechanically 
screen the coated part of the metal surface from the action of the corrosive medium.  

As observed from Table 3, the effect of temperature on the inhibition efficiency of the studied 
inhibitor at all concentrations and temperatures shows two behavioral aspects depending on the type of 
the studied acid solution as follows: 

 
1) In 2.0 M HCl solutions, an increase or decrease in the inhibitor efficiency depending on its 

concentration was detected with increasing temperature indicating that adsorption of inhibitor 
species on mild steel surface at these conditions is not merely physical or chemical adsorption 
but obeying a comprehensive adsorption (physical and chemical adsorption) [16].  

2) In 2.0 M H2SO4 solutions, remarkable increase in the inhibitor efficiency was observed with 
increasing  temperature up to 70° C. This increasing efficiency with increase in temperature is 
suggestive chemical adsorption mechanism which effectively enhanced with rising temperature 
[17]. 

 

The effect of temperature on the inhibited acid-metal reaction is highly complex, because many 
change occur on the metal surface such as rapid etching and desorption of inhibitor and the inhibitor 
itself may undergo decomposition and/or rearrangement. However, it was found that few inhibitors 
with acid-metal systems have specific reactions which are effective at high temperature as (or more) 
they are at low temperature [17-20].  

In general, the data in Table 3 revealed that AEFL behaves in 2.0 M HCl better than in 2.0 M 
H2SO4. Several observations of such enhanced efficiency demonstrated by organic inhibitors of mild 
steel corrosion in HCl solutions as compared in H2SO4 solutions  have been reported [11, 21-24] and 
may be attributed to the fact that chloride ions being less hydrated than sulphate ions are strongly 
adsorbed on the metal surface by creating an excess negative charge towards the solution phase, which 
favors synergistic adsorption on the metal surface. 
 

3.3. Adsorption isotherms 

The primary step in action of inhibitors in acid solutions is generally agreed to be adsorption on 
to the metal surface, which is usually oxide free in acid solutions. The adsorption of an inhibitor 
species, Inh., on the metal surface in aqueous solutions should be considered a place exchanger 
reaction: 

 
.2..2. .. aqadsadsaq OxHInhOxHInh +⇔+                                          (4) 

 
where x, the size ratio, is the number of water molecules displaced by one molecule of organic 
inhibitor. When the equilibrium of the process described in equation (4) is reached, it is possible to 
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obtain different expressions of the adsorption isotherm plots, and thus the degree of surface coverage 

(
100

(%)IE
=Θ ) can be plotted as a function of the concentration of the inhibitor under test. It is 

worthwhile that at all studied temperatures the degree of surface coverage varies with the AEFL 
concentration following the Langmiur [25] adsorption isotherm in 2.0 M HCl (see Fig. 2) and Temkin 
[26] adsorption isotherm in 2.0 M H2SO4 (see Fig. 3). Langmuir and Temkin mathematical expressions 
are given as follows, respectively:  
 

.
...

. 1
inh

ace

inh C
K

C
+=

Θ
                                                                     (5) 

.... ln
1

ln
1

inhace C
f

K
f

+=Θ                                                             (6) 
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Figure 2. Langmuir adsorption isotherm of AEFL on mild steel surface in 2.0 M HCl. 

 

where .inhC is the inhibitor bulk concentration in ml L-1, ... aceK (ml-1 L) is the equilibrium constant of 
adsorption and  f  is the Temkin heterogeneity factor which is related to Frumkin lateral interaction 
factor a  ( af 2−= ). The factor a  describing the molecular interactions in the adsorbed layer. It can 

have both positive and negative values. The positive values of  a  indicates attraction forces between 
the adsorbed molecules while the negative values indicates repulsive forces between the adsorbed 
molecules. The adsorption parameters from both Langmuir and Temkin adsorption isotherms are 
estimated and listed in Tables 3 and 4, respectively. The obtained data in Tables 3 and 4 can be given  
as follows: 
 

• The experimental data give good curves fitting for the applied adsorption isotherms as the 
correlation coefficients (r2) were in the range  0.999 � r2 � o.946.   

• As the adsorption isotherm in 2.0 M HCl is of Langmuir-type with slope of almost unity, 
monolayer of the inhibitor species must have been attached to mild steel surface without 
lateral interaction between the adsorbed species.  
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• As the adsorption isotherm in 2.0 M H2SO4 is of Temkin-type with negative values of factor 
a, repulsive forces between the adsorbed species on mild steel surface are expected.  

• ... aceK  value increases with temperature in both acids except in the case of HCl where it tends 

to decrease with the increase of temperature from 50o to 70° C.  
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Figure 3. Temkin adsorption isotherm of AEFL on mild steel surface in 2.0 M H2SO4. 
 
 
Table 4. Adsorption parameters for AEFL in 2.0 M HCl obtained from Langmuir adsorption isotherm 
at different temperatures. 
 

Adsorption parameters 

r2 ... aceK  (ml-1 L)  slope 

Temperature 
 

(°C) 
0.999 0.445 1.1 30° 
0.999 0.562 1.1 40° 
0.999 0.578 1.1 50° 
0.999 0.336 1.1 60° 
0.999 0.146 1.0 70° 

 

Table 5. Adsorption parameters for AEFL in 2.0 M H2SO4 obtained from Temkin adsorption isotherm 
at different temperatures. 
 

Adsorption parameters 

r2 ... aceK  (ml-1 L) a 1/f 

Temperature 
 

(°C) 
��	�� 0.089 -2.22 0.225 30° 
��	�� 0.226 -2.65 0.189 40° 
��	�� 0.907 -3.21 0.156 50° 
��	�� 4.519 -4.10 0.122 60° 
��	�� 17.288 -4.17 ���
� 70° 
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3.4. Thermodynamic adsorption parameters 

The well known thermodynamic adsorption parameters are the free energy of adsorption 
( .adsG∆ ), the heat of adsorption ( .adsH∆ ) and the entropy of adsorption ( .adsS∆ ). These quantities can be 
calculated by various mathematical methods depending on the estimated values of ... aceK  from 

adsorption isotherms, at different temperatures as follows: 
 

3.4.1. Method (I) 

The .adsG∆  values at all studied temperatures can be calculated from the following equation 

[27]: 
 

)exp(
1 .

2
... RT

G
C

K ads

OH
ace

∆−=                                                          (7) 

 

where OHC
2

 is the concentration of water molecules (in ml L-1) at metal/solution interface. Then, the 

obtained .adsG∆  values are plotted  versus T  (Fig. 4) in accordance with the basic equation [28]: 

 

... adsadsads STHG ∆−∆=∆                                                                  (8) 

 

A straight lines of intercept represents the .adsH∆  values. By introducing the obtained 

.adsH∆ values in Equation 8, .adsS∆  values are calculate at all studied temperatures. As observed from 

Fig. 4, a segmented straight line of tow opposite slopes was obtained in 2.0 M HCl indicating the 
existence of tow sets of adsorption sites with different energetic heat of adsorption leading to the 
occurrence of comprehensive adsorption. All estimated thermodynamic adsorption parameters for 
AEFL on mild steel from 2.0 M of HCl and H2SO4 solutions were listed in Table 6. 
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Figure 4. the variation of .adsG∆  with T . 
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Table 6. Thermodynamic parameters for the adsorption of AEFL on mild steel in 2.0 M of both HCl 
and M H2SO4 at different temperatures. 
 

Thermodynamic adsorption parameters 
H2SO4 HCl 

�Sads 

kJ mol-1K-1 
�Hads 

kJ mol-1 
�Gads 

kJ mol-1 

 
�Sads 

kJ mol-1K-1 
�Hads 

kJ mol-1 
�Gads 

kJ mol-1 

 
Temperature 

 
(°C) 

       Method (I) 
0.422 116.59 -11.31  0.085 10.45 -15.37 30° 
0.418 116.59 -14.11  0.086 10.45 -16.48 40° 
0.418 116.59 -18.29  0.085, -0.143 10.45, -63.42 -17.08 50° 
0.420 116.59 -23.31  -0.142 -63.42 -16.11 60° 
0.421 116.59 -27.83  -0.143 -63.42 -14.22 70° 

       Method (II) 
0.422 116.59 -11.31  0.086 10.62 -15.37 30° 
0.418 116.59 -14.11  0.087 10.62 -16.48 40° 
0.418 116.59 -18.29  0.086, -0.143 10.62, -63.12 -17.08 50° 
0.420 116.59 -23.31  -0.141 -63.12 -16.11 60° 
0.421 116.59 -27.83  -0.143 -63.12 -14.22 70° 

       Method (III) 
�.��� 116.61 6.02  0.029 ����
 1.93 30° 
�.��� 116.61 3.93  0.029 ����
 1.64 40° 
�.��� 116.61 0.33  0.029, -0.200 10.72, -63.23 1.35, 1.37 50° 
�.��� 116.61 -4.27  -0.200 -63.23 3.37 60° 
�.��� 116.61 -8.24  -0.200 -63.23 5.37 70° 

       Method (IV) 
0.422 116.61 -11.26  0.086 ����
 -15.34 30° 
0.418 116.61 -14.22  0.087 ����
 -16.51 40° 
0.418 116.61 -18.40  0.086, -0.142 10.72, -63.23 -17.06, -17.36 50° 
0.420 116.61 -23.25  -0.142 -63.23 -15.94 60° 
0.421 116.61 -27.79  -0.143 -63.23 -14.18 70° 

       Method (V) 
0.422 116.61 -11.31  0.086 ����
 -15.37 30° 
0.418 116.61 -14.11  0.087 ����
 -16.48 40° 
0.418 116.61 -18.29  0.087, -0.143 10.72, -63.23 -17.08 50° 
0.420 116.61 -23.31  -0.142 -63.23 -16.11 60° 
0.421 116.61 -27.83  -0.143 -63.23 -14.22 70° 

 

3.4.2. Method (II) 

Gibbs-Helmholtz equation is [29]: 
 

2
.. )

)/(
(

T

H

T

TG ads
P

ads ∆
−=

∂
∆∂

                                                      (9)   

                              

The following equation can be derived from Eq. (9) 
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dT
T

H

T

G adsads
��

∆
−=
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2

.. )(
                                                         (10) 

 

It can be written the following equation from Eq. (10): 
 

tcons
T

H

T

G adsads tan.. +
∆

=
∆

                                                    (11)  

                                     

By plotting 
T

Gads.∆
 versus 

T
1  (see Fig. 5), straight lines with slope represents the value of 

.adsH∆ . In 2.0 M HCl, a segmented straight line is also obtained. It must be pointed out that the values 

of .adsG∆ were calculated as in method (I) from Eq. (7). By applying Eq. (8), .adsS∆ values were 

calculated for all studied systems. All estimated thermodynamic adsorption parameters for AEFL on 
mild steel from 2.0 M of HCl and H2SO4 solutions were listed in Table 6. 
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Figure 5. The variation of 
T

Gads.∆
with 

T
1 . 

 

3.4.3. Method (III) 

The dependence of the ... aceK  values on the temperature can be given by the equation [30]: 

 

)exp()exp( ..
... RT

H

R

S
K adsads

ace
∆

−
∆

=                                           (12) 

 

which can be written in the form: 
 

RT

H

R

S
K adsads

ace 303.2303.2
log ..

...
∆

−
∆

=                                                (13) 
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By plotting ...log aceK  versus 
T
1  (see Fig. 6), a straight lines of slope 

R

H ads

303.2
.∆

−  are obtained. In 

2.0 M HCl, a segmented straight line is also obtained. The estimated .adsH∆  values were introduced in 

Eq. (13) in order to calculate the corresponding .adsS∆  at all studied temperatures. Then the obtained  

.adsH∆  and .adsS∆  were used to calculate .adsG∆  with the help of Eq. (8). All estimated thermodynamic 

adsorption parameters for the studied inhibitor on mild steel from 2.0 M of HCl and H2SO4 solutions 
were listed in Table 6.  
 

3.4.4. Method (IV) 

By substituted the term .adsG∆  in Eq. (7) with the equal terms in Eq. (8) the following equation 

can be obtained: 
 

)exp(
1 ..

2
... RT

H

R

S

C
K adsads

OH
ace

∆
−

∆
=                                        (14) 

 

which can be written as follows: 
 

RT

H

R

S
CK adsads

OHace 303.2
)

303.2
log(log ..

2...
∆

−
∆

+−=                         (15) 

 

Equation (15) is similar to Eq. (13) except the intercept, where a new term was introduced in 
the intercept of Equation (15), this is  OHC

2
log− . Figure 6  represents also the relation in Eq. (15) in 

both acids. The .adsH∆ , .adsS∆  and .adsG∆  values for the inhibitor adsorption on mild steel in 2.0 M of 

HCl and H2SO4 were calculated as in Method (III) and the resultant data were listed in Table 6. 
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3.4.5. Method (V) 

The heat of adsorption ( .adsH∆ ) could be calculated according to the Van,t Hoff equation [ 31]: 

 

tcons
RT

H
K ads

ace tan
303.2

log .
... +

×
∆

−=                                           (16) 

 

 Figure 6 also represents the above relation where the slope of the resultant straight lines gives 
the value of .adsH∆  in both acids. The .adsG∆  and .adsS∆  values in both acids were estimated from Eqs. 

(7 and 8), respectively. All the obtained values of .adsH∆ , .adsS∆  and .adsG∆  for the inhibitor adsorption 

on mild steel in both acids were listed in Table 6. 
Inspection of  the data recorded in Table 6, it was found that the thermodynamic parameters 

estimated by various methods are almost the same with the exception of .adsG∆  and .adsS∆  values 

calculated from Method (III) as their values deviated considerably from those obtained from the other 
methods. This result indicates that method (III) is not advisable for .adsG∆ and .adsS∆  calculations. 

Method (III)  can be used only for .adsH∆ calculations, while ο
.adsS∆ and .adsG∆  can be estimated in 

accordance with Eqs. (7 and 8). So, it must be noted that .adsG∆  and .adsS∆  values calculated from 

Method (III) and recorded in Table 6 are not involved in the following discussions. 
In general, the negative values of .adsG∆  reflect that the adsorption of the AEFL species on mild 

steel surface from both acids is spontaneous process [32-34]. The dependence of .adsG∆  on 

experimental temperature can be summarized in tow cases as follows: 
 

a) .adsG∆  may increase (becomes less negative) with increasing temperature indicating the occurrence 

of exothermic process at which adsorption was unfavorable with increasing reaction  temperature 
as the result of  the inhibitor desorption from the steel surface [34]. 

b) .adsG∆ may decrease (becomes more negative) with increasing temperature indicating the 

occurrence of endothermic process at which increasing temperature facilitates inhibitor adsorption. 
 

Both the two above cases (a and b) are observed for the adsorption of the studied inhibitor 
species on mild steel surface from HCl solution depending on the applied temperature range (see Table 
6), indicating the occurrence of both endothermic and exothermic adsorption processes. While in 
H2SO4 solution, case (b) is only observed, indicating that the adsorption of  inhibitor species is mainly 
occurred by endothermic process. 

Moreover, the value of adsorption heat ( .adsH∆ ) gives valuable information about the 

mechanism of inhibitor adsorption. According to the recorded values of .adsH∆  in Table (6) the 

following results can be obtained: 
 

• In 2.0 M HCl solutions, both endothermic ( 72.10. =∆ adsH  kJ mol-1) and exothermic 

( 23.63. −=∆ adsH kJ mol-1) adsorption behaviour were detected depending on the exact range of 
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applied temperatures.  The average value of .adsH∆  is about -26.26 kJ mol-1 which is larger than 

the common physical adsorption heat, but smaller than the common chemical adsorption heat 
[35], probably meaning that both physical and chemical adsorption take place (i.e. 
comprehensive adsorption). That is to say, since the adsorption heat approached the general 
chemical reaction heat, the chemical adsorption might occur accompanied by physical 
adsorption (electrostatic interaction). 

• In 2.0M H2SO4 solutions, a large, positive value of .adsH∆  (116.59 kJ mol-1) was observed in 

the studied range of temperatures showing that the corrosion inhibition of mild steel in such 
solutions proceeds by chemical adsorption for the studied inhibitor species on the metal 
surface. This observation is in good agreement with those of Barrow [36] and Talati and Modi 
[37]. These reports state that the heat of chemical adsorption should be greater than 80 kJ mol-1. 

 

More interesting behaviour was observed in Table (6) that positive .adsS∆  values is 

accompanied with endothermic adsorption process while negative .adsS∆  values is accompanied with 

exothermic adsorption process. This is agrees with what expected, when the adsorption is an 
exothermic process, it must be accompanied by a decrease in the entropy energy change and vies versa 
[38].  
 

3.5. Kinetic-thermodynamic corrosion parameters 

As noticed previously, the adsorption process was well elucidate by using a thermodynamic 
model, in addition a kinetic-thermodynamic model was another tool to explain the mechanism of 
corrosion inhibition for an inhibitor. 

 
Table 7. Kinetic-thermodynamic corrosion parameters for mild steel corrosion in absence and 
presence of various concentrations of AEFL. 
 

Kinetic corrosion parameters 
*S∆  (kJ mol-1K-1)  *H∆ (kJ mol-1) *

.appE  (kJ mol-1) A  (g.cm-2.min-1) 
.inhC  

(v/v %) 

    HCl 
-0.100 ����� ����� 1.047×108 0.0 
-0.091 ���

 �	��	 2.951×108 0.5 
-0.067 86.15 ����� 57.544×108 1.0 
-0.079 83.05 ����� 14.454×108 2.0 
-0.107 75.14 ����� 0.468×108 5.0 
-0.137 66.35 �	��� 0.013×108 10.0 

    H2SO4 

-0.097 74.08 76.76 1.585×108 0.0 
-0.169 51.58 54.27 2.691×104 0.5 
-0.171 51.49 54.15 2.138×104 1.0 
-0.176 50.26 52.94 1.122×104 2.0 
-0.186 47.58 50.19 0.339×104 5.0 
-0.191 47.28 49.96 0.195×104 10.0 
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Figure 7. Arrhenius plots for mild steel corrosion rates ( .corrρ ) in (a) 2.0 M HCl and (b) H2SO4 in  
absence and presence of  various concentrations of AEFL. 
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Figure 8. Transition-state plots for mild steel corrosion rates ( .corrρ ) in (a) 2.0 M HCl and (b) H2SO4 in  
absence and presence of  various concentrations of AEFL. 
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The apparent effective activation energies ( *
.appE ) for the corrosion reaction of mild steel in both 

acids in the absence and presence of different concentrations of AEFL were calculated from 
Arrhenius-type equation [39]: 

 

RT

E
A app

corr 303.2
loglog

*
.

. −=ρ                                                       (17) 

 

where A is the Arrhenius pre-exponential factor. A plot of .log corrρ  versus 
T
1  gave straight lines as 

shown in Fig. 7.  The enthalpy of activation ( *H∆ ) and the entropy of activation ( *S∆ ) for the 
intermediate complex in the transition state for the corrosion of mild steel in both acids in the absence 
and presence of different concentrations of AEFL were obtained by applying the transition-state 
equation [39]: 
 

RT
H

R
S

hN
R

T
corr

303.2
)]

303.2
())[(log()log(

**
. ∆−∆+=

ρ                       (18) 

 

where h  is the Plank,s constant and N  is the Avogadro,s number. A plot of )log( .

T
corrρ  versus 

T
1  should 

give a straight lines (see Fig. 8) with a slope of )
303.2

(
*

R
H∆−  and an intercept of )]

303.2
())[(log(

*

R
S

hN
R ∆+  from 

which the values of *H∆  and *S∆  were calculated, respectively. All estimated kinetic-thermodynamic 
parameters were tabulated in Table 7. The obtained data in Table 7 can be interpreted as follows: 

 

• In 2.0 M HCl solutions, the addition of AEFL led to an increase in the apparent activation 
energy to values greater than that of the uninhibited solution (except that at 10.0 v/v%), 
suggesting that higher energy barrier for the corrosion process in the inhibited solutions 
associated with physical adsorption or weak chemical boding between the inhibitor species and 
the steel surface [7, 31]. Figure 9  illustrates the dependence of the apparent activation energy 
on the inhibitor concentration. The value of *

.appE increases with the increase in inhibitor 

concentration until reaches maximum value (88.83 kJ mol-1)  at concentration of 1.0 v/v% after 
which a decrease in the *

.appE  value was observed with inhibitor concentration, but it was still 

higher than that of the uninhibited solution except for the higher level of inhibition (10 v/v%) 
as the detected *

.appE  value was somewhat lower  than that of the uninhibited solutions. The 

decrease in the *
.appE  value at higher level of inhibitor efficiency was reported in the literature 

[31,33, 34]. Earlier explanation for this behaviour reported by Riggs and Hurd [40] was that at 
higher levels of inhibition the net corrosion reaction shifts from that on the uncovered part of 
the metal surface to the covered one. While unchanged or lowered *

.appE  in inhibited solutions 

compared to the uninhibited one has been reported [39, 41, 42] to be indicative of chemical 
adsorption mechanism, as a result of which a surface film is formed and the surface area of the 
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metal covered by inhibitor species increases as temperature rises. These observations further 
support the occurrence of both physical and chemical adsorption for AEFL species on mild 
steel surface from HCl solutions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. The relation of *
.appE  and A with the concentration of AEFL in (a) 2.0 M HCl and (b) H2SO4. 

 
• In 2.0 M H2SO4 solutions, the addition of AEFL led to abrupt decrease in the apparent 

activation energy to a value lower than that of the uninhibited solution and followed by 
monotonous decrease with the increase of inhibitor concentration (see Fig. 9), indicating that 
the inhibitory action of AEFL  for mild steel corrosion in 2.0 M H2SO4 solutions occurs via 
chemical adsorption. 

• In both acids, the tendency of variation in pre-exponential factor (A) was found to be similar to 
that in apparent activation energy (see Fig. 9). Similar results had been observed by some 
researchers [31, 34, 43]. In fact, the increase in the pre-exponential factor leads to an increase 
in corrosion rate. In the present study, it was found that the  higher pre-exponential factors are 
associated with higher apparent activation energies, while the lower pre-exponential factors are 
associated with lower activation energies. Accordingly, good inhibitive properties for the 
studied inhibitor were observed even at conditions of lowest corrosion activation energies. 

• In both acids, all values of *
.appE are larger than the analogous values of  *H∆  indicating that the 

corrosion process must involved a gaseous reaction, simply the hydrogen evolution reaction, 
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associated with a decrease in the total reaction volume. Moreover, for all systems,  the average 
value of the difference *HEa ∆−  is about 2.67 kJ mol-1 which approximately around the 

average value of RT (2.69 kJ mol-1); where T are in the range of the experimental temperatures, 
indicating that the corrosion process is a unimolecular reaction as it is characterized by the 
following equation [44]: 

 
RTHEa =∆− *                                                                   (19) 

 

• The entropy of activation ( *S∆ ) in the absence and presence of inhibitor has negative values. 
This indicates that the activated complex in the rate determining step represents an association 
rather than dissociation, meaning that, a decrease in disordering takes place on going from 
reactants to the activated complex [32, 45]. It is obviously that the *S∆ shifts to more negative 
values (more ordered behaviour) with increasing inhibition efficiency and this was more 
pronounced in the case of H2SO4 inhibited solutions. This can be explained that the inhibitor 
species may involved in the activated complex of the corrosion reaction leading to more 
ordered systems. 

 

3.6. Inhibitor constituents and inhibition mechanism 

Fenugreek plant is native to the area from the eastern Mediterranean to Central Asia and 
Ethiopia, and much cultivated in Pakistan, India and China [46]. Fenugreek is also employed as a 
herbal medicine in many part of the world. However, numerous animal studies and preliminary trials in 
humans have found that fenugreek seeds and leaves can lower blood glucose and cholesterol levels and 
also have an anti-diabetic effect [47-49]. So, as commonly eaten food, fenugreek is generally regarded 
as safe [50]. Fenugreek leaves are rich with the following organic substances [51]:  

 
- ascorbic acid )( 686 OHC ),  
- beta-carotene )( 5640 HC ,  
- xanthophylls ))(( 25440 OHHC ,  

- choline ))(( 423 OHHCCHN
+

and  
- methionine )( 3222 SCHCHCHHOOCCHNH .  

 
As noticed, these substances are O-, N- and/or S-containing organic compounds. Ascorbic acid 

and beta-carotene will be excluded from this discussion as an investigation [52] revealed that the 
concentration of these compounds were remarkably reduced by storage and cooking (i.e. boiling). 
Sulphur-containing compounds are only of minor importance as inhibitor additives in HCl but they are 
frequently used in H2SO4 [1]. As a rule of thumb it holds that  S-containing inhibitors are primarily 
useful in H2SO4, whilst N-containing inhibitors exert their best efficiencies in HCl. Some 
investigations reported that some N-containing compounds such as quaternary ammonium salts [53], 
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amino acids [54], and aliphatic amines [55] are relatively ineffective in prevention corrosion of iron 
and steel in H2SO4 solutions unless certain anions, especially halide (except fluoride) and pseudo-
halide ions, are present. This long known synergistic effect [56] is widely used in inhibitor 
formulation. Trabanelli et al. [53] pointed out that N-decyl-pyridinium derivatives are good inhibitors 
in H2SO4 only when the inhibitor concentration is considerably larger than that used in HCl. Abdel 
Rahim et al [54] observed  that even at higher level of methionine concentration (1.0×10-3  mol L-1), it 
inhibits the corrosion of mild steel in H2SO4 by 55.3 % at 30o C while with increasing temperature 
some increase in the inhibition efficiency was observed. According to these observations one can 
suggest that both choline and methionine compounds in Fenugreek leaves may play an important role 
in the corrosion inhibition of mild steel in HCl and H2SO4.  

In acid inhibited solutions by AEFL, The choline compound is already in the cationic form and 
can be designed by (A+) while the methionine compound may exist in tow forms:  

 
- the  neutral form which can be designed by  (B) and    
- the protonated form which can be designed by (HB+). 
 

 

 

 

 

 

 

 

 

 

Figure 10. Schematic diagram of (a) cooperative and (b) competitave adsorption of Inhibitor species 
and Cl-. 

 

Many mechanisms have been proposed for the adsorption of organic inhibitors on a metal 
surface. The process of adsorption of inhibitors are influenced by the nature of the metal surface, the 
chemical structure of the organic inhibitor, the type of the aggressive electrolyte and the interaction 
between organic molecules and the metallic surface [57, 58]. The possibility of cation adsorption by 
means of electrostatic forces is determined by the electric charge of the metal surface with respect to 
the solution. Since steel surface contained positive charges acid media [10], the good inhibitive 
properties of the AEFL in HCl could be explained by the occurrence of  joint adsorption between the 
cationic species and Cl- ions . It has been suggested that two types of joint adsorption take place [59]: 

 
1) Cooperative adsorption: at which A+ and HB+ cations are adsorbed on the sites where the Cl- 

is already adsorbed on the negatively charged metal surface (see Fig. 10a). This represents 
physical adsorption for the onium ions on the Cl- bridge formed on mild steel surface. This 
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mechanism may occur obviously at lower inhibitor concentrations at which desorption for the 
inhibitor species was facilitated with increasing temperature 

2) Competitive adsorption: at higher level of inhibitor concentration (10 v/v%),  inhibitor 
species of type HB+ may be compete with the Cl- to adsorbed on different sites of steel surface 
at which they neutralized and adsorbed through coordinate bond by partial transference of 
electrons from the polar atom (N and/or S) to the metal surface (see Fig. 10b). Here, the 
chemical adsorption is occurred. But still the inhibitor species originally of cation type (A+) and 
some of the protonated type (HB+) were adsorbed physically on the Cl- bridge formed on mild 
steel surface. Accordingly comprehensive adsorption is clear cut. 

 
On the other hand, the situation in H2SO4 inhibited solutions is different as the heavily, large 

hydrated ions of sulphate are weakly adsorbed on the negatively charged steel surface. So, under low 
concentrations of AEFL, joint adsorption of cationic species with SO4

2- was not sufficient to protect 
the metal surface from the attack of the aggressive solution and the cation HB+ may do  free delivery 
service to transport the H+  from the bulk solution to the metal surface at which the following reaction 
may occur: 

 
22/1 HBeHB +�+ −+                                                    (20) 

 
Hence an acceleration behaviour is observed in 2.0M H2SO4 solutions containing lower 

inhibitor concentration. This behaviour disappeared with increasing both inhibitor concentration and 
temperature. Increasing inhibitor concentration led to a competitive adsorption between inhibitor 
species (A+ and HB+ ) and the SO4

2- ions. As HB+ species reach the metal/solution interface, they 
subsequently neutralized with the formation of molecules, with consequence chemical adsorption 
through a lone pair of the hetero atom (i.e. N and./or S). The role of the inhibitor cation of type A+ was 
assumed to be negligible  under this conditions. With increasing solution temperature, inhibitor species 
move rabidly and receive the interface more quickly and hence chemical adsorption of B species 
occurs successfully  which is enhanced by raising temperature. 
 
 
 
 
 
 
 

Figure 11. Schematic diagram of  adsorption of Inhibitor species and SO4
2- on mild steel surface. 

 
 
4. CONCLUSIONS 

1) In 2.0M HCl, the inhibition efficiency of AEFL increases with increasing concentration, while 
an increase or decrease in the inhibitor efficiency is detected with increasing temperature 
depending on AEFL concentration. 
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2) In 2.0M H2SO4, the inhibition efficiency of AEFL increases with increasing AEFL 
concentration and solution temperature. 

3) The AEFL inhibits mild steel corrosion in HCl more than in H2SO4 at all inhibitor 
concentrations and solution temperatures. 

4) The inhibition action of AEFL is performed via adsorption of the extract species on mild steel 
surface. The adsorption is spontaneous and follows Langmuir adsorption isotherm in HCl, 
while follows Temkin adsorption isotherm in in H2SO4 at all studied temperatures. 

5) Thermodynamic data for both inhibitor adsorption and mild steel corrosion led to suggest the 
occurrence of (i) comprehensive adsorption (physical and chemical adsorption) for the inhibitor 
species on mild steel from HCl solution and (ii) chemical adsorption for the inhibitor species on 
mild steel from H2SO4 solution.  

6) The inhibition mechanism for the adsorption of AEFL species on mild steel surface from both 
acids was discussed with the light of some AEFL constituents. 
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