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Abstract 
This work describes the inhibition effect of different concentration of an aqueous extracted of Pe-
ganum harmala seed on the corrosion of carbon steel in 1 M H2SO4 solution using potentiostatic 
polarization techniques at the temperature range (298 - 328) K. The result showed that the inhibi-
tion efficiency increased with increasing of extract inhibitor concentration and temperature. The 
adsorption of inhibitor on carbon steel surface was fit into Langmuir adsorption isotherm. Kinetic 
and thermodynamic parameters governing the corrosion and the adsorption process were calcu-
lated and discussed. 
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1. Introduction 
Corrosion is recognized as the number one life limiting plant degradation mechanism [1] and exhibited by most 
engineering materials in nearly all environments [2]. There are numerous methods for controlling the corrosion 
of metals but the use of inhibitors is still one of the best methods of protecting metals against corrosion. Many 
organic compounds are used as corrosion inhibitors for metals in acidic environments [3]. Corrosion inhibitors 
are substance that when adsorbed onto the metal-solution interface, blocks the corrosive material from coming 
into contact with metal. A number of heterocyclic compounds containing nitrogen, oxygen and sulphur either in 
the aromatic or in long chain carbon system have been reported to be effective inhibitors [4]. Extracts of various 
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parts of the plant have been used as corrosion inhibitors [5] the yield of these compounds as well as their corro-
sion inhibition abilities varies widely depending on the part of the plant and its location. 

The extracts from the leaves, seeds heartwood, bark root and fruit of plant have been reported to inhibit me-
tallic corrosion in acidic media [6]. The plant extracts become important as eco-friendly, economical, readily 
available and renewable sources of effective corrosion inhibitors [7]. The seeds of Peganum harmala (Syrian 
rue, harmal), is a herbaceous perennial of the family Zygophyllaceae native to countries around the Mediterra-
nean sea, the Middle East, India, Pakistan, South Australia, and Western United States, [8]. Peganum harmala is 
found growing wild in the middle and northern part of Iraq. The plant is rich in alkaloids and contains up to 4% 
total alkaloids [9]. The chemical structures of these compounds are as shown in Figure 1. Seeds and roots con-
tain the highest levels of alkaloids with low levels in stems and leaves , and absent in flowers. Harmine and har-
maline accumulate in dry seeds at 4.3% and 5.6% (w/w), respectively, and 0.6% of harmalol [10]. 

Carbon steel is one of the major construction materials which are extensively used on chemical and allied in-
dustries for the handling of acid, alkali and salt solutions [11] and widely used in most of the chemical industries 
due to its low cost and easy availability for fabrication of various reaction vessels. It suffers from severe corro-
sion in aggressive environment [12]. Therefore, the need arises to examine their corrosion behavior so as to re-
duce or stop their corrosion [13]. Acid has been used for drilling operation, pickling bath and in de-scaling 
process [14]. Sulfuric acid is more produced than any other chemical in the world. It is used directly or indirect-
ly in nearly all industries and is a vital commodity in our national economy [15]. 

2. Materials and Methods 
For all the studies, the specimens took of sheet carbon steel with following composition.  

P Cr Ni S Mn Si C Metal 
˂0.045 0.40 0.40 ˂0.045 0.50 - 0.80 ˂0.40 0.42 wt.% 

The sheet of carbon steel (C.S.) was mechanically pressed cut into circular with 2.5 cm diameter, used as a 
flat working electrode and the exposed measuring surface was 1 cm2, each coupon were polished to mirror finish 
with grade emery polishing papers washed with distilled water, degreased with acetone and dried in air , saved 
in a desiccators. Double distilled water was used for the preparation of all reagent used in this study. The seeds 
of Peganum harmala for this investigation collected from local market. An aqueous extract was prepared by 
grinding different weight (0.5, 1, 2, 4) grams of dry seeds with 1000 ml of distilled hot water, continuous extrac-
tion three time, filtering and used freshly. Electrochemical measurement were carried out in glass cell with a 
capacity of 1000 ml, a platinum electrode and silver-silver chloride electrode were used as a counter electrode 
and reference electrode respectively, the carbon steel(working electrode) sheet was placed in the test solution 
(uninhibited and inhibited solution) for 15 minutes before electrochemical measurement. Polarization studies 
were conducted in an electrochemical measurement unit [model 200 (2007) Germany]. The Tafel polarization 
measurement was made for a potential range (−200 to +200) mV with respect to open circuit potential.  

3. Results and Discussion 
3.1. The Corrosion Process 
Electrochemical corrosion parameters such as corrosion potential (Ecorr), cathodic and anodic Tafel slopes (bc, ba) 

 

 
Figure 1. The chemical structure of β-carboline alkaloids (harmine, harmaline, and harmalol isolated from Peganum 
harmala seeds. 
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and corrosion current density (Icorr) obtained by extrapolation of anodic and cathodic regions of the Tafel lines, 
are given in Table 1. The date of the table shows that the corrosion current density (which is directly proportion 
with the rate constant (k) for corrosion process), increased with increasing the temperature in absence and pres-
ence of different Peganum harmala extraction (p.h.e.) concentration. The corrosion potential (Ecorr) values is 
slightly shifted toward both positive and negative in the presence of different Peganum harmala extraction con-
centration, indicating that the inhibitor acted as a mixed type inhibitor [16]. The way in which a metal changes 
its potential upon immersion in solutions indicates the nature of reaction taking place at its surface. A shift in 
potential towards more positive values denotes film formation and thickening, a shift in the negative direction 
signifies film destruction and the exposure of more of the bare metal to the aggressive solution. The results ob-
tained were made to be used to discuss the mechanism of oxide film growth or corrosion of the metal in solu-
tions [17]. Figure 2 shows the Tafel polarization curves for the corrosion of C.S. in 1M-H2SO4 solution in dif-
ferent p.h.e. Concentrations at 25˚C. Similar results were obtained at the other temperature involved in study. 

 
Table 1. Electrochemical corrosion parameters for carbon steel in 1 M H2SO4 solution containing different concentrations of 
P.h.e. at temperature range (298 - 328)K. 

E% bc/mV. decade−1 ba/mV. decade−1 -Ecorr/ mV Icorr μA/Cm2 T /K Inh. conc. g/l 
- 51.1 112.6 424.7 393.7 298 

Without inhibitor 
- 59.4 123.6 420.9 824.8 308 
- 66.2 157.7 412.7 3270.0 318 
- 44.4 175.1 398.8 9740.0 328 

53.1 28.1 89.8 394.0 183.9 298 

0.5 
64.4 37.1 147.0 381.8 293.6 308 
66.0 39.5 73.6 386.5 1110.0 318 
76.1 36.4 75.6 379.0 2320.0 328 
61.5 37.6 62.8 415.0 151.5 298 

1 
68.4 61.5 76.0 416.3 260.0 308 
85.1 49.4 94.4 406.5 487.0 318 
93.6 42.0 73.7 399.9 619.0 328 
64.6 31.5 154.1 399.2 139.1 298 

2 
70.1 33.9 124.0 388.2 246.1 308 
86.0 31.1 130.7 379.9 457.7 318 
94.9 29.0 120.9 378.8 581.5 328 
77.4 31.0 57.5 408.0 88.9 298 

4 
81.6 37.6 81.7 393.4 151.6 308 
92.1 32.2 84.3 394.9 257.1 318 
96.0 29.2 67.2 390.2 410.8 328 

 

 
Figure 2. Potentiostatic polarization curves for carbon steel in 1 M H2SO4 
without and with different P.h.e. concentrations at 298. 
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The results show that the C.S. corrosion rate decreases with increase P.h.e. concentration but increases with 
increase in temperature.  

The inhibition efficiency IE% was calculated using the following equation [18] 

( )IE% 100%o o
corr corr corrI I I= − ×                               (1) 

where o
corrI  and Icorr are the corrosion current densities in absence and presence of P.h.e. respectively. The val-

ues of the inhibition efficiencies (IE), increases with increase temperature from (298 to 328) K as shown in Fig-
ure 3. This can be attributed to the increase in the protective inhibitive film that formed on carbon steel surface 
at higher temperatures. 

The influence of temperature on the kinetic process of corrosion in free acid and the presence of adsorbed in-
hibitor leads to get more information on the electrochemical behavior of metallic materials in aggressive media 

[19]. The corrosion reaction of C.S. in sulphuric acidic media depends on temperature, the dependence of the 
rate constant k of corrosion process on the temperature T is the expressed by the Arrhenius law [20] how pre-
dicts that the corrosion rate increases with the temperature and Ea and A may vary with temperature.  

–e aE RTk A=                                       (2) 
The linear regression plots between logk and 1/T are presented in Figure 4. The calculated activation energies 

(Ea) and pre-exponential factors (A) at different concentrations of the inhibitor are listed in Table 2. 
 

 
Figure 3. Variation of inhibition efficiency with temperature at various concentrations. 

 

 
Figure 4. Plot of logk versus 1/T for the corrosion of carbon steel in 1 M H2SO4 containing various concentration of p.h.e. 
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Table 2. Corrosion kinetics parameters of C.S. in 1 M H2SO4 solution containing various concentration of P.h.e. 

R2 ΔS* J∙mol−1 ΔH* kJ/mol−1 R2 Ea kJ/mol−1 C g/l 
0.98 70.78 88.86 0.98 91.33 0.0 
0.97 7.29 71.53 0.96 64.71 0.5 
0.97 -104.9 37.58 0.99 38.67 1.0 
0.96 -102.7 38.42 0.96 40.78 2.0 
0.99 -111.0 37.08 0.98 40.01 4.0 

 
The calculated values of activation energies ranged from 91.33 to 40.01 kJ∙mol−1 in the presence and absence 

of inhibitor respectively. From the results it is apparent that the activation energies for the corrosion of carbon 
steel in the presence of Peganum harmala extract decreased with increase in the inhibitor concentration. The 
decrease of Ea values with increasing concentrations of inhibitor is attributed to an appreciable increase in the 
degree of adsorption on the inhibitor on metal surface with corresponding decrease in reaction rate [21] and this 
type of inhibitor diminished corrosion at ordinary temperature but at elevated at higher temperature it can Sug-
gest that the energy barrier of corrosion reaction decreases with the inhibition concentration the lower values of 
Ea than the threshold value of 80 KJ∙mol–1 required for chemical adsorption indicated that the adsorption of 
P.h.e. on carbon steel surface is physical adsorption [22]. 

Other kinetic date (enthalpy and entropy of activation) are accessible using the alternative formulation of 
Arrhenius equation [23]. 

exp expRT Sk H RT
Nh R

∗
∗ ∆  = −∆   

 
                            (3) 

where h, is plank’s constant N, is Avogadro number ΔS* and ΔH* are the entropy and enthalpy of activation 
complex respectively. Figure 5 shows plots of log(k/T) vs. the reciprocal of temperature T show straight lines 
with a slope equal to (−ΔH*/2.303R) and an intercept of (LogR/Nh + ΔS*/2.303R) the values of ΔH* and ΔS*are 
also presented in Table 2. ΔH* values in the presence of inhibitor ranged from −71.53 to −37.08 kJ/mol (mean = 
46.15) indicating that the processin presnt of Peganum harmala extract on the carbon steel surface is endother-
mic. A negative values of ΔS* ranged from 7.29 - (−111.0) kJ∙mol−1 (mean = −77.82) indicate that the activated 
complex may be the rate-determining step and represents association rather than dissociation meaning that a de-
crease in Disordering takes place on going from reactants to the activated complex [24]. 

3.2. Adsorption Process 
In order to understand the mechanism of corrosion inhibition, the adsorption behavior of the adsorbate on the 
carbon steel surface must be known. The degree of surface coverage (θ) for different concentrations of inhibitor 
was evaluated from potentiostatic polarization measurements data by using the flowing Equation (16).  

IE%
100

θ =                                        (4) 

where IE(%) is the percentage inhibition efficiency as calculated using Equation (1). The data was applied to 
various isotherms including Langmuir, Temkinand and Frumkin isotherms. It was found that the data best fits 
with Langmuir adsorption isotherm and can be represented by using the flowing relation [20]. 

1 C
K
+                                       (5) 

where K is the adsorption/desorption equilibrium constant, C is the inhibitor concentration in the solution, and (θ) 
is the surface coverage. The plot of C/θ vs. C. gave a straight line with an intercept of 1/K. The results obtained 
isotherm is presented in Table 3, it shows that the R2 values are very close unity, indicating the obey Langmuir 
adsorption isotherm. Figure 6 shows the Langmuir adsorption isotherms for the adsorption of p.h.e. on the car-
bon steel surface the values of K denotes the strength between the adsorbate and adsorbent. Large values of K 
imply more efficient adsorption and hence better protection efficiency [25]. 

Thermodynamic function for the adsorption process (ΔHads, ΔSads, ΔGads) can be calculated by using the 
known formulas [26]. 
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lnG RT K∆ = −                                     (6) 
G H T S∆ = ∆ − ∆                                    (7) 

Figure 7 show a linear relationship between lnK and 1/T with the slop represented (−ΔHads/R) and the inter-
cept represents (ΔSads/R). The thermodynamic function calculated are listed in Table 3. 

 

 
Figure 5. Plot of log(k/T) versus 1/T for the corrosion of carbon steel in 1M H2SO4 containing various concentration of P.h.e. 

 

 
Figure 6. Langmuir isotherm plot for the adsorption of p.h.e. on the surface of C.S. 

 

 
Figure 7. lnK verses 1/T for adsorption of P.h.e. on C.S. in 1 M H2SO4. 
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Generally, values of ΔGads around −20 kJ∙mol−1 or lower are consistent with the electrostatic interaction be-
tween the charged molecules and the charged metal (physisorption); those lower −20 kJ∙mol−1, or higher involve 
charge sharing or charge transfer from organic molecules to the metal surface to form a coordinate type of bond 
(chemisorption) [27]. The positive values of ΔSads suggested that the adsorption is coupled with an increase of 
the system disorder due to the adsorption of inhibitor on the carbon steel surface. The positive value of enthalpy 
(ΔHads) of adsorption indicates that the adsorption of the inhibitor molecule is an endothermic process.  

3.3. Fourier Transforms Infrared (FT-IR) Spectroscopy 
Fourier Transformation Infrared Spectra for P.h. e. seed and the corrosion product are represented as shown in 
(Figure 8 and Figure 9) respectively. A strong a stretching O-H band at 3415 cm−1, N-H Strchingat 3247, 90 
cm−1, C = N stretching in 1276.72 cm−1, C=C stretching at 1641 cm−1 and N-H bending at 1631.67 cm−1. 

It is clear from comparison between FT-IR spectra for isolated Peganum harmala seed extract and it film on 
the metal surface, that the absorbance frequency of all functional groups have been shifted to less value due to 
the force of binding between the interface of metal surface and the inhibitor, Table 4. Also the figures appear 
that the vibration of all functional group that affected by inhibition process have a less intensity in transition bands. 

 
Table 3. The thermodynamic function of the adsorption process. 

ΔGads kJ∙mol−1 ΔSads J∙mol−1∙K−1 ΔHads kJ/mol−1 T /K lnK 
     −1.97 

139.5 

39.59 298 0.798 
−3.09 39.87 308 1.208 
−4.16 40.02 318 1.575 
−6.26 39.5 328 2.296 

 
Table 4. Wave number of FT-IR adsorption for pure P.h.e. and P.h.e. as corrosion inhibitor. 

Corrosion product Pure P.h.e. 
Assignment Wave number (cm−1) Wave number (cm−1) 
OH strech 3440 3413.77 
NH strech 3247.90 3203.54 

C−O stretch 1406.5 1409.87 
C=N stretch 1250 1276.72 
C=C strech 1637.45 1641 

NH bend 1627.61 1631.67 
 

 
Figure 8. FT-IR spectra of pure Peganum harmala seed.  
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3.4. Atomic Force Microscope (AFM) 
AFM analysis can be used to prove that adsorption of inhibitor was happen on C.S. surface by follow the differ-
ent in particle size distribution between the free metal surface represented in Figure 10 and for inhibitor crystals 
extracted Figure 11 and the distribution of particle for the corrode metal in the presence of P.h.e. inhibitor Fig-
ure 12. It is clear that the inhibitor covered C.S. with a protected layer with average diameter of 108.93 nm with 
highest volume percent reach to 20% reflected to particles diameter 90 nm of inhibitor. The distribution of par-
ticles size of free metal was with average diameter 101.53 nm and for extracted inhibitor atom is 110 nm. 

4. Conclusion 
From the result, it seems that the addition of an aqueous extract of p.h.e. shifted the corrosion potential Ecorr to 
less negative potential, lowered current density (corrosion rate) and increased the inhibition efficiency %IE to 
attain 96.01%. This behavior reflects that the Peganum harmala extracts act as good corrosion inhibitor which  

 

 
Figure 9. FT-IR spectra of P.h.e. film formed on the carbon steel surface after immersion in 1M H2SO4 solution. 

 

  
Figure 10. 3D views and the distribution of particle for the AFM images of carbon steel specimen. 
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Figure 11. 3D views and the distribution of particle for the AFM images of P.h.e. 

 

  
Figure 12. 3D views and the distribution of particle for the AFM images of P.h.e. Layers constructed on carbon steel speci-
men. 

 
controlling the corrosion of carbon steel in aqueous solution of 1 M H2SO4. The adsorption behavior is investi-
gated as a Langmuir adsorption isotherm and the process is attributable unequivocally to physical adsorption. 
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