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ABSTRACT  
 
Tenormin was investigated  as  corrosion  inhibitor  for  304  stainless  steel  (SS)  in  hydrochloric  acid solutions  
by  potentiodynamic  polarization, electrochemical  impedance  spectroscopy  (EIS)  and electrochemical  frequency  
modulation  (EFM)  techniques.  The results showed the variation in inhibition performance of the inhibitors with 
varying concentrations and temperatures. The maximum efficiency was found to be 92.23 % at 300 ppm 
concentration of Tenormin drug for the immersion period of 3 hours. Langmuir was tested to describe the 
adsorption behavior of Tenormin on 304 SS surface. Potentiodynamic polarization study clearly revealed that 
Tenormin acts as mixed type inhibitor. The results of the electrochemical impedance study showed a decrease in 
double layer capacitance and increase in charge transfer resistance. The results of various electrochemical 
techniques show good agreements with each other. 
 
Keywords: Corrosion inhibition, stainless steel, potentiodynamic polarization, EIS, EFM 
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INTRODUCTION 

 
Corrosion problems in  the oil and petrochemical  industry usually have been solved by  the selection of  suitable  
materials  and/or  by  changing  the  environment  to  make  it  less  aggressive1.  Acid solutions are widely used in 
the industry. The most important areas of application are acid pickling, industrial acid cleaning, acid descaling and 
oil well acidizing2. Corrosion inhibitors are needed to reduce the corrosion rates of metallic materials in this 
acidmedia3-8. An  inhibitor  is  usually added  in  small  amount  in  order  to  slow  down  the  rate  of  corrosion  
through  the  mechanism  of adsorption9-10. Over  the years, several  inhibitors have been synthesized or chosen  
from existing compounds  and  it  has  been  found  that  the  best  inhibitors  are  those  that  have  centre  for  π 
electron donation (usually enhanced by the presence of hetero atoms in aromatic compound) while others may be 
gotten from extracts of naturally occurring compounds11-13. A large number of organic compounds are known to be 
applicable as corrosion inhibitors for mild steel14,15. However, only a few non-toxic and eco-friendly compounds 
have been investigated as corrosion inhibitors. Tryptamine, Succinic acid, L-ascorbic acid, Sulfamethoxazole and 
Cefatrexyl, were found to be effective inhibitors for acid environments. Dithiobiurets exhibited the best performance 
towards the corrosion of mild steel in HCl solutions showed very less toxicity16-21. The inhibitive effect of four 
antibacterial drugs, namely Ampicillin, Cloxacillin, Flucloxacillin and Amoxicillin towards the corrosion of 
aluminum was investigated 22. The inhibition action of these drugs was attributed to blocking the surface via 
formation of insoluble complexes on the metal surface. 
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MATERIALS AND METHODS 
 
2.1. Materials and solutions 
Experiments were performed using 304SS samples with the following composition (weight %): C 0.08%, Mn 2.0%,  
Si 0.075% , Ni 8 % , Cr 18% , S 0.03 %, S 0.03% and balance Fe. The aggressive solution  used was  prepared  by  
dilution  of  analytical  reagent  hydrochloric  acid with  bidistilled water. The stock  solutions (6 M) of HCl 37% 
was prepared by dilution with bidistilled water and its concentration was checked by standard solution ofNa2CO3. 

one gram ofTenormin was dissolved in one litre of bidistilled water to give 1000 ppm and the desired concentration 
was obtained by dilution with bidistilled  water. The concentration range of Tenormin was(50 - 300 ppm). 
 
2.3. Electrochemical measurements  
Seven test pieces of 304 SS were cut into 2 x 2 x 0.2 cm. They were abraded with   emery   papers (a coarse paper 
was used initiallyand then progressively finer grades were employed), degreasedin   acetone, rinsed with bidistilled 
water and finally dried between two filter papers and weighed. The    test   pieces were   suspended   by suitable  
glass   hooks  at    the  edge of    the basin,  and    under  the  surface of    the  test    solution by  about 1  cm. Weight  
loss  measurements were performed for 3 hours at the temperature  range  from 30  –  45 o C  by  immersing  304 SS  
pieces  into 100 ml acid solution with and without various concentrations of  Tenormin. After the specified periods 
of time, the  specimen were  taken out  of  the  test  solution,  rinsed with bidistilled water, dried  as before  and 
weighed  againaccurately. The average weight loss at a certain time for each set of the seven samples was taken. The 
weight loss was recorded to nearest 0.0001 g. 
 
2.4. Electrochemical measurements 
Electrochemical  experiments were performed usingatypical three-compartment glass cell consisted of  the  304 SS 
specimen as working electrode(1 cm2),  saturated calomel  electrode  (SCE) as a  reference electrode  and a platinum  
foil  (1 cm2) as a counter electrode. The  reference electrode was connected  to a Luggin capillary and  the  tip of  the 
Luggin  capillary  is  made  very  close  to  the  surface  of  the  working  electrode  to  minimize  IR  drop.  All  the 
measurements  were  done  in  solutions  open  to  atmosphere  under  unstirred  conditions.  All potential values 
were reported versus SCE. Prior to every experiment, the electrode was abraded with successive different grades of 
emery paper,  degreased with  acetone  and washed with  bidistilled water  and  finally  dried.Tafel  polarization  
curves were obtained by changing the electrode potential automatically from (-1.0 to 0.1 V vs. SCE) at open circuit 
potential with  a scan rate of 1mVs-1. The corrosion current  is performed by extrapolation of anodic and cathodic 
Tafel  lines  to a point  which  gives  log  icorr  and  the  corresponding  corrosion  potential  (Ecorr)  for  inhibitor  free  
acid  and  for  each concentration of inhibitor.  
 
Impedance measurements were carried out in frequency range from 100 kHz to 0.1Hz with amplitude of 5 mV peak 
to peak using Ac signals at open circuit potential. The experimental impedance was analyzed and interpretedbased 
on the equivalent circuit. The main parameters deduced from the analysis of Nyquist diagram are the charge transfer 
resistanceRct (diameter of high-frequency loop) and the double layer capacity Cdl.  
 
Electrochemical frequency modulation, EFM, was carried out using two frequencies 2 and 5 Hz. The base frequency 
was 0.1 Hz, so the waveform repeats after 1 s. The higher frequency must be at least two times the lower one. The  
higher  frequency must  also  be  sufficiently  slow  that  the  charging  of  the  double  layer  does  not  contribute  to  
the  current response. Often, 10 Hz is a reasonable limit. The Intermodulation spectra contain current responses 
assigned for harmonical and intermodulation current peaks.  The larger peakswere used to calculate the corrosion 
current density (icorr), the Tafel slopes (βc and βa) and the causality factors CF-2& CF-3. 
 
All  electrochemical  measurements  were  performed  using  Gamry  Instrument  (PCI  300/4)Potentiostat / 
Galvanostat/ZRA. This includes aGamry framework system based on the ESA 400. Gamry  applications  include  
DC105  software  for  potentiodynamic  polarization measurements,  EIS300software  for electrochemical  
impedance  spectroscopy and EFM 140 software for electrochemical frequency modulation measurements along 
with a computer  for collecting data. Echem Analyst 6.03 software was used for plotting, graphing, and fitting data. 
To test the reliability and reproducibility of the measurements, duplicate experiments were performed in each case at 
the same conditions. 
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Table -1 Chemical structure, name, molecular weight and molecular formula of Tenormin drug 
 

 
RESULTS AND DISCUSSION 

 
3.1. Weight loss method 
Figure-1 shows plots for the variation of weight loss with time for the corrosion of SS in 2 MHCl containing various 
concentrations of Tenormin at 30°C. From  the  plots,  it  is  evident  that  the weight  loss  of  SS was  also  found  
to  decrease with increase  in  the  concentration of  Tenormin. The weight  loss of SS  in  the blank  solution was 
also  found  to be higher  than  those  obtained  for  solutions  of HCl  containing  various  concentrations  of  
Tenormin. This indicates thatTenormin isan inhibitor for the corrosion of SS in solutions ofHCl.  Thedata of Table-2 
represent the values of corrosion rates of SS and inhibition efficiency of Tenormin in HCl solution. The degree of 
surface coverage (θ) and inhibition efficiency (% IE) were calculated using Eq.(1): 
 
% IE = θ x100 = [1-(CRinh/ CRfree)] x 100                                                                              (1) 
 
whereCRinh and CRfree are the corrosion rates in the presence and absence of inhibitor, respectively. It can be seen 
that  the maximum  of  92.2 %  inhibition  efficiency  is  achieved  at  300 ppm  of  inhibitor  concentration  and %IE 
increases with increasing the Tenormin concentration23. This is mainly due to theco-ordination between the metal 
and the hetero atom present in Tenormin. 
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Figure-1Weight loss-time curves for the corrosion of304 SS in 2 M HCl in the absenceand    presence of different concentrations of   
Tenormin at 30 oC 

 
 
 
 
 
 
 

Inhibitor 
Structure Name 

Mol. 
weight 

Chemical 
formula 

Tenormin 

 

 
 

(RS)-2-{4-[2--3-(propan-2-ylamino)propoxy]phenyl}acetamide 325.44 C18H31NO4 
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Table-2 Corrosion Rate (CR)  and  inhibition  efficiency ( %IE) at different  concentrations  of  inhibitor  for the corrosion  of 304 SS  

after  120 min   immersion  in  2 M  HCl  at  30°C 
 

 
Conc. 
ppm 

Tenormin 
CR x103 

mg cm-2 min-1 
%IE 

50 2.30 49.0  
100 1.80 77.1 
150 1.20 84.2 
200 0.97 87.5 
250 0.80 90.4 
300 0.60 92.2 

 
3.2. Effect of temperature on inhibition efficiency  
The  inhibition efficiency  (%  IE)  for 304SS corrosion  in  the presence of various concentrations of  the  
investigated  Tenormin and  at  different  temperatures  was  calculated  and  is  listed  in  Table-3.The  results  of  
Table-3 shows the variation of corrosion rate (C.R.) and %IE with Tenorminconcentration at different temperatures. 
The obtained data revealed that, the inhibition efficiency decreased with an increase in Tenorminconcentration. This 
suggests  that Tenormin  species  are  adsorbed  on  the  304 SS / solution  interface  where  the  adsorbed  species 
mechanically  form  a  protected  film  on  the  metal  surface  which  inhibits  the  action  of  the  corrosion.A  close 
comparison between Tables 2 and 3 revealed that weight loss of SS increases with increasing temperature indicating 
that  the  rate  of  corrosion  of  SS  increases  with  increase  in  temperature.The  value  of  inhibition  efficiency  
was decreased  with  rise  in  temperature  suggesting  that  physical  adsorption mechanism24.  These results 
indicatethat the adsorption of investigated compounds shield the metal surface at room temperature25. However it 
may be deshielded from the surface with rise in temperature.It is also clear that corrosion rate of 304SSin the 
absence and presence of Tenormin  obeys  Arrhenius  type  equation  as  it  increases  with  raising  solution  
temperature.  The dependence of corrosion rate (kcorr) on the temperature can be expressed by Arrhenius equation 2:     
 
icorr =A exp (-Ea

*/ RT)                                                                                                    (2)  
 
where A  is  the pre-exponential  factor and Ea

* is  the apparent activation energy of  the corrosion process. 
Arrhenius plot  obtained  for  the  corrosion  of  SS  in  2  M  hydrochloric  acid  solutions  in  the  presence  of  
different concentrations of Tenormin is shown in Figure-2. E*a values determined from the slopes of these linear 
plots are shown  in Table-4.The  linear  regression  (R2)  is  close  to  1 which  indicates  that  the  corrosion  of  304  
SS  in  2 M hydrochloric acid solutions can be elucidated using the kinetic model. Table- 4showed that the values of 
Ea

* for inhibited solution is higher than that for uninhibited solution, suggesting that dissolution of 304 SS is slow in 
the presence of Tenormin.  It is known from Eq.  2  that  the  higher Ea

*  values  lead  to  the  lower  corrosion  rate.   
This is due to the formation of a film on the SS surface serving as an energy barrier for the stainless steel 
corrosion26. Enthalpy  and  entropy  of  activation  (∆H*, ∆S*)  of  the  corrosion  process were  calculated  from  the  
transition  state theory as given from eq. 3(Table-4):  
 
kcorr = (RT/ Nh) exp (∆S*/R) exp (-∆H*/RT)                                                                 (3)  
 
where h is Planck’s constant and N is Avogadro's number. A plot of log (kcorr/T) vs. 1/ T for SS in 2 M HCl 
withdifferent concentrations of Tenormin gives straight lines as shown in Figure-3.Values of ∆H*are positive. This 
indicates that the corrosionprocess is an endothermic one. The entropy of activation∆S* is large and negative. This  
implies  that  the  activated  complex represents association rather than dissociation step, indicating that a decrease in 
disorder takes place, going from reactants to the activated complex27. 
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Table-3 Variation of inhibitionefficiencies (%IE) and corrosion rate (CR) for various concentrations ofthe   studied Tenorminatdifferent 
temperatures 

 

Temp. 
ºC  

Conc. 
ppm  

Tenormin 
CR x103 

mg cm-2 min-1 
%IE 

35 

50 3.5 66.6 
100 2.7 74.2 
150 1.8 82.8 
200 1.5 85.7 
250 1.4 87.0 
300 1.1 89.5 

40 

50 5.5 63.3 
100 4.5 70.0 
150 3.5 76.6 
200 2.9 80.6 
250 2.5 83.3 
300 1.8 88.0 

45 

50 7.9 62.2 
100 6.3 70.0 
150 4.5 78.7 
200 3.8 81.9 
250 3.1 85.2 
300 2.8 86.9 
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Figure-2Arrhenius plots for 304 SS corrosion rates (kcorr.) after 120 minute of immersion in 2 M HCl in the absence and presence of 
various concentrations of Tenormin 
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Figure-3Transition-state for 304 SS corrosion rates (kcorr/T) in 2 M HCl in the absence and presence of various concentrations of 

Tenormin 
 

Table-4 Activation  parameters for  304 SS surface corrosion  in  the absence  and   presence  of  various  concentrations  of Tenormin  in  
2 M HCl 

 
 
 
 
 
 
 
 
 
 
 
3.3. Adsorption isotherms  
Adsorption isotherm values are important to explain the mechanism of corrosion inhibition of organo-
electrochemical reactions. The most frequently used isotherms are Langmuir isotherm (Figure-4).Thermodynamic 
parameters for the adsorption of different inhibitors on 304SS surface in 2 M HCl at different temperatures was 
listed in Table -5 
 
Table -5 Thermodynamic adsorption parameters for the adsorption of Tenormin on stainless steel in 2 M HClat different temperatures 

 

Inhibitor 
Temp. 

°C 
Kadsx10-4 

M -1 
-∆G°

ads 

kJ mol-1 
-∆H°

ads  x10-5 
kJ mol-1 

-∆S°
ads 

J mol-1 K-1 

Tenormin 

30 270 24.2 

12.9 

80.0 
35 237 24.3 78.9 
40 210  24.4  77.9 
45 175 24.3 76.3 

 
From  Table-5  it  was  found  that:The  negative  values  of  ∆G°ads  reflect  that  the  adsorption  of  studied  
Tenormin   on  304 SS  in  2 M HClsolution  is  spontaneous  process28. ∆G°ads  values  increase  (become  less 
negative) with an increase of temperature which  indicates  the occurrence of exothermic process at which 
adsorption was unfavorable with increasing reaction temperature as the result of the inhibitor desorption from the 
stainless steel surface29.  It  is  usually  accepted  that  the  value  of  ∆G°ads  around  -20  kJ mol-1or  lower  indicates  
the  electrostatic interaction between charged metal surface and charged organic molecules in the bulk of  the 
solution30.The negative sign of ∆H°ads reveals that the adsorption of inhibitor molecules is an exothermic process. 
Generally, an exothermic adsorption  process  suggests  either  physisorption or  chemisorption  while  endothermic  
process  is  attributed  to chemisorptions31,32. Generally, enthalpy values up to 41.9 kJ mol-1are related to the 
electrostatic interactions between charged molecules  and  charged metal  (physisorption) while  those  around  100  

Inhibitor 
Conc. 
ppm 

Activation parameters 
E*

a 
kJ mol-1 

∆H* 
kJ mol-1 

-∆S* 
J mol-1K-1 

Blank 0.0 53.5 22.4 58.1 

Tenormin 

50  65.6 28.0 27.2 
100 67.6 28.8 23.3 
150 69.8 30.6 19.5 
200 74.3 31.5 15.7 
250 77.6 32.9 9.9 
300 78.3 34.0 5.9 
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kJmol-1or  higher  are  attributed  to chemisorption. In the case of investigated compounds, the absolute values of 
enthalpy are relatively low, approaching those typical of physisorption. The values of ∆S°ads in the presence of 
investigated compounds are large and negative that is accompanied with exothermic adsorption process33.  The  
experimental  data  give  good curves  fitting  for  the  applied  adsorption  isotherm  as  the  correlation  coefficients  
(R2)  were  in  the  range  0.938-0.999.Kads value decreases with the increase of temperature from 30 to 45 °C.  
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Figure-4Langmuir isotherm of Tenormin on 304 SS surface   in 2 M HCl at different temperatures 
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Figure-5(log kads) vs (1/T) for the corrosionof 304 SS in 2 M HCl in the presence Tenormin 
 
3.4. Potentiodynamic Polarization Measurements 
Polarization measurements were carried out in order to gain knowledge concerning the kinetics of the cathodic and 
anodic reactions. Figure-5 presents the results of the effect of Tenormin on the cathodic and anodic polarization 
curves of 304 SS in 2 M HCl. Similar curves for other compounds were obtained but not shown. It could be 
observed that both the cathodic and anodic reactions were suppressed with the addition of investigated compounds, 
which suggested that these compounds reduced anodic dissolution and also retarded the hydrogen evolution 
reaction. Electrochemical corrosion kinetics parameters,  i.e. corrosion potential  (Ecorr), cathodic and anodic Tafel 
slopes  (βa, βc)  and  corrosion  current  density  (icorr)  obtained  from  the  extrapolation  of  the  polarization  curves, 
were  given  in Table-6. The parallel cathodic Tafel curves in Figure-5 suggested that the hydrogen evolution is 
activation-controlled and  the  reduction mechanism  is  not  affected  by  the  presence  of  the  inhibitor.  The  
region  between  linear  part  of cathodic  and  anodic  branch  of  polarization  curves  becomes  wider  as  the  
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inhibitor  is  added  to  the  acid  solution. Similar results were found in  the  literature34.  The  values  of  βa  and  βc  
changedslightly  with  increasing  inhibitor concentration  indicated  the  influence  of  these  compounds  on  the  
kinetics  of  metal  dissolution  and  of  hydrogen evolution. Due to the presence of some active sites, such as 
aromatic rings, hetero-atoms in the studied compound for making adsorption, theymay act as adsorption inhibitors. 
Being  absorbed on  the metal  surface,  these  compounds controlled the anodic and cathodic reactions during 
corrosion process, and then their corrosion inhibition efficiencies are directly proportional  to  the  amount of  
adsorbed  inhibitor. The  functional groups  and  structure of  the  inhibitor play  important  roles  during  the  
adsorption  process.  On the other hand, an electron transfer takes place during adsorption of the neutral organic 
compounds at metal surface35. As it can be seen from Table-6, the studied inhibitor reduced both anodic and 
cathodic currents with a slight shift in corrosion potential (47 mV). According to Ferreira and others36, if the 
displacement in corrosion potential is more than 85mV with respect to corrosion potential of the blank solution, the 
inhibitor can be seen as a cathodic or anodic type. In the present study, the displacement was 47 mV which indicated 
that the studied inhibitor is mixed-type inhibitor. The resultsobtained from Tafel polarization showed good 
agreement with the results obtained from weight loss method. The surface coverage (θ) and % IE were calculated 
using Eq.4: 
 
%IE = θ x 100 = [1-(icorr/i°corr)] x 100                                                                                     (4)  
 
Where icorr and i°corr are the current densities in presence and absence of inhibitor,respectively. 
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Figure – 6Potentiodynamic  polarization  curves  for  the  dissolution of  304SS in  2 M HCl in  the  absence  and  presence of different 
concentrations of  Tenormin at 30oC 

 
Table-6Effect  of  concentrations  of  various  compounds  on  the  free  corrosion  potential  (Ecorr)  , corrosion  current  density (icorr), 

Tafel slopes (βc, βa), corrosion rate (kcorr), degree of surface coverage (θ), and  inhibition efficiency (%IE) of304 SS in 2 M of HCl at 30ºC 
 

Inh 
[Inh.] 
ppm 

-Ecorr 

mVvs SCE 
icorr 

mA cm-2 
βc 

mV dec-1 
βa 

mV dec-1 
kcorr 

mmy-1 
θ %IE 

blank 0.0  372  598 135 64 27.33 ---- ---- 

Tenormin 

50  393 285 89 46 13.01 0.523 52.3 
100 399 260 85 60 11.95 0.562 56.2 
150 375 232 100 51 10.62 0.612 61.2 

200 395 190 85 51 8.67 0.682 68.2 

250 391 174 92 65 7.94 0.709 70.9 

300 375 149  110 39 6.79 0.751 75.1 

 
3.5. Electrochemical Impedance Spectroscopy Measurements 
Nyquist plots of 304 SS in uninhibited and inhibited acid solutions containing different concentrations of Tenormin 
are presented inFigure-7. EIS spectra obtained consists of one depressed capacitive loop.  The  increased  diameter  
of  capacitive  loop  obtained  in  2 M HCl in  presence  of Tenormin  indicated the inhibition of corrosion of 304SS. 
The high frequency capacitive loop may be attributed to the charge transfer reaction. Corrosionkineticparameters 
derived from EIS measurements and inhibitionefficiencies are given inTable-7. Double layercapacitance (Cdl) and 
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charge transfer resistance (Rct) were obtained from EIS measurements as described elsewhere 37.  It  is apparent  
from Table-7  that  the  impedance of  the  inhibited system  amplified  with  the  inhibitor  the  Cdl  values  
decreased  with  inhibitor.  This  decrease  in  Cdl results  from  a decrease in local dielectric constant and/or an 
increase  in the thickness of the double layer, suggested that inhibitor molecules  inhibit  the  iron  corrosion  by  
adsorption  at  the  metal/acid  interface38.  The  depression  in  Nyquist semicircles  is  a  feature  for  solid  
electrodes  and  often  referred  to  as  frequency  dispersion  and  attributed  to  the roughness  and  other  
inhomogeneities  of  the  solid  electrode39.  In  this  behavior  of  solid  electrodes,  the  parallel network:  charge  
transfer  resistance-double  layer  capacitance  is  established where  an  inhibitor  is  present.  For  the description  
of  a  frequency  independent  phase  shift  between  an  applied  ac  potential  and  its  current  response,  a constant 
phase element (CPE) is used which is defined in impedance representation as in Eq. (5)   
 
ZCPE = Yo

-1(iω)-n          (5)  
 
where, Yo is the CPE constant, ω is the angular frequency (in rad s-1), i2= -1 is the imaginary number and n is a CPE 
exponent which can be used as a gauge of the heterogeneity or roughness of the surface40. Depending on the value of 
n, CPE can represent resistance (n = 0, Yo = R), capacitance (n = 1, Yo = C), inductance (n = -1, Yo = L) or 
Warburg impedance (n = 0.5, Yo = W).  Figure-7 showed the electrical equivalent circuit employed to analyze the 
impedance spectra. Excellent fit with this model was obtained for all experimental data. The surface coverage (θ) 
and % IE were calculated using Eq. 6: 
 
%IE = θ x 100 = [1-(Rct/Rct°corr)] x 100                                                                                    (6) 
 
whereRctand Rct°are the charge transfer resistances inabsence and presence of inhibitor, respectively. 
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Figure-7Nyquist plots for the corrosionof 304SS in 2 M HCl in the absence and presence of    different concentrations of Tenorminat 
30oC 

 

 
Figure-8electrochemical equivalent circuit used to fit the impedance measurements that include a solution resistance (Rs), a constant 

phase element (CPE) and a polarization resistance or charge transfer (Rct) 
 

3.6. Electrochemical Frequency Modulation Measurements  
EFM is a nondestructive corrosion measurement like EIS; it is a small signal Ac technique. Unlike EIS, however, 
two sine waves (at different frequencies) are applied to the cell simultaneously. The  great  strength of  the EFM  is  
the causality  factors which  serve  as  an  internal  check  on  the  validity  of  the EFM measurement41.With  the  
causality factors  the  experimental  EFM  data  can  be  verified.  The  results  of  EFM  experiments  are  a  
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spectrum  of  current response  as  a  function  of  frequency.  The spectrum is called the intermodulation spectrum.    
The  spectra  contain current  responses  assigned  for  harmonical  and  intermodulation  current  peaks.  The larger 
peaks were used to calculate the corrosion current. The inhibition efficiencies, % IE calculated from Equation 3 
increase with increasing the studied inhibitor concentrations. The two frequencies may not be chosen at random. 
They must both be small, integer multiples of a base frequency that determines the length of the experiment. 
Intermodulation spectra obtained from  EFM  measurements  were  constructed  for  iron  2 M HClsolutions  as  a  
function  of  300 ppm  of Tenormin  at  30°C.  Each  spectrum  is  a  current  response  as  a  function  of  frequency;  
data  not  shown  here. Corrosion  kinetic  parameters,  namely  corrosion  current  density  (icorr,  Tafel  constants  
(βa,βc)  and  causality  factors (CF-2, CF-3) were listed Table-8 as a function of concentrations of investigated 
compounds   at 300C. The causalityfactors  in Table-8, which  are  very  close  to  theoretical  values  according  to  
the EFM  theory,  should  guarantee  the validity  of Tafel  slopes  and  corrosion  current  densities. The standard 
values for CF-2 and CF-3 are 2.0 and 3.0, respectively42. 

 

 
 

Figure-8EFM spectra for SS in 2M HCl in the presence of 50 ppm Tenormin 
 

  
 

Figure-9EFM spectra for SS in 2M HCl in the presence of 300 ppm Tenormin 
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Table-7EIS parameters for the corrosion of SS in 2 M HCl in the absence and presence of different concentrations ofinvestigated 
compound at 30°C 

 

Inhibitor 
Conc. 
ppm 

Cdl x10-5 
µF cm-2  

Rct 
Ω cm2 θ  % IE  

Blank 0.0 22.99  62.4 --- --- 

Tenormin 

50 8.16 191.3 0.674 67.4 
100  7.15 488.7 0.872 87.2 
150 8.22 527.8  0.882 88.2 
200 10.37 816.9 0.924 92.4 
250 9.751 952.8  0.935 93.5 
300  12.97 1147.0  0.946 94.6 

 
Table-8Electrochemical kinetic parameters obtained from EFM technique for SS in2 M HCl in the absence and presence of different 

concentrations of Tenormin 
 

Inhibitor 
Conc. 
ppm 

icorr, 
µA cm-2 

βa, 
m V dec-1 

βc , 
m V dec-1 CF-2 CF-3 

CR 
mpy % IE 

Blank 0.0 216.8  70  82  1.6  2.8  99.05   

Tenormin 

50 127.1  69  94  1.8 2.8  58.09  41.4 
100 44.71 72  98 1.7 3.1 20.43 79.4 
150 44.07  77 100 1.9 2.7 20.14 79.7 
200 29.95 78 120 1.9 3.2  13.69 86.2 
250 26.18 77 123 2.0 2.9  11.96  87.9 
300 22.17 79 132 2.1 3.5  10.13  89.8 

 
The  results   obtained  from  weight  loss,  potentiodynamic  polarization, electrochemical frequency modulation  
and  impedance  techniques  are  in  a  good agreement but  it  is of  interest  to note  that,  the values of %  IEgiven 
by electrochemical  techniques are higher  than those obtained by weight loss measurements; this may be due to the 
fact that the electrochemical measurements were carried out on freshly prepared solutions. 
 
3.7. Mechanism of Inhibition 
The inhibitive action of organic compounds depends of their structure and functional groups, nature of the metal and 
aggressive medium [27, 28]. The inhibitory action of Tenormin drug may be due to one of the following 
mechanisms:(i)physical adsorption of the molecules on the metal surface;(ii)electrostatic interactions between 
protonated nitrogen atoms and already adsorbed Cl atoms;(iii)coordination due to donor-acceptor interactions 
between the unshared electron pairs of nitrogen and oxygen atoms (iv)the π-electrons from the aromatic rings may 
also interact with the vacant d-orbitals of the atoms of the metal at the interface;(v)since the high molecular weight 
of Tenorminthe inhibition may be effected by hindering of attacks by Cl- ions due to wider surface covered by large 
molecules of Tenormin. 
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