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Abstract 
Electrochemical impedance spectroscopy (EIS), potentiodynamic polarization and gravimetric, techniques were 

carried out to investigate the corrosion protection properties of ammonium iron (II) sulphate (AIS) on carbon 

steel in 1 M HCl solution. The EIS study indicated that the addition of AIS in corrosive medium increases the 

charge-transfer resistance (Rct), decreases the double-layer capacitance (Cdl) of the corrosion process, and hence 

increases the inhibition performance. Potentiodynamic polarization measurements showed that the presence of 

AIS in 1 M HCl solutions decreased corrosion currents to a great extent. The above results showed that AIS 

acted as a mixed-type corrosion inhibitor. Moreover, the thermodynamic activation parameters for the corrosion 

reaction were calculated and discussed in relation to the stability of the protective inhibitor layer. Adsorption of 

inhibitor was found to obey Langmuir isotherm. The thermodynamic parameter value of free energy of 

adsorption (
ο

adsG ) reveals that inhibitor was adsorbed on the carbon steel surface via both physisorption and 

chemisorption mechanism. 

 

Keywords: Inorganic inhibitor, Carbon steel, HCl, Adsorption. 

 

1. Introduction 
Corrosion is a fundamental process playing an important role in economics and safety, particularly for metals 

and alloys. Steel has found wide application in a broad spectrum of industries and machinery; however its 

tendency to corrosion. The corrosion of steel is a fundamental academic and industrial concern that has received 

a considerable amount of attention. Among several methods used in combating corrosion problems, the use of 

chemical inhibitors remains the most cost effective and practical method. Therefore, the development of 

corrosion inhibitors based on organic compounds containing nitrogen, sulphur and oxygen atoms are of growing 

interest in the field of corrosion and industrial chemistry as corrosion poses serious problem to the service 

lifetime of alloys used in industry [1-17]. Little work [18-21] appears to have been done on the inhibition of 

steel in HCl solution by inorganic compounds. The purpose of this paper is to evaluate the corrosion of carbon 

steel in the absence and the presence of Ammonium Iron (II) Sulphate (AIS) in 1 M HCl. The inhibition effect 

of AIS on carbon steel in 1 M HCl is studied for the first time by electrochemical impedance spectroscopy 

(EIS), potentiodynamic polarisation curves and weight loss methods. The adsorption isotherm of AIS on carbon  

steel surface is discussed in detail at the range of inhibitor concentrations. The adsorption free energy 
ο

adsG  

was also calculated and correlated to the adsorption process.  

 

2. Experimental 
Materials 

The tested inhibitor, namely, Ammonium Iron (II) Sulphate ((NH4)2Fe(SO4)2.6H2O) (AIS) was obtained 

from Sigma–Aldrich chemical co. and his chemical structure is presented in Fig. 1. The steel used in this 
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study is a carbon steel (CS) (Euronorm: C35E carbon steel and US specification: SAE 1035) with a chemical 

composition (in wt%) of 0.370 % C, 0.230 % Si, 0.680 % Mn, 0.016 % S, 0.077 % Cr, 0.011 % Ti, 0.059 % Ni, 

0.009 % Co, 0.160 % Cu and the remainder iron (Fe). The aggressive solutions of 1 M HCl were prepared by 

dilution of analytical grade 37% HCl with distilled water. The concentration range of AIS empl was 10
-2

 to 10
-5

 

M. 

 
Fig.1: Structure of Ammonium Iron (II) Sulphate molecule (AIS). 

 

Electrochemical measurements 

Electrochemical impedance spectroscopy 

The electrochemical measurements were carried out using Volta lab (Tacussel- Radiometer PGZ 100) 

potentiostate and controlled by Tacussel corrosion analysis software model (Voltamaster 4) at under static 

condition. The corrosion cell used had three electrodes. The reference electrode was a saturated calomel 

electrode (SCE). A platinum electrode was used as auxiliary electrode of surface area of 0.094 cm
2
. The 

working electrode was carbon steel. All potentials given in this study were referred to this reference electrode. 

The working electrode was immersed in test solution for 30 minutes to a establish steady state open circuit 

potential (Eocp). After measuring the Eocp, the electrochemical measurements were performed. All 

electrochemical tests have been performed in aerated solutions at 298 K. The EIS experiments were conducted 

in the frequency range with high limit of 100 kHz and different low limit  0.1 Hz at open circuit potential, with 

10 points per decade, at the rest potential, after 30 min of acid immersion, by applying 10 mV ac voltage peak-

to-peak. Nyquist plots were made from these experiments. The best semicircle can be fit through the data points 

in the Nyquist plot using a non-linear least square fit so as to give the intersections with the x-axis. In this case, 

the inhibition efficiency Z(%) is calculated by Rct using the following equation:  

Z(%) = 
0

ct

ct

0

ct

1/

1/1/

R

RR 
  100          (1) 

where 
0

ctR  and Rct are the charge-transfer resistance values without and with inhibitor [22], respectively. 

 

Potentiodynamic polarization  

The electrochemical behavior of carbon steel sample in inhibited and uninhibited solution was studied by 

recording anodic and cathodic potentiodynamic polarization curves. Measurements were performed in the 1 M 

HCl solution containing different concentrations of the tested inhibitor by changing the electrode potential 

automatically from -800 to -400 mV versus corrosion potential at a scan rate of 1 mV s
-1

.  

Weight loss measurements 

Coupons were cut into 2 × 2 × 0.08 cm
3
 dimensions are used for weight loss measurements. Prior to all 

measurements, the exposed area was mechanically abraded with 180, 320, 800, 1200 grades of emery papers. 

The specimens were washed thoroughly with bidistilled water, degreased and dried with ethanol. Gravimetric 

measurements are carried out in a double walled glass cell equipped with a thermostated cooling condenser. The 

solution volume is 80 mL. The immersion time for the weight loss is 6 h at 298 K. 

 

3. Results and Discussion 
Polarization curves 

Fig. 2 shows the potentiodynamic polarization curves after the addition of AIS. In every curve, it is observed 

that the current densities of the anodic and cathodic branch are displaced towards lower values. This 

displacement is more evident with the increase in concentration of the corrosion inhibitor when compared to the 

uninhibited solution. Electrochemical kinetic parameters (corrosion potential (Ecorr), corrosion current density 

(Iorr) and cathodic Tafel slope (c)), determined from the polarisation curves by Tafel extrapolation method, are 

reported in Table 1. Table 1 also included percentage inhibition efficiency, Tafel (%), that was calculated from 

the following equation [23,24]: 
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E(%) = 
O

O

corr

corrcorr

I

II 
  100          (2) 

where 
O

corrI  and Icorr are the corrosion current densities for steel electrode in the uninhibited and inhibited 

solutions, respectively. 
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Figure 2. Potentiodynamic polarisation curves of carbon steel in 1 M HCl in the presence of different 

concentrations of AIS. 

 

From Table 1, the corrosion current density decreased with the increase of the inhibitor concentration and ηTafel 

% showed the opposite trend which indicated that the inhibitor suppressed the carbon steel corrosion in 1 M HCl 

solution. The presence of AIS resulted in no definite trend in the shift of Ecorr compared to that in the absence of 

AIS, however, the displacement in Ecorr is < 85 mV. These results indicated that the presence of AIS inhibited 

both iron oxidation and hydrogen evolution, consequently AIS can be classified as mixed corrosion inhibitor 

[25-27] with the inhibitory action caused by a geometric blocking effect [28]. In addition, the inhibitory action 

was due to a reduction of the reaction area on the surface of the corroding metal [29].  

 

Table 2. Electrochemical parameters of carbon steel at various concentrations of AIS in 1 M HCl and 

corresponding inhibition efficiency. 

 
Concentration 

(M) 

Ecorr  

(mV/SCE) 

Icorr   

(µA/cm
2
) 

-βc 

(mV/dec) 

ηTafel  

(%) 

Blank ---- -457 594 190 ---- 

 10
-2

 -518 82 188 86.2 

AIS 10
-3

 -510 95 186 84.0 

 10
-4

 -494 105 175 82.3 

 10
-5

 -486 136 156 77.1 
 

Electrochemical impedance spectroscopy measurements 

The impedance spectra for carbon steel in 1 M HCl solution without and with various concentrations of AIS are 

presented as Nyquist plots in Fig. 3. From these plots, the impedance response of mild steel has significantly 

changed on addition of the AIS. For analysis of the impedance spectra containing a depressed capacitive semi 

circle [30], the standard Randle circuit is shown in Fig.4 [31,32]. 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 inhomogenities of the solid electrode [33,34]. Cdl is replaced by a constant phase element (CPE) with the 

exponent, n. It is found that the Nyquist plots for various concentrations of AIS inhibitor showed similar trend 

of curves which was depressed semicircle with the centre located below the real x-axis. Increasing the inhibitor 

concentration will increase the size of the curves, indicating the time constant of the charge transfer and double-

layer capacitance [35]. This behavior shows the adsorption of AIS on carbon steel surface.  
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Figure 3. Nyquist diagrams for carbon steel electrode with and without AIS at Ecorr after 30 min of immersion. 

 

It is also found that from the Nyquist plots, even with the addition or absence of inhibitor does not alter the style 

of impedance curves, thus proposing a similar mechanism of inhibition is involved. The impedance parameters 

derived from these plots are given in Table 2. As noted from Table 2, the polarization resistances values 

containing inhibitor substantially increased along the concentration compared to that without inhibitor. It is also 

clear that the value of Cdl decreases on the addition of inhibitor, indicating a decrease in the local dielectric 

constant and/or an increase in the thickness of the electrical double layer, suggesting the inhibitor molecules 

function by the formation of the protective layer at the metal surface. 

 
Figure 4. The standard Randle circuit. 

 

Table 2. Electrochemical Impedance parameters for corrosion of carbon steel in acid medium at various 

contents concentrations of AIS. 

Inhibitor 
Conc  

(M) 

Rct 

(Ω cm
2
) 

Cdl 

(µF cm
-2

) 

ηZ  

(%) 

Blank ---- 21 85.31 ---- 

AIS 

 

10
-2 

153 16.01 86.3 

10
-3 

134 26.02 84.3 

10
-4 

111 29.71 81.1 

10
-5 

82 36.10 74.4 

 
Weight loss measurements  

Effect of concentration 

Weight loss experiments were done according to the method described previously [17]. Weight loss 

measurements were performed at 298 K for 6 h by immersing the carbon steel coupons into acid 

solution (80 mL) without and with various amounts of inhibitor. After the elapsed time, the specimen 

were taken out, washed, dried and weighed accurately. The inhibition efficiency (µWL%) and surface 

coverage (θ) was determined by using following equations:  
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             (3) 

0

0

i
w w

w



             (4) 

where, w0 and wi are the weight loss value in the absence and presence of inhibitor.  

Initially carbon steel corroded at higher rate in acid but presence of inhibitor retarded the corrosion rate and 

remarkable improvement in inhibition efficiency was achieved (Figure 5). It was observed from Figure 5 that 

corrosion rate was decreasing with increasing inhibitor concentration whereas inhibition efficiency was 

increased with increasing amount of inhibitor. Maximum inhibition efficiency of 85 % was found at 10
-2

 M 

inhibitor concentration. From data listed in Table 3 decreased value of weight loss was noticed with increasing 

concentration of inhibitor due to increased surface coverage which can be accounted for inhibitive action of 

inhibitor.       
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Figure 5. Corrosion rates and inhibition efficiencies obtained at different concentrations of inhibitor in 1 M HCl 

at 298K for 6h. 

 

Table 3: Effect of AIS concentration on corrosion data of carbon steel in 1 M HCl.  

Inhibitor Concentration 

(M) 

CR 

(mg cm
-2

 h
-1

) 

µWL  

(%) 

θ 

Blank ---- 1.001 ---- ---- 

 10
-2

 0.151 84.9 0.849 

AIS 10
-3

 0.182 81.8 0.818 

 10
-4

 0.214 78.6 0.786 

 10
-5

 0.238 76.2 0.762 

 

Adsorption isotherm and thermodynamic  
The action of an inhibitor in aggressive acid media is assumed to be due to its adsorption at the metal/solution 

interface. The adsorption process depends on the electronic characteristics of the inhibitor, the nature of metal 

surface, temperature, steric effects and the varying degrees of surface-site activity [36,37]. In fact, the solvent 

H2O molecules could also be adsorbed at the metal/solution interface. Therefore, the adsorption of organic 

inhibitor molecules from the aqueous solution can be considered as a quasi substitution process between the 

organic compounds in the aqueous phase Org(sol) and water molecules at the electrode surface H2O(ads) [38]: 

( ) 2 ) 2 ( )( ( )sol ads adssolOrg xH O xH O Org                                                 (6) 

where x is the size ratio, that is, the number of water molecules replaced by one organic inhibitor. The type of 

the adsorption isotherm can provide additional information about the properties of the tested compounds. In 



J. Mater. Environ. Sci. 4 (5) (2013) 583-592                                                                                       Anejjar et al. 

ISSN : 2528-2028 

CODEN: JMESCN 

 

588 

 

order to obtain the adsorption isotherm, the degree of surface coverage (θ) of the inhibitor must be calculated. In 

this study, the degree of surface coverage values (θ) for various concentrations of the inhibitor in acidic media 

have been evaluated from the weight loss measurements and listed in Table 4. Attempts were made to fit the θ 

values to various isotherms, including Langmuir, Temkin, Frumkin and Flory-Huggins. By far, the best fit is 

obtained with the Langmuir isotherm. Langmuir adsorption isotherm is described by the following equations: 

1
ads inh

K C






                                                                       (7) 

By rearranging this equation: 

inh

ads

inh 1
C

K

C



                                                                         (8)     

where Cinh is the inhibitor concentration, Kads is the adsorption equilibrium constant and θ is the surface 

coverage. Fig. 6 shows the plots of Cinh/θ versus Cinh and the expected linear relationship is obtained for AIS.  
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Figure 6. Langmuir adsorption of AIS on the carbon steel surface in 1.0 HCl solution. 

 

The strong correlations (R
2
 = 0.9995) confirm the validity of this approach. The slope of the straight line (Kads) 

has been found to be 5.44×10
4
 M

-1
 (Table 4) suggesting that the adsorbed inhibitor molecules form monolayer 

on the carbon steel surface and there is no interaction among the adsorbed inhibitor molecules [39]. On the other 

hand, the relatively high value of adsorption equilibrium constant reflects the high adsorption ability of AIS on 

carbon steel surface [40,41]. The standard free energy of adsorption (
ads

G ) can be given as the following 

equation: 

(55.5 )
ads ads

G RTLn K                                                                     (9) 

where R is the gas constant (8.314 J K
-1

 mol
-1

), T is the absolute temperature (K), the value 55.5 is the 

concentration of water in solution expressed in M [42].                      

 

Table 4. Thermodynamic parameters for the adsorption of AIS in 1 M HCl on the carbon steel at 298K. 

Inhibitor Slope Kads (M
-1

) R
2
 

adsG (kJ/mol) 

AIS 1.1 5.44×10
4 
 0.99  -36.95 

 

The 
ads

G value is calculated as -36.95 kJ mol
-1

.  Generally, the values of 
ads

G  up to -20 kJ mol
-1

 are 

consistent with the electrostatic interaction between the charged molecules and the charged metal (physical 

adsorption) while those more negative than 40 kJ mol
-1

 involve sharing or transfer of electrons from the 

inhibitor molecules to the metal surface to form a co-ordinate type of bond (chemisorption) [43,44]. In this 
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study, the value of 
ads

G  is slightly negative than -20 kJ mol
-1

; which suggests that the adsorption mechanism 

of the AIS on steel in 1 M HCl solution is mainly the physical adsorption [45-47]. However, adsorption of 

inhibitor molecules is not merely physisorption or chemisorption, and it includes a comprehensive adsorption 

(physical and chemical adsorption) for the same values [48].     

 

Effet of temperature   

The effect of temperature on the inhibition efficiencies of AIS was also studied by EIS in the temperature range 

298-328K (Figs. 7 and 8). From Figs. 7 and 8, and Table 5, it can be concluded that the Rct values decreases in 

both uninhibited and inhibited solutions and the value of inhibition efficiency decreases slightly with the 

increase in the temperature. Thus AIS acts as a temperature-dependent inhibitor, and the relationship between 

temperature and inhibition efficiency is also a characteristic of the physical adsorption [49].  
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Figure 7. Nyquist diagrams for carbon steel in 1 M 

HCl at different temperatures. 
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Figure 8. Nyquist diagrams for carbon steel in 1 M 

HCl + 10
-2

 mol/L of AIS at different temperatures. 

Table 5. Effect of temperature on the carbon steel in free acid and at 10
-2

 M of AIS. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Values of Rct were employed to calculate values of the corrosion current density (Icorr) at various temperatures in 

absence and presence of AIS using the following equation [50]: 

 
1

corr ct
I RT zFR



         (10) 

where R is the universal gas constant (R = 8.314 J mol
-1

 K
-1

), T is the absolute temperature, z is the valence of 

iron (z = 2), F is the Faraday constant (F = 96 485 coulomb) and Rct is the charge transfer resistance. 

Activation energy can be obtained by Arrhenius equation as follows  

exp a

corr

E
I k

RT

 
  

 
        (11) 

Inhibitor T (K) Rct (Ω cm
2
) ηz (%) 

 

 

 

Blank 

298 21 ---- 

308 13 ---- 

318 10 ---- 

328 5.4 ---- 

 

 

AIS 

298 153 86.3 

308 80 83.7 

318 48 79.2 

328 25 78.4 
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where Ea is the apparent activation corrosion energy, R is the universal gas constant and k is the Arrhenius pre-

exponential constant. Taking the logarithm of the Arrhenius equation yields: 

a

corr

E
LnI Lnk

RT


          (12) 

EIS measurements were utilized to obtain the Icorr values using the equation (10) of carbon steel in the absence 

and presence of 10
-2

 M of AIS at different temperatures of 298, 308, 318 and 328K. These values were plotted 

as shown in Fig. 9. The values of activation energy of corrosion were determined from the slope of Ln (Icorr) 

versus 1/T plots [51]. The Ea values for carbon steel in the absence and presence of 10
-2

 M of AIS were 

calculated and listed in Table 6. The value of Ea found for AIS is higher than that obtained for 1 M HCl 

solution. The increase in the apparent activation energy may be interpreted as physical adsorption that occurs in 

the first stage [52]. Szauer and Brand explained that the increase in activation energy can be attributed to an 

appreciable decrease in the adsorption of the inhibitor on the carbon steel surface with increase in temperature. 
A transition state complex is decays to products after forming the high energy [53]. The mathematical form of 

transition state theory is shown as below: 

a aexp exp
corr

S HRT
I

Nh R RT

    
    

   
                                                 (10) 

where Icorr is the corrosion rate, A is the pre-exponential factor, h is Planck’s constant, N is the Avogadro 

number, R is the universal gas constant, ΔHa is the enthalpy of activation and ΔSa is the entropy of activation.  

The values of enthalpy and entropy of activation for carbon steel corrosion in 1 M HCl in absence and presence 

of AIS can be evaluated from the slope and intercept of the curve of  

Ln (Icorr/T) versus 1/T, respectively as shown in Fig. 10. 
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Figure 9. Arrhenius plots of carbon steel in 1 M HCl 

with and without 10
-2

 M of AIS. 
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Figure 10. Relation between Ln (Icorr/ T) and 1000/T 

at different temperatures.  

 

Table 6. The value of activation parameters for carbon steel in 1 M HCl in the absence and presence of 10
-2

 M 

of AIS. 
Inhibitor  Ea  (kJ/mol) ∆Ha (kJ/mol) ∆Sa (J/mol) Ea -∆Ha (KJ/mol) 

Blank 37.75 35.15 -73.75 2.6 

AIS 50.88 48.28 46.09 2.6 

 
Inspection of these data revealed that the thermodynamic parameters (∆Sa and ∆Ha) for dissolution reaction of 

carbon steel in 1 M HCl in the presence of inhibitor are higher than that obtained in the absence of inhibitor. The 

positive sign of ∆Ha reflects the endothermic nature of the carbon steel dissolution process suggesting that the 

dissolution of carbon steel is slow [54] in the presence of inhibitor. The large negative value of ΔSa for carbon 
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steel in 1 M HCl implies that the activated complex is the rate-determining step, rather than the dissociation 

step. In the presence of the inhibitor, the value of ΔSa increases and is generally interpreted as an increase in 

disorder as the reactants are converted to the activated complexes [45].  

 

Conclusions 
The inhibition effect of AIS on carbon steel in hydrochloric acid was examined by weight loss methods, 

potentiodynamic polarization and electrochemical impedance spectroscopy techniques. AIS act as a good 

corrosion inhibitor in 1 M HCl solutions. Inhibition efficiency value increases with the increasing of the 

inhibitor concentration, while the efficiency decreased with increasing the temperature. Polarization curves 

indicated that this inhibitor acts as mixed type inhibitor in 1 M HCl solutions. EIS measurement results 

indicated that the resistance of the carbon steel electrode increased greatly and its capacitance decreases by 

increasing the inhibitor concentration. The inhibition is accomplished by adsorption of this compound on the 

iron surface, and the adsorption is spontaneous and obeys the Langmuir isotherm. The inhibiting efficiencies 

obtained by polarization, EIS and weight loss measurements are in good agreement. 
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