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1. Introduction 

Ammonia-water absorption heat pumps offer high heating and 
cooling efficiencies without the use of refrigerants that are 
harmful to the environment. In addition, gas-fired absorption 
systems reduce electrical demand and provide an economic 
benefit for the user by avoiding the electrical peak demand 
charges associated with running electrically powered vapor 
compression systems. Traditionally, chromate based inhibitors, 
such as sodium chromate or dichromate, have been used in 
ammonia-water absorption systems[1]. However, chromates are 
highly toxic and environmentally harmful, and their use is being 
phased out in many localities[1]. Extensive research carried out 
in our laboratories has shown that solutions of rare earth metal 
salts (REMS) and amino acids can be used to produce corrosion 
resistance surface layers on steel surface[2-6]. REMS have been 
used as replacements of toxic chromates for sealing anodized 
steel alloy surfaces. The electrochemical behavior of stainless 
steels after surface modification in REMS solutions has been 
studied in terms of the changes in the kinetics of the anodic and 
cathodic reaction and the pitting resistance [7, 8]. In this regard, 
rare earth salts have been tested as corrosion inhibitors for 
different metal alloys [9-20]. Rare earth inhibitors can be used as 
pigments in paints for different alloy systems like aluminum 
alloys, zinc, bronze , steels, and composite [14, 21, 22], etc. 

These inhibitors work well in high pH condition and therefore 
they can be used in alkaline environment[21]. A significant 
amount of research work is underway to replace chromate by 
cerium salts [23-25]. Rare earth (RE) ions have a low toxicity 
[26], and can be considered as economically competitive 
products [27]. The ammonia water absorption systems are 
regarded not only as environmentally friendly alternative to CFC 
based systems, but also as energy efficient heating and cooling 
technology. These systems also alleviate the large power demand 
on the grids. In the heat pump systems, the absorber is one of the 
major components that influence the system performance 
significantly[28]. 

In the present work, the synergism between Ce4+ and amino acid 
L-arginine on steel in baseline solutions is studied by 
electrochemical impedance spectroscopy. We report the 
successful use of cerium sulphate tetrahydrate and a mixture of 
cerium sulphate tetrahydrate and L-arginine as eco-friendly 
corrosion inhibitors for corrosion of steel in baseline solutions by 
electrochemical impedance spectroscopy. 

2. Experimental setup 

The experiments were carried out using steel specimens with 
composition (C = 0.12 wt %, S = 0.04 wt %, Si = 0.015 wt %, 
Mn = 0.8 wt %, and Fe = balance). 
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A steel rod of the same composition was mounted in Teflon with 
an exposed area of 0.28 cm2 used for electrochemical impedance 
EIS measurements.  
Inhibitors compounds were obtained from Aldrich chemical co. 
they were added to the corrosive medium (5%wt ammonia and 
0.2 wt % sodium hydroxide) at 900 mg/l.  
Electrochemical experiments were carried out using a 
conventional electrolytic cell with three-electrode arrangement: 
saturated calomel reference electrode (SCE), platinum mesh as a 
counter electrode, and the working electrode (WE) had the form 
of a rod. The counter electrode was separated from the working 
electrode compartment by fritted glass. The reference electrode 
was connected to a Luggin capillary to minimize IR drop. 
Solutions were prepared from bidistilled water of the resistivity 
13 MΩcm, Prior to each experiment, the specimen was polished 
with a series of emery papers of different grit sizes up to 0000 
grit size, polished with Al2O3 (0.5 mm particle size), washed 
several times with bidistilled water then with acetone and dried 
using a stream of air. The electrode potential was allowed to 
stabilize 60 min before starting the measurements. All 
experiments were conducted at 25 ±1 °C. The exposed electrode 
area to the corrosive solution is 0.28 cm2. 
EIS measurements were carried out in a frequency range of 100 
kHz to 40 mHz with amplitude of 5 mV peak-to-peak using ac 
signals at open circuit potential.  

 
Figure 1Nyquest plots for steel electrode in baseline solutions at 
25 ±1 °C 
The measurements were performed by means of EG&G 
Princeton Applied Research Potentiosate/Galvanostat (PAR 
model 273) in combination with a Solarton 1250 frequency 
response analyzer which was used for polarization and 
capacitance measurements. The system is attached to a PC for 
collecting data.  
 

3. Results and discussion 

3.1 Steel in baseline solution  

The baseline solution composed of 5 wt% NH3 + 0.2 wt% 
NaOH, has a pH value of 13.3 at 25 ±1 °C. 
In baseline solutions, magnetite can readily form on the iron 

surface and provide corrosion protection. The protective 

properties of the steel surface in the baseline solution have been 

studied using electrochemical impedance spectroscopy for eight 

days. The time dependence of the electrochemical behavior of 

steel electrode in baseline solutions has been presented in Figures 

1-3. 

 
Figure 2 Bode plots for steel electrode in baseline solutions at 25 
±1 °C 
Nyquist and Bode plots of the steel samples in solutions 
containing 5 wt% NH3 + 0.2 wt% NaOH are shown in Figs. 1-3. 
The parameters obtained by fitting the experimental data 
presented in Figs 1-3 using the equivalent circuit depicted in Fig. 
4, and the calculated kinetic parameters are listed in Table 1, 
where Rs represents the solution resistance, Rp is the polarization 
resistance and can be defined also as the charge-transfer 
resistance and CPE is a constant phase element. 
 
Table 1 Electrochemical parameters calculated from EIS 
measurements on steel electrode in baseline solution at 25 ±1 °C.  

Time/Days 
Rs 

Ω . cm2 
R P  

Ω . cm2 nScm
CPE

21 −−Ωµ
 n 

D A Y  1  1 . 8  4 0 . 0 1  4 1 . 9  0 . 8 1  
D A Y  2  2 . 3  6 9 9 . 6  3 7 . 6  0 . 7 9  
D A Y  3  1 . 2  8 5 5 . 8  3 1 . 2  0 . 8 2  
D A Y  4  1 . 4  1 0 0 3 . 6  2 5 . 4  0 . 7 8  
D A Y  5  1 . 4  1 0 6 9 . 5  2 0 . 3  0 . 8 1  
D A Y  6  1 . 3  1 3 3 9 . 8  1 9 . 4  0 . 8 2  
D A Y  7  1 . 7  1 5 1 2 . 9  1 6 . 5  0 . 8 6  
D A Y  8  2 . 0 1  1 4 6 4 . 9  1 2 . 8  0 . 8 4  
D A Y  9   1 7 3 0 . 9  9 . 7  0 . 8 9  
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Figure 3 Bode-Phase plots for steel electrode in baseline 
solutions at 25 ±1 °C 
 
The complex plane impedance plots presented in Figs 1-3 clearly 
demonstrate that the shapes of these plots for the steel electrode 
are not substantially different from those obtained along the 9 
days experiment. The diameter of the semi-circles in Figs. 1-3 
increases as the magnetite layer increase. The increase in the 
magnetite layer thickness increases the impedance without 
changing the electrode behavior. Nyquist spectra presented in 
Fig. 1 is modeled using an equivalent circuit model similar to the 
one proposed by several authors [29-31]. 

 
Figure 4 Equivalent circuit model for steel / baseline solution 

interface 

 
Nyquist diagrams show one depressed loop with real impedances 
ranging between 401and 1730 Ω cm2 in the spectra, whereas 
impedances from 0 to 600 Ω cm2 are observed in the imaginary 
part. The real and imaginary impedances are directly affected by 
the immersion time of the steel electrode in the baseline solution.  
The differences in the electrochemical behavior of the steel 
electrode in baseline solutions can also be observed in the Bode 
plots, Fig. 2. The relationship between the time constants and the 
interfacial charge transfer phenomena, and the clear displacement 
of the phase angle (Fig. 3) observed at lower frequencies in the 
conversion films, may indicate a hindrance to steel corrosion as 
the time of immersion increases. These phenomena can be 
explained on the bases that increasing the immersion time, the 
magnetite layer will be more protective to the steel corrosion. 
The time constant observed in Figs 1-3 (one capacitive loop, one 
peak, in the bode phase diagram) is associated with the corrosion 

process have been displaced to even lower frequencies due to this 
magnetite layer. The corrosion resistance obtained at 9 days 
immersion can also be attributed to the coverage of the insulation 
of the magnetite layer on the steel surface. 
 
3.2 Cerium salt as corrosion inhibitor 

Impedance data has been used for over 20 years as a semi-
quantitative measure of coating performance, being adopted to 
provide an indication of the expected lifetime of surface coating 
[32, 33]. Impedance spectra for steel electrode immersed in 
baseline solutions at different intervals of time up to eight days in 
the presence of 900 mg/l concentrations of cerium sulphate 
tetrahydrate, were similar in shape. 
The shape of the impedance diagrams of steel in the presence of 
900 ppm concentrations of cerium sulphate tetrahydrate is similar 
to those found for steel in baseline solutions in the absence of 
cerium sulphate tetrahydrate. The presence of cerium sulphate 
tetrahydrate increases the impedance but does not change the 
other aspects of corrosion mechanism occurred due to its 
addition. Figure 5 shows the complex plane impedance as well as 
bode plots for steel in the presence of 900 ppm concentrations of 
cerium sulphate tetrahydrate after immersion for 8 days. The 
parameters obtained by fitting the experimental data presented in 
Fig. 5 using the equivalent circuit depicted in Fig. 4, and the 
calculated fitted parameters are listed in Table 2, where Rs 
represents the solution resistance, Rp is the polarization resistance 
and CPE is a constant phase element.  
 
Table 2 Electrochemical parameters calculated from EIS 
measurements on steel electrode in baseline solution in presence 
of 900 mg/l cerium sulfate tetrahydrate at 25 ±1 °C. 
 

Time/Days 
Rs 

Ω . cm2 
R P  

Ω . cm2 nScm
CPE

21 −−Ωµ
 n 

D A Y  1  2 . 1  6 2 0 . 7  3 9 . 6  0 . 8 2  
D A Y  2  2 . 2  5 6 4  3 4 . 6  0 . 8 1  
D A Y  3  1 . 9  7 1 4  2 9 . 8  0 . 8 3  
D A Y  4  1 . 3  7 7 9  2 4 . 5  0 . 8 8  
D A Y  5  1 . 8  3 9 0 0 . 7  1 9 . 6  0 . 8 2  
D A Y  6  1 . 3  8 2 7 6 . 9  1 7 . 4  0 . 8 1  
D A Y  7  1 . 7  1 8 7 8 2 . 6  1 3 . 3  0 . 8 2  
D A Y  8  1 . 9  1 9 0 6 4 . 0  1 1 . 7  0 . 8 4  

 
The complex plane impedance plots presented in Fig. 5 clearly 
demonstrate that the shapes of these plots for steel electrode 
immersed in cerium tetrahydarate are not substantially different 
from those without addition of cerium sulphate tetrahydrate. 
Addition of cerium sulphate tetrahydrate molecules increases the 
impedance but does not change other aspects of the electrode 
behaviour. Complex plane impedance spectra presented in Fig. 1 
are modeled using an equivalent circuit model similar to the one 
proposed by several authors [29-31]. The corrosion resistance 
due to addition of cerium sulphate is due to the increase in the 
charge transfer resistance and decrease in the constant phase 
element CPE as by addition of cerium sulphate tetrahydrate a 
film of cerium salt will be formed on the steel surface this can be 



68                                                                     K. F. Khaled / Adv. Mater. Corros. 1 (2012) 65-71 
 

 
 

illustrated by the broadening observed in the bode phase plot in 
Fig. 5 which can be explained on the basis that two interfering 
time constant one for the charge transfer resistance and the other 

time constant is corresponding to the film formed due to the 
adsorption of the cerium salt on the steel surface. 

 
Figure 5 Electrochemical impedance plots for steel electrode in baseline solutions in presence of 900 mg/l cerium sulphate tetrahydrate 
at 25 ±1 °C 
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3.3 Mixture of 900 mg/l Cerium salt and L-arginine as 
corrosion inhibitor 
Figure 6 shows the electrochemical impedance plots for steel 
electrode in baseline solutions in presence of a mixture of L-
arginine and cerium sulphate at 25 ±1 °C. In general, all 
impedance spectra exhibit one single depressed semicircle, and 

the diameters of the semicircle increases with the increase of 
immersion time. The single semicircle can be attributed to the 
charge transfer that takes place at electrode/baseline solution 
interface, and the transfer process controls the corrosion reaction 
of the steel electrode and the presence of the mixture does not 
change the mechanism of dissolution of steel. 

 
Figure 6 Electrochemical impedance plots for steel electrode in baseline solutions in presence of 900 mg/l mixture of cerium sulphate 
tetrahydrate and L-arginine at 25 ±1 °C 
 
 
It is also clear that these impedance diagrams are not perfect 
semicircles which can be attributed to the frequency dispersion as 
a result of the roughness and inhomogeneousness of the electrode 

surface. Furthermore, it is apparent, from these plots that, the 
impedance response of steel in baseline solution has significantly 
increased after the addition of the mixture more pronounced than 
in each mixture components alone. The EIS results are simulated 
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using the equivalent circuit shown in Fig. 4 to pure electric 
models that could verify or exclude mechanistic models and 
enable the calculation of numerical values corresponding to the 
physical and/or chemical properties of the corrosion system. 
Parameters derived from EIS measurements are given in Table 3. 
Addition of a mixture of cerium sulphate tetrahydrate and L- 
arginine increases the values of Rp and lowers the values of CPE 
and this effect is seen to be increased as the immersion time 
increase. The constant phase element (CPE) with their n values 
1 0n> >  represent double layer capacitors with some pores 
[37]. The CPE decreases upon increase in the immersion time of 
the steel electrode in the baseline solution, which is expected that 
by time inhibitors will cover the charged surfaces and reducing 
the capacitive effects. 
It has been suggested that the impedance spectra for the steel 
covered by inhibitor films are very similar to the failed coating 
metals [38]. Therefore, in this work the filmed equivalent circuit 
model is used to describe the inhibitors-covered metal/solution 
interface. The circuit model used for failed coating metal/solution 
interface is shown in Fig. 4.  
As there is a non-ideal frequency response, Figs. 1-3 and Figs. 5-
6, it is common practice to employ distributed circuit elements in 
an equivalent circuit [39]. The most widely used is the constant 
phase element (CPE), which has a non-integer power dependence 
on the frequency. Its impedance is described by the expression: 

n
CPE iYZ −−= )(1 ω             (1) 

where Y is a proportional factor, i is 1− , ω  is fπ2 and n is 
a phase shift [40]. Usually a CPE is used in a model in place of a 
capacitor to compensate for non-homogeneity in the system. For 
example, a rough or porous surface can cause a double-layer 
capacitance to appear as a CPE with an n value between 0.9 and 
1 [39].  

For n=0, CPEZ  represents a resistance with R=Y -1, for n=1 a 

capacitance with C=Y, for n=0.5 a Warburg element and for n=-1 
an inductance with L=Y -1.  
Figure 4 shows the electrical equivalent circuits employed to 

analyze the impedance plots. sR  is the electrolyte resistance (Ω 

cm2), pR  is the polarization resistance (Ω cm2). Y (Ω-1cm-2Sn) 

and n are parameters used in equation 1. 
Synergistic inhibition is an important tool to improve the 
inhibitive force of inhibitor, to decrease the amount of usage, and 
to diversify the application of inhibitor. It plays an important role 
in not only theoretical research on corrosion inhibitors but also 
practical work [41]. 
Inspection of Tales 1-3 shows that by addition of cerium salt to 
the baseline solution, polarization resistance increases and 
capacitive behavior decreases, which reflect increasing in 
corrosion inhibition efficiency due to the formation of a film on 
the steel surface. Polarization resistance exhibit more increase by 
addition the L-arginine to the baseline solutions and hence a 
more decrease in the constant phase elements, CPE values. 
There is a synergism between L-arginine and Ce4+ in baseline 
solutions. Namely, the inhibition efficiency for Ce4+ in 

combination with L-arginine is higher than the summation of 
inhibition efficiency for single Ce4+ and single L-arginine. 
 
Table 3 Electrochemical parameters calculated from EIS 
measurements on steel electrode in baseline solution in the 
presence of a mixture of 900 mg/l cerium sulphate tetrahydrate 
and L-arginine at 25 ±1 °C. 
 

Time/Days 
Rs 
Ω.cm2 

R P  
Ω . C M 2  nScm

CPE
21 −−Ωµ

 n 

Day 1 2.2 747.9 34.5 0.81 
Day 2 2.01 711.2 31.2 0.79 
Day 3 2.3 825.02 31.01 0.82 
Day 4 1.9 878.38 27.8 0.78 
Day 5 1.8 1041.65 22.1 0.81 
Day 6 2.4 1176 18.6 0.82 
Day 7 2.3 1216.4 14.3 0.86 
Day 8 2.7 2259.6 10.9 0.84 
Day 9 2.9 2333.8 8.2 0.89 

 

The presence of cerium ions with L-arginine significantly 
enhances protection efficiency, which indicates there is a true 
synergistic inhibition effect of L-arginine and cerium ions in 
baseline solution. In order to explain the fact, the following 
synergism mechanism is suggested: Cerium ion is a member of 
lanthanide group in periodic table of chemical elements, and it 
has a many vacant orbits (4f, 5d and 6s). L-arginine contains 
oxygen and nitrogen atoms with lone-pair of electrons. So, when 
L-arginine and cerium ions were mixed, the new complex of 
cerium ions–L-arginine was simply formed. The complex plays 
an important role in the enhancement of the protection of steel 
against corrosion. 
The complex could adsorb onto steel surface by the van der 
Waals force to form a protective film, which considerably 
decrease the steel surface corrosion. In this case, L-argining 
molecules may play a role in bridging the access of rare earth 
cerium ions to the steel surface from the solution. Thus, cerium 
sulphate tetrahydrate and L-arginine demonstrate a strong 
synergistic inhibition effect for steel surface. 
 

4. Conclusions 
The synergistic inhibition effect of cerium sulphate tetrahydrate 
alone and a mixture of cerium salt and L-arginine on corrosion of 
steel in baseline solution were studied by electrochemical 
impedance spectroscopy.  
The electrochemical impedance spectroscopy measurements 
demonstrated that, under the chosen experimental conditions 
cerium sulphate tetrahydrate offers sufficient inhibition against 
steel corrosion in baseline solutions. Addition of L-arginine 
increases the inhibition efficiency of steel in presence of cerium 
salt. The results of EIS indicate that the value of constant phase 
element, CPE tends to decrease and charge transfer resistance 
tends to increase by increasing the immersion time of the steel 
specimen in baseline solution. There is a synergism between L-
arginine and Ce4+ in baseline solutions. Namely, the inhibition 
efficiency for Ce4+ in combination with L-arginine is higher than 
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the summation of inhibition efficiency for single Ce4+ and single 
L-arginine. 
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