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Abstract- Neodymium nitrate and Yttrium nitrate as environmentally friendly corrosion inhibitors for carbon steel used in Petroleum
Equipments using electrochemical techniques [potentiodynamic polarization, electrochemical impedance spectroscopy, and
electrochemical frequency modulation]. The adsorption of these compounds on carbon steel surface was found to be of neither a typical
physisorption nor a typical chemisorption mode. Increase in temperature increases corrosion rate but decreases inhibition efficiency. The
thermodynamic functions of activation have been evaluated. The polarization measurements indicated that the inhibitors are of mixed type.
The adsorption of these compounds was found to obey Langmuir’s adsorption isotherm. The analysis of SEM and EDS confirmed the
formation of precipitates of these compounds on Carbon steel surface, which reduced the overall corrosion reaction.

Index Terms— Langmuir’s isotherm, EFM, EIS, SEM–EDX; Environmentally
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1  INTRODUCTION
arbon steel used in most industries because of its low

cost and availability for manufacture of reaction vessels
such as cooling towers reservoirs, pipelines, boilers,

drums heat exchangers, tanks, etc. Carbon steel structure is
highly susceptible to corrosion and its protection costs billions
of dollars annually. Various additives are used to protect iron
and its alloy against corrosive attack. It is well known that
some rare earth form insoluble hydroxides which enable them
to be used as cathodic inhibitors. Neodymium nitrate and Yt-
trium nitrate have a low toxicity and their ingestion or inhala-
tion has not been considered harmful to health [1], whilst the
toxic effects of their oxides are similar to those produced by
sodium chloride. Furthermore, Neodymium nitrate and Yttri-
um nitrate can be considered as economically competitive
products [2] because, as elements, some of them are relatively
abundant in nature. Cerium, for instance, is as plentiful as
copper [3]. Production of rare earth has shown a continuous
increase in recent years. Taking all these facts into account, it
is reasonable to use this family of compounds as save corro-
sion inhibitors. There are several papers in the literature deal-
ing with the use of  some rare earth elements as corrosion in-
hibitors for several metals and alloys such as zinc [4–6], mild
steels [7], and stainless steels [8–14]. Several researches were
found in the literature about the use of inhibitors for metals
and alloys in sea water [15–17].

The purpose of this paper is to compare the corrosion inhi-
bition data derived from EFM with that obtained from Tafel
extrapolation and EIS techniques. SEM and EDX examination
of the carbon steel in 0.5 M HCl surface revealed that these
compounds prevented carbon steel in 0.5 M HCl from corro-

sion by adsorption on its surface to form a protective film and
acts as a barrier to corrosive media.

2 EXPERIMENTAL DETAILS
2.1 Composition of Material Samples

TABLE 1
CHEMICAL COMPOSITION (WEIGHT %) OF THE CARBON STEEL

2.2 Chemicals and Solutions
2.2.1 Chemicals
a- Hydrochloric Acid (BDH grade)

b- Neodymium nitrate and yttrium nitrate (BDH
grade) purchased from Alfa Aesar, Ajohnson Matthy
Company, the lanthanide nitrates [Neodymium (III)
nitrate Nd(NO3)3 with mol. weight = 438.34 and Yt-
terbium(III) nitrate Yb(NO3)3 with mol. Weight
467.15]

2.3 Electrochemical Measurements

            The experiments were carried out potentiody-
namically in a thermostated three electrode cell. Plat-
inum  foil  was  used  as  counter  electrode  and  a  satu-
rated calomel electrode (SCE) coupled to a fine Lug-
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gin capillary as the reference electrode. The working
electrode  was  in  the  form  of  a  square  cut  from  C-
steel under investigation and was embedded in a Tef-
lon rod with an exposed area of 1 cm2. This electrode
was immersed in 100 ml of a test solution for 30 min
until a steady state open-circuit potential (Eocp) was
attained. Potentiodynamic polarization was conduct-
ed in an electrochemical system (Gamry framework
instruments  version  3.20)  which  comprises  a  PCI/
300 potentiostat, controlled by a computer recorded
and stored the data. The potentiodynamic curves
were recorded by changing the electrode potential
from -1.0 to 0.0 V versus SCE with scan rate of 5
mV/s. All experiments were carried out in freshly
prepared solution at constant temperature (25 ±1 oC)
using a thermostat.  %IE and the degree of surface
coverage (θ) were defined as:

% IE = θ x 100 = [(icorr – icorr(inh)) / icorr] x 100  (1)

where icorr and icorr(inh) are the uninhibited and inhibit-
ed corrosion current density values, respectively, de-
termined by extrapolation of Tafel lines.
          The electrochemical impedance spectroscopy
(EIS) spectra were recorded at open circuit potential
(OCP) after immersion the electrode for 15 min in the
test solution. The ac signal was 5 mV peak to peak
and the frequency range studied was between 100
kHz and 0.2 Hz. All Electrochemical impedance ex-
periments were carried out using Potenti-
ostat/Galvanostat/Zra analyzer (Gamry PCI 300/4).
A personal computer with EIS300 software and
Echem Analyst 5.21 was used for data fitting and cal-
culating.

The inhibition efficiency (% IE)  and the surface cov-
erage (θ) of the used inhibitors obtained from the im-
pedance measurements were calculated by applying
the following relations:

% IE = θ x 100 = [1-(R°ct/Rct)]                                    (2)

Where, Roct and Rct are the charge transfer re-
sistance in the absence and presence of inhibitor, re-
spectively.

      EFM experiments were performed with applying
potential perturbation signal with amplitude 10 mV
with two sine waves of 2 and 5 Hz. The choice for the
frequencies  of  2  and  5Hz  was  based  on  three  argu-
ments [18]. The larger peaks were used to calculate
the corrosion current density (icorr), the Tafel slopes
(βc and βa) and the causality factors CF2 and CF3
[19]. All electrochemical experiments were carried
out using Gamry instrument PCI300/4 Potenti-
ostat/Galvanostat/Zra analyzer, DC105 Corrosion
software, EIS 300 Electrochemical Impedance Spec-
troscopy software, EFM 140 Electrochemical Fre-

quency Modulation software and Echem Analyst 5.5
for results plotting, graphing, data fitting and calcu-
lating.

2.4 SEM-EDX Measurement

  The carbon steel surface was prepared by keeping
the specimens for 3 days immersion in 0.5 M HCl in
the presence and absence of optimum concentrations
of Neodymium nitrate and Yttrium nitrate com-
pounds, after abraded using different emery papers
up to 1200 grit size. Then, after this immersion time,
the specimens were washed gently with distilled wa-
ter, carefully dried and mounted into the spectrome-
ter without any further treatment. The corroded C-
steel surfaces were examined using an X-ray diffrac-
tometer Philips (pw-1390) with Cu-tube (Cu Ka1,  l  =
1.54051 A°), a scanning electron microscope (SEM,
JOEL, JSM-T20, Japan).

3. Results and Discussion
3.1Potentiodynamic Polarization Measurements

Fig. (1) shows the potentiodynamic polarization
curves  for  carbon  steel  without  and  with  different
concentrations of Yb(NO3)3 at 25 oC.  Similar  curves
were obtained for Nd(NO3)3 compound. The ob-
tained electrochemical parameters; cathodic (βc) and
anodic (βa) Tafel slopes, corrosion potential (Ecorr),
and corrosion current density (icorr), were obtained
and listed in Table. (2).  Table. (2) shows that icorr
decreases by adding the rare earth compounds and
by increasing their concentration. In addition, Ecorr
does not change obviously. Also ba and bc  do  not
change markedly, which indicates that the mecha-
nism of the corrosion reaction of carbon steel does
not change. Fig. (1) clearly shows that both anodic
and cathodic reactions are inhibited, which indicates
that investigated compounds act as mixed-type in-
hibitors [20-21]. The inhibition achieved by these
compounds decreases in the following order:
Yb(NO3)3  > Nd(NO3)3

     Also, the results of θ and % IE where calculated
using icorr values. The percentage inhibition efficien-
cies (% IE) calculated from icorr of the investigated
compounds are given in Table (2). An inspection of
the results obtained from this Table reveals that, the
presence of different concentrations of the additives
reduces the anodic and cathodic current densities
and the polarization resistance. This indicates that
the inhibiting effects of the investigated compounds.
The order of decreasing inhibition efficiency from
icorr is: Yb(NO3)3  > Nd(NO3)3.

1227

IJSER



International Journal of Scientific & Engineering Research Volume 7, Issue 9, September-2016
ISSN 2229-5518

IJSER © 2016
http://www.ijser.org

Fig. (1): Potentiodynamic polarization curves for the corrosion of C-steel in
0.5 M HCl in the absence and presence of various concentrations of
Yb(NO3)3 at 25°C

TABLE (2)
EFFECT OF CONCENTRATIONS OF THE INVESTIGATED COMPOUNDS

ON THE FREE CORROSION POTENTIAL (ECORR.), CORROSION CURRENT
DENSITY (ICORR.), TAFEL SLOPES (ΒA&ΒC), DEGREE OF SURFACE
COVERAGE (Ө) AND INHIBITION EFFICIENCY (% IE) FOR CARBON

STEEL IN 0.5 M HCL AT 30°C.

3.1.2 Adsorption Isotherm
The adsorption isotherms are considered to

describe the interactions of the inhibitor molecule
with the active sites on the metal surface [22]. At-
tempts were made to fit Ө values  to  various  iso-
therms including Frumkin, Langmuir, Temkin, and
Freundlich. The results were best fitted by far by the
Langmuir adsorption isotherm which has the follow-
ing equation [23-24]:

C/Ө = 1/Kads+ C                                                         (3)

where C is the concentration of lanthanides; Kads is
the adsorptive equilibrium constant; and Ө is the sur-
face coverage of lanthanides on carbon steel, which
can be calculated by the ratio of IE/100 for different

lanthanides concentration [45]. Figs. (2-3) show the
straight lines of Ө vs. C at T1 (25 oC) and T2 (45 oC),
respectively. The linear correlation coefficients
(0.9968) (0.9988), at 25 oC and (0.998), (0.998) at 45oC
are almost equal to 1 and the slopes (1.13), (1.13) at 25
oC and (1.19), (1.20) at 45 oC are close to 1, which con-
firms the assumption that the adsorption of lantha-
nide compounds on the carbon steel surface obeys
Langmuir adsorption isotherm. The adsorptive equi-
librium constants at T1 (25 oC) namely K1 are (66.71),
(84.82) and T2 (45 oC), namely K2 are (52.44) (70.33) M-
1, respectively. The value of K1 is higher than that of
K2, which implies that the high temperature does not
benefit the strong adsorption of lanthanides on the
carbon steel surface. Thus, for the low concentration
of lanthanides, the higher inhibition efficiency at
T1(25 oC) when compared to that at T2 (45 oC) can be
well understood.
Moreover, the adsorption heat can be calculated ac-
cording to the van’t Hoff equation [26]:

LnKads = ∆H0ads/RT+ Const                                          (4)

That is:

                Ln(K2ads/K1ads)= - ∆H0ads/R(1/T2-1/T1)                           (5)

where ∆H° is the adsorption heat, R is the gas con-
stant, T is the absolute temperature, K1 and K2 are the
adsorptive equilibrium constants at T1 (25°C) and T2

(45°C), respectively. In consideration that the exper-
iments precede at the standard pressure and the solu-
tion concentrations are not very high, which are close
to the standard condition, the calculated adsorption
heat thus can be approximately regarded as the
standard adsorption heat ∆H°ads. The negative values
of ∆H° (Table 4.5) reflect the exothermic behavior of
the adsorption of lanthanides on the carbon steel sur-
face. The standard adsorption free energy (∆G°ads)
can be obtained according to the following equation
[27-28]

 Kads=1/55.5 exp (-∆G°ads/RT)                                    (6)

The  negative  values  of  ∆G0ads (Table 3) suggest that
the adsorption of lanthanides on the carbon steel sur-
face is spontaneous. Generally, the values of ∆G°ads
around  or  less  than  -20  kJ  mol-1 are associated with
the electrostatic interaction between charged mole-
cules and the charged metal surface (physisorption);
while those around or higher than -40 kJ mol-1 mean
charge sharing or transfer from the inhibitor mole-
cules to the metal surface to form a coordinate type
of  metal  bond  (chemisorption).  The  ∆G0ads values
listed  in  Table  (3)  are  around  -20  kJ  mol-1, which
means that the absorption of lanthanide compounds
on the carbon steel surface belongs to the physisorp-
tion and the adsorptive film has an electrostatic char-
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acter [29-30]. Finally, the standard adsorption entro-
py ∆S°ads can be calculated by the following Eq:

∆S°ads  = (∆H°ads  -∆G°ads)  /T                                   (7)

     The (DS°ads) values (Table 3) are positive, which
are opposite to the usual expectation that the adsorp-
tion is an exothermic process and always accompa-
nied by a decrease of entropy. The reason can be ex-
plained as follows: the adsorption of lanthanides in-
hibitor molecules from the aqueous solution can be
regarded as a quasi-substitution process between the
lanthanides compound in the aqueous phase and wa-
ter molecules at the electrode surface [H2O(ads)] [31-
34]. In this situation, the adsorption of lanthanides is
accompanied by the desorption of water molecules
from  the  electrode  surface.  Thus,  while  the  adsorp-
tion  process  for  the  inhibitor  is  believed  to  be  exo-
thermic and associated with a decrease in entropy of
the solute, the opposite is true for the solvent [35].
The thermodynamic values obtained are the algebra-
ic sum of the adsorption of lanthanides inhibitor
molecules and the desorption of water molecules.
Therefore, the gain in entropy is attributed to the in-
crease in solvent entropy. The positive values of
(DS0ads) suggest that the adsorption process is accom-
panied by an increase in entropy,  which is  the driv-
ing force for the adsorption of lanthanides on the
Carbon steel surface. Table (3) lists all the above cal-
culated thermodynamic parameters.

Fig. (2): Langmuir adsorption isotherm plotted as (C/Ө) vs. C of lanthanide
compounds for the corrosion of carbon steel in 0.5 M HCl at 25oC

Fig. (3): Langmuir adsorption isotherm plotted as (C/Ө) vs. C of lanthanide
compounds for the corrosion of carbon steel in 0.5 M HCl at 45oC

TABLE 3
SOME PARAMETERS FROM LANGMUIR ISOTHERM MODEL FOR CAR-

BON STEEL IN 0.5 M HCL FOR LANTHANIDE COMPOUNDS.

3.1.3 Effect of Temperature
        The importance of temperature variation in corrosion
study involving the use of inhibitors is to determine the mode
of inhibitor adsorption on the metal surface. Recently, the use
of two temperatures to establish the mode of inhibitor adsorp-
tion on a metal surface has been reported and has been found
to be adequate [36-37]. Thus, the influence of temperature on
the corrosion behavior of carbon steel in 0.5 M HCl in the ab-
sence and presence of lanthanides were investigated by hy-
drogen evolution method at 25 and 45°C. Therefore, in exam-
ining the effect of temperature on the corrosion process, the
apparent activation energies (Ea) were calculated from the
Arrhenius equation [38]

Log (ρ2/ρ1) = (Ea/2.303R) (1/T1-1/T2)                                       (8)
where ρ2 and ρ1 are the corrosion rates at temperature T1

and  T2 respectively.  An estimate of heat of adsorption was
obtained from the trend of surface coverage with temperature
as follows [39]:

Qads= 2.303R [log(θ2/1-θ2)– log(θ1/1-θ1)]x(T1xT2/T1-T2) kJmol-1

                                                                                      (9)
           where θ1 and  θ2 are the degrees of surface coverage at
temperatures T1 and T2, the calculated values for both parame-
ters are given in Tables (4-5). Increased activation energy (Ea)
in inhibited solutions compared to the blank suggests that the
inhibitor is physically adsorbed on the corroding metal surface
while either unchanged or lower Ea in the presence of inhibi-
tor suggest chemisorptions. It is seen from Tables (4-5) that Ea
values were higher in the presence of the additives compared
to that  in their  absence hence leading to reduction in the cor-
rosion rates. It has been suggested that adsorption of an or-
ganic inhibitor can affect the corrosion rate by either decreas-
ing  the  available  reaction  area  (geometric  blocking  effect)  or
by modifying the activation energy of the anodic or cathodic
reactions occurring in the inhibitor-free surface in the course
of the inhibited corrosion process [40]. The Ea values support
the earlier proposed physisorption mechanism. Hence, corro-
sion inhibition is assumed to occur primarily through physical
adsorption on the carbon steel surface, giving rise to the deac-
tivation of these surfaces to hydrogen atom recombination.
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Similar results have been reported in earlier publications [41].
The negative Qads values indicate that the degree of surface
coverage decreased with rise in temperature, supporting the
earlier proposed physisorption mechanism [42].

TABLE 4
CALCULATED VALUES OF ACTIVATION ENERGY (EA) AND HEAT OF

ADSORPTION (Q ADS) FOR CARBON STEEL IN 0.5 M HCL SOLUTIONS
CONTAINING VARIOUS CONCENTRATIONS OF THE ND(NO3)3 AT 25

AND 45°C OBTAINED FROM POTENTIODYNAMIC POLARIZATION MEAS-
UREMENTS

TABLE 5
CALCULATED VALUES OF ACTIVATION ENERGY (EA) AND HEAT OF

ADSORPTION (Q ADS) FOR CARBON STEEL IN 0.5 M HCL SOLUTIONS
CONTAINING VARIOUS CONCENTRATIONS OF THE YB(NO3)3 AT 25

AND 45° C OBTAINED FROM POTENTIODYNAMIC POLARIZATION
MEASUREMENTS

3.2 Electrochemical Impedance Spectroscopy
(EIS)
The corrosion of carbon steel in 0.5 M HCl in the presence

of the investigated compounds was investigated by EIS meth-
od at 25 oC after 30 min immersion. Nyquist plots in the ab-
sence and presence of investigated compound Yb(NO3)3 are
presented  in  Fig.  (4).  Similar  curves  were  obtained  for  other
inhibitor. It is apparent that all Nyquist plots show a single
capacitive loop, both in uninhibited and inhibited solutions.
The impedance data of carbon steel in 0.5 M HCl are analyzed
in terms of an equivalent circuit model Fig. (5) which includes
the solution resistance Rs and the double layer capacitance Cdl
which is placed in parallel to the charge transfer resistance Rct
[43] due to the charge transfer reaction.  For the Nyquist plots
it  is  obvious  that  low  frequency  data  are  on  the  right  side  of
the plot and higher frequency data are on the left. This is true
for EIS data where impedance usually falls as frequency rises
(this is not true for all circuits). The capacity of double layer
(Cdl) can be calculated from the following equation:

                                                                                              (10)

where f max is maximum frequency. The parameters obtained
from impedance measurements are given in Table (6). It can
see from Table (6) that the values of charge transfer resistance
Rct increase with inhibitor concentration [44]. In the case of
impedance studies, % IE increases with inhibitor concentration
in the presence of investigated inhibitors and the % IE of these
investigated inhibitors is as follows:

Yb(NO3)3 > Nd (NO3)3

      The impedance study confirms the inhibiting characters of
these compounds obtained from potentiodynamic polariza-
tion.  It  is  also  noted  that  the  (Cdl)  values  tend  to  decrease
when the concentration of these compounds increases. This
decrease  in  (Cdl),  which  can  result  from  a  decrease  in  local
dielectric constant and/or an increase in the thickness of the
electrical double layer, suggests that these compounds mole-
cules function by adsorption at the metal/solution interface
[45].  The inhibiting effect of these compounds can be attribut-
ed to their parallel adsorption at the metal solution interface.
The  parallel  adsorption  is  owing  to  the  presence  of  one  or
more active center for adsorption.

Fig. (4). The Nyquist (a) and Bode (b) plots for corrosion of C-steel in 0.5
M HCl in the absence and presence of different concentrations of
Yb(NO3)3 at 25°C.

ctmax Rf2
1

p
=dlC
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Fig. (5): Equivalent circuit model used to fit the impedance spectra

TABLE 6
ELECTROCHEMICAL KINETIC PARAMETERS OBTAINED FROM EIS

TECHNIQUE FOR THE CORROSION OF CARBON STEEL IN 0.5 M HCL
AT DIFFERENT CONCENTRATIONS OF INVESTIGATED INHIBITORS AT

25 °C.

3.3 Electrochemical Frequency Modulation Technique
(EFM)

            EFM is a nondestructive corrosion measurement tech-
nique that can directly and quickly determine the corrosion
current value without prior knowledge of Tafel slopes, and
with only a small polarizing signal. These advantages of EFM
technique make it an ideal candidate for online corrosion mon-
itoring [46]. The great strength of the EFM is the causality fac-
tors which serve as an internal check on the validity of EFM
measurement. The causality factors CF-2 and CF-3 are calcu-
lated from the frequency spectrum of the current responses.
Figs (6) shows the frequency spectrum of the current response
of carbon steel in 0.5 M HCl, contains not only the input fre-
quencies, but also contains frequency components which are
the sum, difference, and multiples of the two input frequen-
cies. The EFM intermodulation spectrums of carbon steel in 0.5
M HCl acid solution containing (25 ppm-100 ppm) of the stud-
ied  inhibitors  are  shown  in  Fig  (6).  Similar  results  were  rec-
orded for the other concentrations of the investigated com-
pound (not shown). The harmonic and intermodulation peaks
are  clearly  visible  and  are  much  larger  than  the  background
noise. The two large peaks, with amplitude of about 200 µA,
are the response to the 40 and 100 mHz (2 and 5 Hz) excitation
frequencies. It is important to note that between the peaks
there is nearly no current response (<100 nA). The experi-
mental EFM data were treated using two different models:
complete diffusion control of the cathodic reaction and the
“activation” model. For the latter, a set of three non-linear
equations had been solved, assuming that the corrosion poten-
tial does not change due to the polarization of the working

electrode [47]. The larger peaks were used to calculate the cor-
rosion current density (icorr), the Tafel slopes (βc and βa) and
the causality factors (CF-2 and CF-3). These electrochemical
parameters were simultaneously determined by Gamry
EFM140 software, and listed in Table (7). The data presented
in  Table  (7)  obviously  show  that,  the  addition  of  any  one  of
tested compounds at a given concentration to the acidic solu-
tion decreases the corrosion current density, indicating that
these compounds inhibit the corrosion of c- steel in 0.5 M HCl
through adsorption. The causality factors obtained under dif-
ferent experimental conditions are approximately equal to the
theoretical values (2 and 3) indicating that the measured data
are verified and of good quality [48]. The inhibition efficien-
cies IE EFM % increase by increasing the studied inhibitor
concentrations and was calculated as follows:

% IEEFM=[(1-icorr/iocorr)]x100                                                     (11)

      Where iocorr and icorr are corrosion current densities in
the absence and presence of inhibitor, respectively. The inhibi-
tion  sufficiency  obtained  from  this  method  is  in  the  order:
Yb(NO3)3  > Nd (NO3)3.
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Fig. (6):  EFM spectra Carbon steel in 1M HCl in the absence and pres-

ence of different concentrations of Yb(NO3)3 at 25°C.

TABLE 7
ELECTROCHEMICAL KINETIC PARAMETERS OBTAINED FROM EFM

TECHNIQUE FOR THE CORROSION OF CARBON STEEL IN 0.5 M HCL
AT DIFFERENT CONCENTRATIONS OF INVESTIGATED INHIBITORS AT

25 °C.

3.5- Scanning Electron Microscopy (SEM)
Studies

         Figure (7-8) represents the micrography obtained for car-
bon steel samples in presence and in absence of different con-
centrations of compounds after exposure for 15 hours' immer-
sion.  It  is  clear  that  carbon  steel  surfaces  suffer  from  severe
corrosion attack in the blank sample. It is important to stress
out that when the compound is present in the solution, the
morphology of carbon steel surfaces is quite different from the
previous one, and the specimen surfaces were smoother. We
noted the formation of a film which is distributed in a random
way on the whole surface of the carbon steel. This may be in-
terpreted as due to the adsorption of the rare earth com-
pounds on the carbon steel surface incorporating into the pas-
sive film in order to block the active site present on the carbon
steel surface. Or due to the involvement of inhibitor molecules
in the interaction with the reaction sites of carbon steel surface,
resulting in a decrease in the contact between carbon steel and
the aggressive medium and sequentially exhibited excellent
inhibition effect [49,50]

Fig. (7): SEM spectrum of carbon steel before and after immersion for 15 h

in 0.5M HCl solution without and with different concentrations of Nd(NO3)3.
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Fig. (8): SEM spectrum of C-steel before and after immersion for 15 h in

0.5M HCl solution without and with different concentrations of Yb(NO3)3

3. 6. Energy Dispersive X-ray (EDX) Analysis
The EDX spectra were used to determine the elements

present  on  the  surface  of  the  carbon  steel  after  15  h  of  expo-
sure to the uninhibited and inhibited 0.5 M HCl solution. Figs
(9-10)  shows  the  EDX  analysis  results  on  the  composition  of
carbon steel with and without the inhibitor treatment in 0.5 M
HCl solution, respectively. The EDX analysis indicates that
only  Fe  and  Cl  were  detected.  The  EDX  analysis  of  carbon
steel with the inhibitor treatment in 0.5 M HCl solution in the
presence of different concentrations of Yb(NO3)3 and
Nd(NO3)3 are shown in Figs. (9-10) respectively, the spectra
show an additional line, demonstrating the existence of Yb
and Nd and the height of this line increases by increasing the
concentration of Yb(NO3)3 and Nd(NO3)3. This Figure show
the presence of peaks related to Nd and Yb, this revealed the
presence of a protective film of lanthanides on carbon steel
surface. The height of the peak increases as follows: Nd(NO3)3

< Yb(NO3)3   and  this  parallel  to  the  order  of  inhibition  effi-
ciency of these lanthanides.

Fig. (9): EDX spectrum of carbon steel before and after immersion for 15 h

in 0.5 M HCl solution without and with different concentrations of

Yb(NO3)3.
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Fig. (10): EDX spectrum of C-steel before and after immersion for 15 h in

0.5 M HCl solution without and with different concentrations of Nd(NO3)3

4. Mechanism of Inhibition
           Corrosion inhibition of carbon steel in 0.5 M hydrochlo-
ric acid solution by the investigated lanthanides compounds
as indicated from potentiodynamic, electrochemical imped-
ance spectroscopy (EIS), Electrochemical frequency modula-
tion (EFM) and surface examinations (SEM and EDX) was
found to depend on the concentration and the nature of lan-
thanide compounds. C-arbon steel is generally, assumed that
adsorption of the inhibitor at the metal/ solution interface is
the first  step in the action mechanism of  the inhibitors in ag-
gressive acidic solutions. Four types of adsorption may take
place during inhibition involving lanthanide molecules at the
metal/solution interface; (i) electrostatic attraction between
charged molecules and charged metals, (ii) interaction of elec-
tron pairs  in the oxygen and/or nitrogen with the metal,  (iii)
interaction of Л-electrons with the metals, and (iv) a combina-
tion of the above [51]. Concerning inhibitors, the inhibition
efficiency  depends  on  several  factors;  such  as  the  number  of
adsorption sites and their charge density, molecular size, heat
of hydrogenation, mode of interaction with the metal surface,
and the formation metallic complexes [52]. The obtained re-
sults by potentiodynamic polarization, electrochemical im-

pedance spectroscopy (EIS) and EFM techniques indicate that
the extent of inhibition of lanthanides for corrosion of carbon
steel  in  0.5  M  of  HCl  solutions  obeys  the  following  order:
Yb(NO3)3 > Nd(NO3)3. The inhibition efficiency values can be
explained on the basis of formation of lanthanide oxides or
hydroxides  over  cathodic  sites.  Blocking  of  cathodic  sites  by
these oxides or hydroxides, decreases the available cathodic
current and, therefore, reduces the principal corrosion process
of carbon steel. This explanation is supported by the results of
several authors [53]. The explanation of the precipitation
mechanism of rare earth oxides and hydroxides is based on
the hydrolysis reactions experienced by the rare earth cations
as proposed by Baes and Mesmer [54].

xMy+ + yH2O → Mx(OH)y(xy-y) + yH+                                  (12)

  As the product of this reaction, a complex hydroxylate is ob-
tained whose stoichiometry depends on the pH of the solu-
tion, so that the higher the pH, the more favored is the precipi-
tation of Ln(OH)3:

Ln3+ + 3H2O → Ln(OH)3 + 3H+                                                 (13)

       The rare earth hydroxides formed do not possess ampho-
teric properties; they are stable in alkali solutions and dissolve
in acid solutions. Consequently, the hydroxides will precipi-
tate in those areas where pH is sufficiently alkaline to reach
their solubility product. The rate of formation of Ln(OH)3 is
decreased in the following order:  Yb(OH)3 > Nd(OH)3, which
is parallel to their inhibition efficiency.
Supposing that the neodymium and ytterbium cations hydro-
lyze to precipitate the species Ln(OH)3, it is possible to calcu-
late the critical pH at which their precipitation occurs. These
pH values are lower than theoretical pH that was calculated,
which was reached on the cathodic areas, and therefore, the
precipitation of the rare earth hydroxides is thermodynamical-
ly  favorable,  whether  it  occurs  with  an  exchange  of  two  or
four electrons. For the same pH value, a greater concentration
of [Ln3+] is needed for Nd(OH)3 to precipitate than Yb(OH)3

to precipitate. So, at the same pH the rate of formation of
Ln(OH)3 is  decreased  in  the  following  order:  Yb(OH)3>
Nd(OH)3, which is parallel to their inhibition efficiency.

TABLE 8
PH VALUES FROM YB AND ND SOLUTIONS ACCORDING TO THE DIF-

FERENT CONCENTRATIONS
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5. CONCLUSION

The corrosion studies of the carbon steel were carried out
at room temperature using 0.5 M HCl, and the results indicat-
ed that lanthanides are effective corrosion inhibitor for Carbon
steel in 0.5 M HCl. The studied inhibitors were observed to act
as a mixed-type inhibitor, and EIS measurements clarified that
the corrosion process was mainly controlled by charge trans-
fer, and that no change in the corrosion mechanism occurred
owing to the addition of inhibitor in 0.5 M HCl. The values of
Rct increased with the addition of inhibitor, while the capaci-
tance values decreased, indicating the formation of a surface
film.  The  surface  study  (by  SEM)  indicated  the  formation  of
thin film on the iron specimen immersed in seawater contain-
ing the lanthanides.
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