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ABSTRACT

Lanthanides have been evaluated as new corrosion inhibitors for the corrosion of iron in
3.5% NaCl solutions using electrochemical techniques [potentiodynamic polarization, electro-
chemical impedance spectroscopy, and electrochemical frequency modulation]. The adsorp-
tion of lanthanides on iron 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
scanning electron microscopy and electron dispersion X-Ray confirmed the formation of
precipitates of lanthanides on iron surface, which reduced the overall corrosion reaction.
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1. Introduction

Iron and steel are used in most industries because
of its low cost and availability for manufacture of reac-
tion vessels such as cooling towers reservoirs, pipe-
lines, boilers, drums heat exchangers, tanks, etc. Iron
and steel structures are highly susceptible to corrosion
and their protection costs billions of dollars annually.
Various additives are used to protect iron and its alloy
against corrosive attack. It is well known that lantha-
nide ions form insoluble hydroxides which enable
them to be used as cathodic inhibitors. Lanthanides
have a low toxicity and their ingestion or inhalation
has not been considered harmful to health [1], whilst
the toxic effects of their oxides are similar to those
produced by sodium chloride. Furthermore, lantha-
nides can be considered as economically competitive
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products [2] because, as elements, some of them are
relatively abundant in nature. Cerium, for instance, is
as plentiful as copper [3]. Production of lanthanides
has shown a continuous increase in recent years. Tak-
ing all these facts into account, it is reasonable to use
this family of compounds as save corrosion inhibitors.
There are several papers in the literature dealing with
the use of lanthanides as corrosion inhibitors for sev-
eral 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 seawater [15-17].

The present work has been designated to evaluate
the effect of lanthanides on the corrosion inhibition of
iron in 3.5% NaCl solution. Electrochemical techniques
such as potentiodynamic polarization, electrochemical
impedance spectroscopy (EIS) and electrochemical fre-
quency modulation (EFM) have been employed to
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study the corrosion rate and inhibition efficiency.
Activation and thermodynamic parameters were effec-
tively used to characterize the inhibition mechanism
of the adsorption process.

2. Experimental method

The working electrode was prepared from high
purity (99.879%) iron wire. This iron wire was fixed to
borosilicate glass tube with epoxy resin. Before being
used, the electrode surface was abraded with different
grade emery papers (from 120 to 1,200 grit) until it
appeared free from scratching and other defects. Then,
degreased with acetone and finally washed with dou-
ble distilled water before they were inserted into the
test solution.

All chemicals used for preparing the test solutions
were of analytical grade and the experiments were
carried out at room temperature, 25+1°C using Lab
companion circulator thermostat model CW-05GL.
The aggressive and inhibitors solutions were made
from double distilled water.

Measurements were made in a three-compartment
cell with a platinum foil auxiliary electrode and a satu-
rated calomel reference electrode (SCE) was used. All
experiments were repeated at minimum of two times.

Potentiodynamic measurements were carried out,
after immersion the electrode for 30min in the test
solution to attain steady state. For polarization mea-
surements potential was scanned from —800 to
+800mV (relative to SCE) at a scan rate of TmVs™".
The EIS tests were performed at corrosion potentials
(Ecorr) over a frequency range of 100 kHz-0.2 Hz with
an ac wave of +5mV peak-to-peak after immersion
the electrode for 30 minutes in the test solutions. All
the electrochemical experiments were carried out
using Potentiostat/Galvanostat/ZRA analyzer (Gamry
PCI 300/4). A personal computer with DC 105 soft-
ware for potentiodynamic polarization, EIS300 soft-
ware for impedance, EFM140 for electrochemical
frequency modulation and Echem. Analyst 5.21 was
used for data fitting and calculating.

3. Results and discussion
3.1. Potentiodynamic polarization measurements

The values of corrosion potential (Ecorr), corrosion
current density (jeorr), and anodic and cathodic Tafel
slopes (f, and f.) can be evaluated from anodic and
cathodic regions of Tafel plots. The linear Tafel seg-
ments of anodic and cathodic curves were extrapo-
lated to corrosion potential to obtain corrosion current
densities (jcorr)-

3165

The inhibition efficiency, 5, and the surface cover-
age, 0, were evaluated from the measured (joorr) val-
ues using the relationship [18]:

n (%) = 0 X 100 = [(jlcorr _j‘lorr)/j,corr] X 100 (1)

where j. . and jerr are values of corrosion current
density in the absence and presence of inhibitor,
respectively.

Potentiodynamic polarization curves for the corro-
sion of iron in 3.5% NaCl in the absence and presence
of different concentrations of SmCl; at 25°C are pre-
sented in Fig. 1 as an example. Similar curves were
obtained for LaCl; and CeCl; (not shown). From
Fig. 1, it is clear that both the cathodic and the anodic
reactions are inhibited and the inhibition increases as
the inhibitor concentration increases, but the cathode
is more polarized. The values of various electrochemi-
cal parameters derived from Tafel polarization of all
inhibitors are given in Table 1. The results of Table 1
indicate that, there was no definite trend observed in
the E. values in the presence of investigated lantha-
nides. In the present study, shift in E.,, values is in
the range of 40 mV suggesting that all inhibitors act as
mixed type [19]. Also, the change in 5, and f. values
(Table 1) indicates that adsorption of investigated lan-
thanides affect the mechanism of anodic dissolution
as well as cathodic hydrogen evolution. This, confirm
that these investigated lanthanides act as mixed-type
inhibitors, but predominantly cathodic inhibitors [20].
It is seen (Table 1) that the inhibition efficiency of
investigated lanthanides shows the following order:

1 4
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Fig. 1. Potentiodynamic polarization curves for the
corrosion of iron in 3.5% NaCl in the absence and
presence of different concentrations of SmCl; at 25°C.
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Table 1
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Effect of lanthanide chlorides concentrations on the free corrosion potential (E.,), corrosion current density (jo,), Tafel
slopes (f, fi.), degree of surface coverage (), and inhibition percent (y%) for corrosion of iron in 3.5% NaCl at 25°C

Inh. [Inh.] —Eecorr jeorr B Ba R, x 10° CR. 0 n,%
(ppm) (mV) (LA cm?) (mV dec™) (mV dec™) (Q cm)? (mmy ")
La Blank 1,004 23.49 157 308 1.926 0.273 - -
50 978 11.92 158 282 3.691 0.138 0.492 49.2
100 985 11.91 148 283 3.544 0.138 0.493 49.3
150 967 10.85 151 278 3.910 0.126 0.538 53.8
200 973 9.543 147 271 4.333 0.111 0.594 59.4
Ce 50 986 10.93 146 286 3.850 0.127 0.535 53.5
100 966 10.99 151 281 3.887 0.128 0.532 53.2
150 973 8.694 146 265 4.708 0.101 0.630 63.0
200 962 7.924 144 270 5.148 0.092 0.663 66.3
Sm 50 908 10.59 179 255 4317 0.123 0.549 54.9
100 932 8.501 166 250 5.090 0.099 0.638 63.8
150 948 4.375 143 243 8.926 0.051 0.814 81.4
200 918 2.667 142 214 1.390 0.031 0.887 88.7
SmCl;>CeCl;>LaCl;. Increase in the inhibition
efficiency with increasing concentration of all lantha- 0.0014 +
nides studied reveals that the inhibition action are
due to adsorption on iron surface and the adsorption 0.0012 4
is known to depend on the chemical structure of the
inhibitors. 0.0010 +
The polarization resistance (R,) values are appar- o
ent to increase with increasing inhibitor concentration =~ - 0.0008
(Table 1).
0.0006
. . r=0.986, slope = 1.1
3.2. Adsorption isotherm 0.0004 4 . =099, sloge _
Basic information on the interaction between inhib- + 1=0.978, slope =0.9
itors and metal surface can be provided using the 0.0002 +————7———— 71—~ —~—
0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009

adsorption isotherms [21]. In order to obtain the
adsorption isotherm, the degree of surface coverage,
0, for different concentrations of inhibitor in 3.5%
NaCl solution has been evaluated from potentiody-
namic polarization (Table 1).

Attempts were made to fit these 0 values to vari-
ous isotherm indicating Frumkin, Langmuir, Temkin,
etc. The best fit was obtained with Langmuir isotherm
(Fig. 2). According to this isotherm, 0 is related to
inhibitor concentration by the equation [18]:

C/0 =1/Kags +C (2)

where K,gs is the equilibrium constant of the adsorp-
tion process and C is the concentration of the inhibi-
tor. For pure iron, the plot of C/0 against (C) gave a
straight line with a correlation coefficient>0.98, and
with almost higher slope than unity (1.1 in case of La
and Ce) as shown in Fig. 2. This indicates the

C.M

Fig. 2. Curve fitting for iron in 3.5% NaCl in the presence
of different concentrations of lanthanides chlorides to
Langmuir adsorption isotherm at 25°C.

presence of interactions among the adsorbed species
adjacent to each other. This behavior suggests that the
lanthanides adsorbed onto the iron surface following
the Langmuir adsorption isotherm.

The K,4s values can be calculated from the inter-
cept lines on the C/0-axis. This value is also related to
the standard free energy of adsorption (AG3,,) by the
following equation:

AG?,, = —RTIn(55.5K,4) 3)

where R is the universal gas constant and T is the abso-
lute temperature. The value of 55.5 is the concentration
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Table 2
Equilibrium constant (K,g4s), free energy of binding (AG?
nides for iron in 3.5% NaCl solution
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°4s), number of active sites (1/y), and Langmuir slope of lantha-

Inh. Kinetic model Langmuir isotherm
1/y Kags x 1073 M1 ~AG,, (KJmol ) Kags x 1073 M1 ~AGS,, (Kmol ")
LaCl; 1.2 3.4 30.1 2.3 29.1
CeCl; 1.4 5.5 31.3 2.9 29.7
SmCl, 1.5 5.1 31.1 5.5 31.3

of water in bulk solution in moll™!. The values of K,q4s
and AGY,, for lanthanides in 3.5% NaCl solution are

given in Table 2. The negative sign of AG,. indicates
that investigated lanthanides are spontaneously

adsorbed on iron surface. Generally, the magnitude of
AG:,, is around —20kJmol~' or less negative, which
can be assumed that an electrostatic interaction exists
between the inhibitor and the charged metal surface
(i.e. physisorption). Standard free energy of adsorption
(AGS,,) around —40kJmol ' or more negative indicated
that a charge sharing or transferring from organic spe-
cies to the metal surface occurs to form a coordinate
type of bond (i.e. chemisorption) [22]. It should be men-
tioned that the higher values of K,qs and AG;,, refer to
a higher adsorptive and thus a higher inhibiting effect.
The AGj,, values obtained for the studied compounds
on iron surface in 3.5% NaCl ranged from —29.1 to
—~31.3kJmol ', indicating both physical and chemical
adsorption [23].

1.0
. La, r=0.85096 .
*« Ce, r=0.87519

0.84) . sm, r=0.95023

log (6/1-6)
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-35 -34 -33 -32 -31
logC,M

1
-3.0

—
-38 -37 -36

Fig. 3. Curve fitting for iron in 3.5% NaCl in the presence
of different concentrations of lanthanides chlorides to El
Awady et al model at 25°C.
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Fig. 4. Arrhenius plots logjcoy vs. 1/T for iron in 3.5%

NaCl in absence and presence of 200 ppm of lanthanides
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Fig. 5. Log jeore/T vs. 1/T for iron in 3.5% NaCl in the
absence and presence of 200 ppm of the lanthanides.
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Effect of temperature on the free corrosion potential (E.,), corrosion current density (j.or), Tafel slopes (., fa),
inhibition percent (y%), and degree of surface coverage (0) of Fe in 3.5% NaCl in the absence and presence of 200 ppm of

the lanthanides chlorides

TempC Inh.  —Econr V) joor (WA em™?) B (mVdec) B, (mVdec) R,x10°(@cm?» CR 0 (%)
35 Blank 929.6 33.67 207 271 1.514 0.391 - -
La 943.1 15.10 155 271 2.840 0.175 0.552 55.2
Ce 952.8 12.03 156 274 3.586 0.140 0.643 64.3
Sm 949 .4 8.616 153 257 4.836 0.100 0.744 744
45 Blank 957.4 43.21 189 274 1.123 0.502 - -
La 927.3 22.08 174 263 2.056 0.256 0.481 48.1
Ce 927.7 19.11 178 264 2.413 0.222 0.558 55.8
Sm 949.1 17.27 166 268 2.574 0.200 0.60  60.00
55 Blank 923.2 51.05 210 267 0.9997 0.593 - -
La 888.4 31.26 196 257 1.543 0.363 0.388 38.8
Ce 967.0 28.52 170 270 1.588 0.331 0.441 44.1
Sm 907.5 25.51 191 247 1.832 0.296 050 50.0
T On the other hand, it is found that the kinetic—
able 4

Thermodynamic activation parameters for dissolution of
iron in 3.5% NaCl in the absence and presence of 200 ppm
of lanthanide chlorides

Inhibitor Thermodynamic activation parameter
E; AH* —AS*
(k] mol™) (k] mol™) (J mol 'K
3.5% NaCl; 21.0 18.9 2714
LaCl; 32.1 295 242.1
CeCly 35.0 324 234.1
SmCl; 61.1 58.5 154.0
0.015 -
—— 3.5% NaCl ‘
fffff 50ppm i
- 100ppm i
0.010 4| ~= 150ppm
a
5
<‘l 0.005 -
0.000 -
-0.005 — T T 1

—
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2
E,V vs SCE

Fig. 6. Potentiodynamic anodic curves for iron in 3.5%
NaCl in the absence and presence of different
concentrations of SmCl; at 25°C.

thermodynamic model of El-Awady et al [24]:
log /(1 —0) =log K'+y log C (4)

is valid to operate the present adsorption data. The
equilibrium constant of adsorption K=K, where
1/y is the number of the surface active sites occupied
by one inhibitor molecule and C is the bulk concentra-
tion of the inhibitor. Plotting log 0/(1 — 0) against log
C at 25°C is given in Fig. 3, where straight line rela-
tionships were obtained suggesting the validity of this
model for all cases studied. The calculated values of
1/y, Kaas and AGZ,, are given in Table 2. It is noting

-0.52
L] LaCl3
0544 ° CmCl
SmCl,
@ -0.56
@)
2
> .0.58
%
[8a]
-0.60-/’/"/'—/
062 |

—
1.7 1.8 1.9 20 21 22 2.3
log [inh.], M

Fig. 7. Pitting potential (Ep;) as a function of lanthanide
concentrations for iron in 3.5% NaCl. solution.
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Fig. 8. Nyquist plots for corrosion of iron in 3.5% NaCl in
the absence and presence of different concentrations of
SmCl; at 25°C.

that the values of 1/y is around unity, this means that
the given inhibitor molecules will occupy one active
site. In general, the values of AG},, obtained from El-
Awady et al model are comparable with those
obtained from Langmuir isotherm.

3.3. Effect of temperature

The influence of temperature on the corrosion rate
of iron in 3.5% NaCl in the absence and presence of
200 ppm of the lanthanides was investigated by the
potentiodynamic polarization technique in temperature

Table 5
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range (25-55°C). The effect of increasing temperature
on the inhibition efficiency values is listed in Table 3.
The results revealed that, on increasing temperature
there is an increase of corrosion rate while inhibition
efficiency decreases for all compounds used.

Plots of logarithm of corrosion rate (logk) with
reciprocal of absolute temperature (1/T) for iron 3.5%
NaCl in the absence and presence of 200 ppm of the
lanthanides are shown in Fig. 4. All the linear regres-
sion coefficients are close to 1, indicating that corro-
sion of iron in 3.5% NaCl can be explained using the
kinetic model. As shown from this figure, straight
lines with slope —E?/2.303R and intercept of A were
obtained according to Arrhenius-type equation:

k=Aexp (—E, / RT), (5)

where k is the corrosion rate, A is a constant depends
on a metal type, and electrolyte E! is the apparent
activation energy.

Plots of log (corrosion rate/T) vs. 1/T for iron in
3.5% NaCl in the absence and presence of 200 ppm of
the lanthanides are shown in Fig. 5. As shown from
this figure, straight lines with slope of (—AH*/2.303R)
and intercept of (log(R/Nh) + AS*/2.303R) were
obtained according to transition state equation:

Rate = RT/Nh exp(AS*/R) exp (—AH"/RT) (6)

where /i is Planck’s constant, N is Avogadro’s number,
AH* is the activation enthalpy, and AS* is the activa-
tion entropy.

Impedance data for corrosion of iron in 3.5% NaCl in the absence and presence of different concentrations of lanthanides

chlorides compounds at 25°C

Inh. [Inh.] (ppm) Ca, (WFem™?)
LaCl; Blank 498.6
50 4213
100 406.0
150 363.4
200 3213
CeCl, 50 375.1
100 349.9
150 306.7
200 2495
SmCl, 50 343.6
100 3125
150 284.2

200 227.3

R, (Q em?) 0 n (%)
439 - -
1,181 0.628 62.8
1,420 0.691 69.1
1,613 0.728 72.8
1806 0.753 75.3
1,429 0.693 69.3
1,706 0.743 743
1,793 0.755 75.5
1929 0.772 77.2
1,597 0.725 72.5
1,765 0.751 75.1
1972 0.777 77.7
2068 0.788 78.8
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The calculated values of the apparent activation
energy, E?, activation enthalpies, AH*, and activation
entropies, AS*, are given in Table 4. These values indi-
cate that the presence of the additives increases the
activation energy, E;, and the activation enthalpy,
AH*, and decreases the activation entropy, AS*, for
the corrosion process. The increase in the activation
energy indicating a strong adsorption of the inhibitor
molecules on iron surface and indicates the energy
barrier caused by the adsorption of the additive
molecules on aluminum surface. The increase in the
activation enthalpy (AH*) in the presence of the inhib-
itors implies that the addition of the inhibitors to the
acid solution increases the height of the energy barrier
of the corrosion reaction to an extent depends on the
type and concentration of the present inhibitor. The
entropy of activation (AS*) in the blank and inhibited
solutions is large and negative indicating that the acti-
vated complex represents association rather than dis-
sociation step [25].

The order of decreasing inhibition efficiency of the
investigated compounds as gathered from the increase
in E} and AH},, values and decrease in AS}. values is
as follows: SmCl; > CeClz > LaCls

3.4. Pitting corrosion

The effect of adding different concentrations of the
lanthanides on the pitting corrosion behavior of iron
in 3.5% NaCl solution was investigated by potentiody-
namic polarization measurements. Fig. 6 shows these
effects for different concentrations of SmCl; as an
example. It is observed that the addition of different
concentrations of SmCl; to 3.5% NaCl solution
increases the breakdown potential towards more posi-
tive values, i.e. inhibits pitting corrosion of the iron.
Fig. 7 shows the relation between pitting potential;
Ei and the inhibitors concentrations, a straight line
obtained according to the following equation:

Epi = a’ 4+ b log [inh] (7

~—

Symbols a” and b” are constants. The increase of
the inhibitors concentration increases the pitting
potential to more positive values, i.e. decreases the
pitting corrosion. The adsorption of the inhibitors on
the iron surfaces can prevent the adsorption of
Cl™ ion (which is responsible for pitting corrosion).

3.5. Electrochemical impedance spectroscopy

Nyquist plots of iron in uninhibited and inhibited
3.5% NaCl solution containing various concentrations
of SmCl; are shown in Fig. 8. As can see from this
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figure, the Nyquist plots are not perfect semicircles as
expected from the theory of EIS and this difference can
be attributed to the frequency dispersion as a result of
roughness and in homogeneity of the electrode surface.
Increase in the diameters of the semicircles with the
concentration of the additives indicates the increase in
the protective properties of the iron surface. Thus, the
capacitive semicircle is correlated with the dielectric
properties and the thickness of barrier adsorbed film.

Impedance parameters, such as charge transfer
resistance R, which is equivalent to R, and the dou-
ble layer capacitance Cq4 derived from the Nyquist
plots are given in Table 5 for iron in 3.5% NaCl solu-
tion in the presence and absence of the lanthanides. It
is observed that the values of R, increase with
increasing the concentration of the inhibitors and this
in turn leads to a decrease in corrosion rate of iron.
On the other hand, the values of C4; decreased with
increase in inhibitors concentration. This situation was
a result of increasing surface coverage by the inhibi-
tor, which led to an increase in % IE. The thickness of
the protective layer, dorg, was related to Cg; by the fol-
lowing equation [26,27]:

Cdl = & 8r/éorg (8)

—=—3.5% NaCl
—e—50 ppm

—+— 100 ppm F -60
—>— 150 ppm
—«— 200 ppm

b -40

log Zmod, ohm
zydyz Sog

log Freq, Hz

Fig. 9. The bode plots for corrosion of iron 3.5% NaCl in
the absence and presence of different concentrations of
SmCl; at 25°C.

Dt W +
R.E. Ru Rp W.E.
Y,
Y0
apha |

Fig. 10. An equivalent circuit used to fit Nyquist plots.
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where ¢, is the vacuum dielectric constant and &, is
the relative dielectric constant. The decrease in C4; can
result from a decrease in local dielectric constant and/
or an increase in the thickness of the electric double
layer [28], suggesting that lanthanide molecules func-
tion by adsorption at the metal/solution interface.
Thus, the change in Cg4 values was caused by the
gradual replacement of water molecules by the
adsorption of the lanthanide molecules on the metal

{Blank)
100.0 WA
10,00 pA
<
£ 1000pA
@
E
3
O 1000na
1000 nA
0.000 Hz 100.0 mHz 200.0 mHz 3000 mHz
Frequency (Hz)
(50 ppm)
10,00 A
1.000 pA
<
£ 1000nA
#
=5
O 1000nA
1,000 NA ey ——
0.000 Hz 100.0 mHz 2000 mHz 300.0 mHz
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(100 ppm)
10,00 pA
1.000 pA
<
£ 1000nA
g
5
O 1000na
1.000 nA
0.000 Hz 100.0 mHz 2000 mHz 300.0 mHz
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10,00 uA
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<
£ 1000nA
O
E
S
O 1000n0a
1.000 nA
0.000 Hz 100.0 miz 2000 mHz 300.0 mHz
Frequency (Hz)
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10.00 pA
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§ 100.0nA
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]
10,00 nA
1.000 nA —

0.000 Hz 100.0 mHz 200.0 mHz 300.0mH

Frequency (Hz)

Fig. 11. Intermodulation spectrum for iron metal in 3.5%
NaCl in the presence of 50-200 ppm of SmCl; at 25°C.

3171

surface, decreasing the extent of dissolution reaction
[29].

Bode plots of iron in uninhibited and inhibited
3.5% NaCl solution containing various concentrations
of SmCl; are shown in Fig. 9. The high frequency limit
corresponds to the solution resistance Rs(R), while the
lower frequency limit represents the sum of (Rs+ Ry).
The values of R and R, calculated from Nyquist and
Bode plots are in good agreement. The impedance
data are analyzed in terms of an equivalent circuit
model (Fig. 10) which includes the solution resistance
Rs or Rq and the double layer capacitance Cq; which
is placed in parallel to the charge transfer resistance
R due to the charge transfer reaction.

The value of phase angle (0) corresponding to the
resistive behavior of R, and (R;+R,) tends towards
90°. The presence of one phase maximum at interme-
diate frequencies indicates the presence of one time
constant corresponding to the impedance of the
formed protective film.

In addition to the values of R, and Cg; calculated
from EIS data, the values of the surface coverage (0)

(LaCls)
10.00 pA

1.000 A
1000 nA

10.00 nA

Current {A)

1.000 nA

100.0 pA by
0.000 100.0
Frequency (Hz)

200.0 300.0

(CeCls)

100.0 uA

1000 pA

1.000 pA

100.0 nA

Current (A)

10,00 nA

1.000 nA
0.000 Hz 100.0 mHz

Frequency (Hz)

200.0 mHz 300.0 mHz

(SmCl3)

100.0 pA

10,00 pA

1,000 pA

100.0 nA

Current (A)

10,00 nA

1.000nA & - - T v T T v v T r -
0.000 Hz 100.0 mHz 2000 mHz
Frequency (Hz)

300.0 mHz

Fig. 12. Intermodulation spectrum for iron metal in 3.5%
NaCl in the presence of 200 ppm of lanthanides chlorides
compounds.
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and the percentage inhibition (7%) were calculated in
presence and absence of lanthanides chlorides as
shown in Table 5, from the following equations:

1 (%) =0 <100 = [1 — (Ret/Ret)] > 100 ©)

where (Refree and (Re)aqa are charge transfer resis-
tance in blank and in presence of additive, respec-
tively.

From the data given in Table 5, the order of
decreasing inhibition efficiency for the tested
compounds is: SmCl; > CeCl; > LaCls.

Apparently, the results obtained from impedance
technique give further support to the results predicted
from potentiodynamic polarization techniques.

3.6. EFM technique

Results of EFM experiments are a spectrum of
current response as function of frequency .The spec-
trum is called the “inter modulation spectrum” and
an example is shown in Fig. 11. Fig. 12 shows inter-
modulation spectrum for iron metal in 3.5% NaCl in
the presence of 200ppm of lanthanides chlorides
compounds. The harmonic and intermodulation
peaks are clearly visible and are much larger than
background noise .The two large peaks, with ampli-
tudes of about 200 pA, are the response to the 2 and
5Hz excitation frequencies. Those peaks between 1
and 20pA are the harmonic, sums, and differences of
the two excitation frequencies. Analysis of these
peaks at intermodulation frequencies can reveal the
corrosion rate and Tafel parameters. It is important
to note that between the peaks the current response

Table 6
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is very small. The corrosion parameters, such as inhi-
bition efficiency (7%), corrosion current density (uA
cm~?), Tafel constants, and causality factors: CF-2
and CF-3, at different concentrations of lanthanides
in 3.5% NaCl at 25°C are presented in Table 6. It is
observed that the corrosion current densities
decreased by increase of the different concentrations
of lanthanides chlorides. The CF indicated that the
measured data are of good quality .The standard val-
ues for CF-2 and CF-3 are 2 and 3, respectively. The
causality factor is calculated from the frequency spec-
trum of the current response. If the causality factors
are approximately equal to the predicted values of 2
and 3, there is a causal relationship between the per-
turbation signal and the response signal. Then the
data are assumed to be reliable [30]. When CF-2 and
CF-3 are in the range 0-2 and 0-3, respectively, then
the EFM data is valid. The deviation of causality fac-
tors from their ideal values might due to that the
perturbation amplitude was too small or that the res-
olution of the frequency spectrum is not high enough
also another possible explanation that the inhibitor is
not performing very well [31].

3.7. Scanning electron microscopy (SEM) studies

The SEM micrographs of the specimen surface
after 48h of immersion in 3.5% NaCl solution in the
absence and presence of different concentrations of
SmCl; as corrosion inhibitor are shown in Fig. 13. In
the blank micrograph, flakes showing corrosion
products can be observed [32]. However, no pits or
cracks can be seen in the micrographs. On the other

Electrochemical parameters obtained by EFM technique for iron in 3.5% NaCl in the absence and presence of various

concentrations of lanthanides chlorides at 25°C

Inh. [Inh.] (ppm) jeorr (WA cm™?) Ba (mVdec ) e (mV dec™) CF-2 CF-3 n (%)
00 46.76 144 276 2.037 3.11 0.0
LaCl; 50 18.10 90 105 1.721 2.874 61.3
100 15.69 41 60 1.78 3.067 66.4
150 13.46 81 159 1.716 2.879 71.2
200 11.81 139 147 1.808 3.28 74.7
CeCls 50 14.07 37 53 1.89 2.954 69.9
100 12.67 65 116 2.079 3.256 72.9
150 11.27 117 128 2.866 1.977 75.9
200 10.68 53 97 1.836 1.837 77.2
SmCl, 50 13.35 88 193 1.847 2.786 715
100 12.18 155 164 1.94 3.207 74.0
150 11.15 140 153 2.814 2.73 76.2
200 10.10 125 133 2.17 3.199 78.4
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Fig. 13. SEM spectrum of iron before and after immersion for 48h in 3.5%NaCl solution without and with different

concentrations (50-200 ppm) of SmCls.

hand, for the alloy surface which was inhibited with
different concentrations of SmCl; (50, 100, 150, and
200 ppm) for 48h immersion, it can be seen that the
flakes in the surface of specimens are reduced when
compared with that of the micrograph of the blank.
The specimen surface can be observed to be covered
with a thin layer of the SmCl; molecules, which
increases by increasing the concentration of the inhibi-
tor (SmCl;), giving protection against corrosion.
Fig. 14 shows SEM micrographs of iron before and

after immersion for 48h in 3.5% NaCl solution with
200 ppm of lanthanides. The effect of the formation of
thin film of lanthanides on the iron surface decreases
in the following order: SmCl; > CeCl; > LaCls.

3.8. Electron dispersion X-Ray (EDX) studies

The EDX spectra were used to determine the ele-
ments present on the surface of the iron after 48h of
exposure to the uninhibited and inhibited 3.5% NaCl



(CeCl3)

NE—

0.4 mBar J

'—| 1 mm

0.2 mBar J

Fig. 14. SEM spectrum of iron before and after immersion
for 48 h in 3.5%NaCl solution with 200 ppm of lanthanides
chlorides.

solution. Fig. 15 (blank) shows the EDX analysis result
on the composition of iron without the inhibitor treat-
ment. The EDX analysis indicates that only Fe and Cl
were detected. The EDX analysis of the iron in 3.5%
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NaCl in the presence of 50, 100, 150, and 200 ppm of
SmCl;, for example, the spectra show an additional
line, demonstrating the existence of Sm and the height
of this line increases by increasing the concentration
of SmCl;. Fig. 16 shows the EDX analysis of the three
lanthanides at 200 ppm. This figure shows the pres-
ence of peaks related to La, Ce, and Sm, this revealed
the presence of a protective film of lanthanides on
iron surface. The height of the peak increases as fol-
lows: La<Ce<Sm and this parallel to the order of
inhibition efficiency of these inhibitors.

3.9. Mechanism of inhibition

The obtained results by potentiodynamic polariza-
tion, EIS, EFM, SEM, and EDX techniques indicate
that the extent of inhibition of lanthanides for corro-
sion of iron in 3.5% NaCl solution obeys the following
order: SmCl;>CeCl; >LaCls. The inhibition efficiency
values can be explained on the basis of formation of
lanthanide oxides or hydroxides over cathodic sites
and nodule formation. Blocking of cathodic sites by
these nodules decreases the available cathodic current
and, therefore, reduces the principal corrosion process
of iron. This explanation is supported by the results of
several authors [33].

The explanation of the precipitation mechanism of
rare earth oxides and hydroxides is based on the
hydrolysis reactions experienced by the rare earth cat-
ions as proposed by Baes and Mesmer [34].

XM+ yH,0 — M (OH)¥ ™ + yH* (10)

This reaction explains why each solution starts at a
different pH according to its concentration and its sol-
ubility constant (Table 7).

As the product of this reaction, a complex hydrox-
ylate is obtained whose stoichiometry depends on the
pH of the solution, so that the higher the pH, the
more favored is the precipitation of Ln(OH)j:

Ln® 4+ 3H,0 — Ln(OH), + 3H" (11)

The rare earth hydroxides formed do not possess
amphoteric properties, which are stable in alkali
solutions and dissolve in acid solutions. Consequently,
the hydroxides will precipitate in those areas where pH
is sufficiently alkaline to reach their solubility product.

The solubility of Sm>®*, Ce®*, and La®" cations is
given according to Pourbaix by the following equilib-
rium [35]

2Sm*" + 3H,0 = Sm;0, + 6H"
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Fig. 15. EDX spectrum of iron before and after immersion for 48h in 3.5%NaCl solution without and with different
concentrations (50-200 ppm) of SmCls.
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Fig. 16. EDX spectrum of iron before and after immersion for 48h in 3.5% NaCl solution with 200 ppm of lanthanides
chlorides.
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Table 7
pH values From Sm ,Ce and La solutions according to the different concentrations
[inh.] (ppm) pH

SmCl3 CeCl3 LaC13

50 6.12 6.08 5.69
100 6.2 6.02 5.88
150 6.24 6.05 5.95
200 6.59 6.1 5.96

log(Sm*") = 21.10 — 3pH (12)
2Ce*" 4 3H,0 = Ce;0, + 6H"
log(Ce®") = 22.15 — 3pH (13)
2 La*" + 3H,0 = La;O, + 6H"*
log(La®") = 23.02 — 3pH (14)

Supposing that the cerium, samarium, and lantha-
num cations hydrolyze to precipitate the species La
(OH),, it is possible to calculate 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 thermody-
namically favorable, whether it occurs with an
exchange of two or four electrons.

For the same pH value, a greater concentration of
[Ln**] is needed for La(OH); to precipitate than Ce
(OH); and than Sm(OH);. So, at the same pH the rate
of formation of Ln(OH); is decreased in the following
order: Sm(OH); > Ce(OH); > La(OH); which is parallel
to their inhibition efficiency.

4. Conclusion

The corrosion studies of the iron were carried out
at room temperature using seawater (3.5% NaCl), and
the results indicated that lanthanides are effective cor-
rosion inhibitor for iron in seawater. The studied
inhibitors were observed to act as a mixed-type inhibi-
tor, and EIS measurements clarified that the corrosion
process was mainly controlled by charge transfer, and
that no change in the corrosion mechanism occurred
owing to the addition of inhibitor in seawater. The

values of R, increased with the addition of inhibitor,
while the capacitance 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 containing the
lanthanides.
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