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Abstract

A rare earth-containing sulfate obtained from permanent magnets has been evaluated as a
corrosion inhibitor for a C-Mn steel in 3.5% NaCl solution. The electrochemical techniques
used include potentiodynamic polarization, linear polarization resistance and electrochemical
Impedance spectroscopy measurements. The inhibitor obtained is not a pure compound but a
mixture of neodymium and praseodymium sulphates, in a proportion of ca. 65:35. The open
circuit potential value shifts towards more cathodic values during the first 2 hours, but it moves
towards more anodic values after this time until it reaches a relatively constant value, indicating
the formation of a protective layer. The results show that this compound is a good corrosion
inhibitor, with an efficiency that increases with time and its concentration up to 500 ppm, but
decreases with a further increase in its concentration. The inhibitor does not induce the
formation of a passive layer but the polarization resistance values increase almost 10-fold upon
addition of the inhibitor. Although the compound affects both the anodic and cathodic
electrochemical reactions, it has a stronger effect on the cathodic reaction. It forms a film of
protective corrosion products by chemical adsorption on the steel surface following the
Langmuir adsorption isotherm. The corrosion mechanism is controlled by charge transfer and
remains unaltered with addition of the inhibitor.
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1. Introduction

Metal corrosion causes both big economic losses in the industry and numerous accidents [1].
One of the most widely used methods to fight corrosion is to use corrosion inhibitors,
although some of them are highly toxic, expensive and not friendly to the environment. For
this reason, in the last decades a lot of effort has been done to develop new corrosion
inhibitors that are environmentally friendly, such as compounds extracted from roots, leaves,
and fruits [2—6]. In this sense, some lanthanides have been used as corrosion inhibitors for
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various metals and alloys due to their low toxicity both to humans and to the environment
[7-9].

It has been reported that the use of some Ce or La chlorides or nitrates as corrosion
inhibitors in solutions containing chlorides, due to the formation of protective layers
consisting of hydrated oxides, decreased the oxygen reduction reaction, the free corrosion
potential, Ecorr, and the corrosion current density, lcorr [10—15]. More recently, Somers [6]
used rare earth 3-(4-methylbenzoyl)propionate salts (mbp), where the rare earths includes
La, Ce, Nd and Y, and estimated them as corrosion inhibitors for mild steel in 0.01 M NacCl.
All the compounds decreased the corrosion current density, I, and acted as predominantly
anodic inhibitors. Similarly, Peng [17] used La and Y 3-(4-methylbenzoyl)propionates with
for AS1020 mild steel in 0.01 M NaCl solution finding that the inhibition performance is
due to the establishment of a protective film. Similarly, Mohammedi [18] evaluated the use
of Y(NO3)3-6H,0 and CeCls-7H,0 in conjunction with metasilicates (Na,SiO3-5H,0) as
corrosion inhibitors for carbon A37 steel in aerated 3%NaCl solutions, finding that both
anodic and cathodic reactions were inhibited leading to a decrease in the corrosion rate.
Similar results were obtained for Mg and Al alloys in NaCl solutions [14, 19]. Besides the
use of rare earths as corrosion inhibitors, they play an essential role in permanent magnets,
lamp phosphors, catalysts, rechargeable batteries etc. China is the country that produces
more than 90% of their global production whereas the rest of the world is confronted with a
rare earths supply risk [20—22]. Thus, these countries will have to rely on recycling of rare
earths from pre-consumer scrap and industrial residues that contain these elements. This
paper deals with the use of recycled rare earth elements from permanent magnets, in
particular (Nd, Pr) sulphates, as corrosion inhibitors for a C-Mn Steel in chloride solutions.

2. Experimental procedure

2.1 Preparation of a rare earth containing inhibitor

The used permanent magnets contained 60—70 wt.% Fe-Nd-1B with a total amount of Pr
and Nd between 20-40% as described elsewhere [23]. The preparation of rare earths-
containing sulphates started with a demagnetization process as described in [23] by heating
the magnets at 300°C for 2 hours followed by crushing until a particle size of 0.5 mm in
average was obtained. The following procedure is similar to that described in [23] but instead
of using 36% v/v HCI, diluted sulfuric acid was used. The rare earths sulphate thus obtained
was dried at 60°C for 2 hours. They were characterized by the X-ray diffraction technique
on a Phillips X-ray diffractometer with Cu-Ka; radiation. The wavelength used to collect the
intensity data was 1.5406 angstroms. The acceleration voltage and the current density used
were 40 kV and 25 mA, respectively. The measurements were made in a 26 range from 20°
to 70° with a step of 0.0203°.
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2.2 Electrochemical techniques

The working electrode was a C-Mn steel containing, in wt.%: Fe —0.14 C —0.90 Mn — 0.30
S — 0.30 P. Specimens were encapsulated in a commercial polymeric resin leaving an
exposed area of 1.0 cm?. Potentiodynamic polarization curves, linear polarization resistance
(LPR) and electrochemical impedance spectroscopy (EIS) techniques were employed to
evaluate the inhibitors obtained in 3.5 wt.% NaCl solution. In addition to these techniques,
the variation in the open circuit potential value (OCP) was monitored throughout the tests.
A naturally aerated three electrode glass cell was used, for which an Ag/AgCl and a graphite
rod were used as the reference and auxiliary electrodes, respectively. Polarization curves
were started once the free corrosion potential value, Ecor, was stable, approximately after
30 minutes, by polarizing a specimen from the cathodic to the anodic direction at a scan rate
of 1 mV/s, starting at a potential value of 500 mV more cathodic than Ecr, and finishing the
scanning at 800 mV more anodic than Er. The Tafel extrapolation method was used to
calculate the corrosion current density value, lcor. Inhibitor efficiency, I.E., was calculated
by the following equation:

1.E.(%) = (lcorr — lcorrinh)/ lcorr- 100 1)

where lcorr and leorinn are the corrosion current densities without and with the inhibitor,
respectively. For the LPR measurements, specimens were polarized £15 mV around the Ecor
value at a scanning rate of 1 mV/s every 60 minutes for 24 hours. Finally, EIS measurements
were performed by applying a sinusoidal signal with an amplitude peak-to-peak of £15 mV
at the Eor Value in a frequency range of 0.01-100,000 Hz. EIS tests lasted for 24 hours.
Selected corroded specimens were analysed in a scanning electronic microscope (SEM)
whereas micro chemical analysis was performed with an X-ray energy dispersion (EDS) unit
attached to the SEM.

2= Pr,(30,).8H,0
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Figure 1. X-ray pattern of the rare earth-containing sulfate obtained from permanent magnets.
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3. Results and Discussion

3.1 Inhibitor characterization

The corresponding X-ray pattern of the salts obtained is shown in Figure 1, where it can be
seen that we are not dealing with a pure compound but with a mixture of neodymium and
praseodymium sulphates, in a ratio of ca. 65:35. Similar results were reported by Olafsen
[24] who obtained a complex oxide, Pr, «\NdxOs, from a La—Nd-0O system and by Porcayo-
Calderon [23] who reported a synthesis of a mixture of both neodymium and praseodymium
chlorides.

3.2 Electrochemical results

The variation in the open circuit potential value, OCP, as a function of the inhibitor
concentration for the C-Mn steel in 3.5 NaCl solution is shown in Figure 2. In the uninhibited
solution (blank), the OCP shifted towards more cathodic values for the first 2 hours,
however, it moved towards more anodic values after that time, until it reached a relatively
constant value. The shift in the OCP value in the cathodic direction is due to the dissolution
of the steel or any pre-existing film on its surface, whereas the shift towards more anodic
values is due to the formation of a layer of corrosion products on its surface [25].
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Figure 2. Effect of the inhibitor concentration on the OCP value for a C-Mn steel immersed in
3.5% NacCl solution.

When the inhibitor is added to the solution at a concentration lower than or equal to
750 ppm, the OCP shifts towards more cathodic ones, but it never changes this trend to the
anodic direction, indicating that the steel does not develop a layer of protective corrosion
products. When 1000 ppm of inhibitor are added, the OCP value has a similar behaviour to
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that observed in the uninhibited solution, i.e. it moves to more cathodic values in the first 5
or 6 hours of testing, indicating steel dissolution, but after this time the OCP shifts to the
anodic direction, indicating the formation of a protective layer of corrosion products [26].
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Figure 3. Effect of the inhibitor concentration on the polarization curves for a C-Mn steel
immersed in 3.5% NaCl solution.

The polarization curves for C-Mn steel in 3.5 NaCl without and with the addition of
various inhibitor concentrations are given in Figure 3 whereas the electrochemical
parameters obtained from these curves are given in Table 1. It is clear from Figure 1 that the
polarization curves do not display a passive zone but an active behaviour only. The Ecor
value is shifted towards more cathodic values upon addition of either 250 or 500 ppm of the
inhibitor as compared with the value for the uninhibited solution, whereas at inhibitor
concentrations of 750 or 1000 ppm, Ecor is shifted towards nobler values. On the other hand,
the corrosion current density value decreases gradually as the inhibitor concentration is
increased, reaching its lowest value with the addition of 500 ppm, and it decreased once
again with a further increase in the inhibitor concentration.

The inhibitor efficiency value increased with an increase in the inhibitor concentration,
reaching its highest value with an inhibitor concentration of 500 ppm but decreasing with a
further increase in the inhibitor concentration. Both anodic and cathodic Tafel slopes
decreased with addition of the inhibitor, however, the cathodic slopes were affected more
significantly than the anodic ones, indicating that this inhibitor acts as a mixed type inhibitor
with a more predominant cathodic effect, thus affecting both anodic (steel dissolution) and
cathodic hydrogen evolution and oxygen reduction reactions. This decrease in the corrosion
rate is due to the adsorption of the inhibitor onto the steel surface since the surface area
covered by the inhibitor, 6, which is obtained by dividing the inhibitor efficiency by 100,
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increases as the inhibitor concentration increases to reach its highest value at an inhibitor
concentration of 500 ppm, then decreases with a further increase in the inhibitor
concentration.

Table 1. Electrochemical parameters obtained from polarization curves for the C-Mn steel immersed in
3.5% NaCl solution containing a rare earth-based inhibitor.

Cinh Ecorr lcorr Ba Bc IL.LE. 0
(ppm) (mV) (mA/cm?) (mV/dec) (mV/dec) (%)

0 ~800 81073 70 235 — -
250 —840 6-:10° 62 225 25 0.25
500 —855 3-10°° 53 190 63 0.63
750 —755 4-10°3 60 200 50 0.50

1000 —~790 5-10° 72 210 37 0.37

The way that rare earths decrease the Il Values is by adsorbing on the steel surface,
and, in order to know the way they are adsorbed various adsorption isotherms were used. As
it can be seen from Figure 4, the Langmuir adsorption isotherm showed the best R? value,
0.99. The Langmuir adsorption isotherm is given by:

Cinn/0 = 1/Kags + Cimn (2)

where Ciyp is the inhibitor concentration, 6 the surface metal area covered by the inhibitor
which is obtained by dividing the inhibitor efficiency by 100, and K IS the adsorption
constant of the process and can be obtained from the intercept of the data plotted in Figure 4
and is related to the adsorption free energy, AGaqs as follows:

AGads = —RT In(106 Kads) (3)

The AG,q4s Value obtained was —48.56 kJ/mol, which indicates a strong chemical type
of adsorption of the rare earth-based inhibitor on the steel metal [30].

Polarization curves represent a kind of instant picture which only give a description of
the electrochemical reactions taking place on the metal surface at that specific moment. In
order to evaluate the effect of the inhibitor on the corrosion rate decrease with time, Figure 5
depicts the change in the polarization resistance value, R, as a function of time at various
inhibitor concentrations. For the uninhibited solution, the R, value is the lowest and remains
more or less constant with the passage of time. However, when the inhibitor is added, the R,
value starts to increase with time due to the formation of a corrosion products layer, and after
some time it reaches a steady state value, indicating a more or less stable film of corrosion
products. The R, increases with the inhibitor concentration, reaching its highest value at an
inhibitor concentration of 500 ppm, a value 8 times higher than that obtained for the
uninhibited solution, and it decreases with a further increase in the inhibitor concentration.
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Figure 4. Langmuir adsorption isotherm on a C-Mn steel immersed in 3.5% NaCl solution
containing a rare earth-based inhibitor.
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Figure 5. Effect of the inhibitor concentration on the R, value for a C-Mn steel immersed in
3.5% NacCl solution.

Based on LPR data, the variation of the inhibitor efficiency value, I.E., as a function of
time can be calculated using the following expression:

l.E. = (Rp/inh — Rp)/Rp/inh'loo (5)

where Ryinn and R, represent the polarization resistance with and without the inhibitor,
respectively. The results are given in Figure 6, and it is clear that the inhibitor efficiency
increases with time regardless of the inhibitor concentration, due to an increase in the metal
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surface area covered by the inhibitor. The highest inhibitor efficiency value, as expected,
was obtained at an inhibitor concentration of 500 ppm, decreasing with a further increase in
its concentration.

1000 ppm

D E 10 15 20 25
Time {h)

Figure 6. Effect of inhibitor concentration on the inhibitor efficiency as a function of time for
a C-Mn steel immersed in 3.5% NaCl solution.

Similar results were obtained by EIS measurements. Figure 7 shows both Nyquist and
Bode plots for the C-Mn steel corroding in 3.5 NaCl solution containing various
concentrations of the rare earths based inhibitor. The Nyquist plots, Figure 7a, show a single
depressed capacitive semicircle with its center at the real axis at all frequency values,
indicating that the corrosion mechanism remains unchanged with the inhibitor concentration.
The semicircle diameter increases as the inhibitor concentration increases, reaching its
highest value at an inhibitor concentration of 500 ppm, and decreases with a further increase
in the inhibitor concentration, in agreement with polarization curves and LPR results given
above. On the other hand, the Bode plots in the modulus—frequency format, Figure 7b, show
that the impedance modulus increases as the inhibitor concentration increases, reaching its
highest value at 500 ppm of the inhibitor, and decreases when the inhibitor concentration is
increased further. Two different slopes are observed in these plots, indicating the presence
of two time constants. Similarly to this, the phase angle plots, Figure 7b, indicate only one
peak for the uninhibited solution, and thus, only one time constant, which indicates that
under these conditions, the formed layer of corrosion products is of non-protective nature;
on the other hand, the solutions in the presence of the inhibitor show two peaks, and thus,
two time constants, one related to the double electrochemical layer, and another one related
to the corrosion products layer.



Int. J. Corros. Scale Inhib., 2021, 10, no. 2, 602—617 610

| a)
N |
E
[T
£ ¢ B
=
2 zo0e | R
M 500 | ,A"J' l.,,{
"..l &
voos | Ay
L ! TED ppm
L X :-:w’!(
I.‘ Tl-HIF 1 1 hl 1 1 1 1 1 1 n 1 n 1 1
1500 2000 2500 3000 3500 4000 4500 S000
2,
Z {ohmcm)
=
g <
= =
§ 2
= @
w o
=1 w
E i
g =
= —&— 0 ppm
—#— 250 ppm
—i— 500 ppm
—&#— 750 ppm
—»— 1000 ppm
1 1 1 I

Fregquency (H z)

Figure 7. EIS data in the a) Nyquist and b) Bode format for a C-Mn steel immersed in 3.5%
NaCl solution containing various concentrations of rare earth-based inhibitor.
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Figure 8. Electric circuits used to simulate EIS data for a C-Mn steel immersed in 3.5% NaCl
solution a) in the absence and b) in the presence of the rare earth-based inhibitor.
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Figure 8 displays the equivalent circuits used to simulate the experimental data obtained
from the EIS plots for the C-Mn steel immersed in 3.5% NaCl solution with various
concentrations of rare earth-based inhibitor. In these circuits, Rs represents the solution
resistance, R the charge transfer resistance that refers to the electrochemical process taking
place at the metal/double electrochemical layer interface, Cgq the capacitance of the double
electrochemical layer, R¢ the corrosion products resistance that represents the
electrochemical reactions taking place at the corrosion products/metal interface, and Cox is
the capacitance of the corrosion products. The capacitances were replaced by a constant
phase element, CPE, considering the nonhomogeneous behavior of the interface as it is given
by [26]:

1
Zop=——
Y (G

where Y is the admittance, and n is related to the surface roughness and to the angle rotation
of a pure capacitance, and it takes the values described in the paragraphs above into account.

The parameters obtained to fit the EIS data by the electric circuits shown in Figure 8
are given in Table 2. As can be seen from this table, the resistance of the corrosion products
layer, Ry, is much larger than that of R, indicating that the corrosion resistance is given by
this layer. It is generally accepted that the first step during the adsorption of an inhibitor on
a metal surface usually involves replacement of water molecules absorbed on the metal
surface:

(6)

Inh50| + XHZOads —> Inhads + XH2050| (7)

The inhibitor may then combine with freshly generated Fe?* ions on the steel surface,
forming a metal-inhibitor complex:

Fe > Fe?* + 2e (8)
F82+ + Inhads_) [Fe'lnh]ad52+ (9)

Table 2. Electrochemical parameters used to simulate the EIS data for a C-Mn steel immersed in 3.5% NaCl
solution containing a rare earth-based inhibitor using the electrics circuit shown in Figure 8.

Cinn Rs Ret CPEct Rf CPE¢
(ppm) (Ohm-cm?) (Ohm-cm?) (Ohm-t-m=2-s") et (Ohm-cm?) (Ohm=-m-2-s") nf
0 5 755 8.0-10°* 0.6 — — —
250 4 4.6 1.1-104 0.7 3108 9.6-10* 0.8
500 2 4.4 7.1:10° 0.9 5340 41-10° 0.9
750 4 2.3 2.7-10* 0.7 2736 1.9-10° 0.7
1000 3 4.8 6.4-107* 06 1786 6.5-107* 0.6
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The resulting complex can either inhibit further metal dissolution. Additionally, the R¢
value increases with the inhibitor concentration to reach its highest value at an inhibitor
concentration of 500 ppm, decreasing with a further increase in the inhibitor concentration.
The CPE; value decreases as the inhibitor concentration increases to reach its lowest value
when 500 ppm of the inhibitor is added, and it increases with a further increase in the
inhibitor concentration. Finally an n value close to 1.0 indicates a low steel surface roughness
due to a low metal dissolution, thus, a low corrosion rate, whereas a value close to 0.5
indicates a high surface roughness due to a high metal dissolution and, thus, a high corrosion
rate. Table 2 shows that both n¢ and n¢ exhibit their highest values when 500 ppm of the
inhibitor is added, whereas the lowest values are obtained at low and high inhibitor
concentration.

The non-protective nature of the film formed on the steel immersed in the uninhibited
3.5 NaCl solution is evidenced in the micrograph shown in Figure 9, where a porous layer
of corrosion products can be seen that consists mainly of the chemical elements present in
the alloy such as Fe and C, along with oxygen. On the other hand, on steel corroded in the
solution containing 500 ppm of the rare earths-based inhibitor, Figure 10, a much more
compact film is observed although some parts of the uncovered steel can be seen, explaining
why the inhibitor efficiency did not reach a value of 100%. Micro chemical analysis reveals
the presence of F, O, Nd and Pr on the film formed on top of steel, indicating that the
protective film contains oxides of iron and rare earths as reported in some other research
papers [16-18]. For instance, Somers [16] evaluated La, Ce, Nd and Y 3-(4-
methylbenzoyl)propionates (mbp) as corrosion inhibitors for mild steel in 0.01 M NacCl,
finding that these compounds decreased the I Values by forming protective corrosion
products and acted as predominantly anodic types of inhibitor. Peng [17] used La and Y 3-
(4-methylbenzoyl)propionates for AS1020 mild steel in 0.01 M NaCl finding that the
inhibition performance was due to the establishment of a protective film. Finally,
Mohammedi [18] evaluated Y(NO3);-6H,O and CeCls;-7H,O in conjunction with
metasilicates (Na,SiO3-5H,0) as corrosion inhibitors for carbon A37 steel in aerated 3%
NaCl solution, finding that both anodic and cathodic reactions were inhibited leading to a
decrease in the corrosion rate. Thus, the decrease in the I Values is due to the adsorption
of rare earths containing inhibitor on the steel surface to form a protective film of corrosion
products.



Int. J. Corros. Scale Inhib., 2021, 10, no. 2, 602—-617 613

© MAG, 500 r-.qz\w 0. 10

Figure 9. SEM micrographs of C-Mn steel corroded in 3.5% NaCl solution without the
addition of the rare earth-based inhibitor together with EDS mappings of Fe, O and C.

Conclusions

e A compound containing neodymium and praseodymium sulphates, in a proportion of
65:35 approximately, has been synthetized from permanent magnets and used as a
corrosion inhibitor for a C-Mn steel in 3.5% NaCl solution.

e This compound is a good corrosion inhibitor, with an efficiency that increases with time
and with its concentration up to 500 ppm, but it decreases with a further increase in its
concentration.

¢ Although this compound affects both anodic and cathodic electrochemical reactions, it has
a stronger effect on the cathodic ones.
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e This compound does not induce a passive layer, instead it forms a film of protective

corrosion products by adsorbing chemically on the steel surface following a Langmuir
adsorption isotherm.

e The corrosion process is charge transfer controlled and it is not altered by the inhibitor.

Figure 10. SEM micrographs of C-Mn steel corroded in 3.5% NaCl solution containing
500 ppm of the rare earth-based inhibitor together with EDS mappings of Fe, O, Nd and Pr.
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