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Abstract

Zn, ¢;Mn 430 and Zn, ¢;Mn,, 3Fe, ;O nanoparticles have been synthesized using co-precipitation technique. The obtained
nanoparticles were characterized by X-ray diffraction, and transmission electron microscopy. The elemental contents of
the prepared nanoparticles were determined using particle-induced X-ray emission. Besides, the oxygen content of these
nanoparticles was determined using non-Rutherford backscattering spectroscopy. The electrochemical behaviour of 10 ppm
nanoparticles on the corrosion of mild steel in 0.5 M HClI and 0.5 M NaCl solutions containing 1% SDS was studied using
potentiodynamic polarization curve measurements and electrochemical impedance spectroscopy techniques. The mechanism
of inhibition of the studied nanoparticles was discussed and explained. Iron containing nanoparticles enhanced the corrosion
protection of mild steel in 0.5 M HCI due to the ability of Fe>* to deposit onto metal surface. However, in neutral 0.5 M NaCl

medium, both nanoparticles have approximately similar efficiency.
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1 Introduction

Mild steel is highly exposed to deterioration and corrosion
especially in acidic and neutral media. Hydrochloric acid
is ordinarily used in many domains such as acid cleaning
and descaling, as well as acid pickling due to its low cost
and availability compared to other mineral acids [1-8]. In
addition, seawater is aggressive for industrial installations of
mild steel causing severe corrosion problems [9].

Mild steel has been widely used in several fields including
petroleum refineries equipment, storage tanks and pipelines
due to its ease of manufacture and low cost [1, 10-14]. The
pipelines are affected by the flow of fluids containing sus-
pended matter (nanoparticles) giving rise to erosion—corro-
sion or general wear [15]. In stagnant solutions, the presence
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of such suspended particles may either enhance or retard
the corrosion due to their unique properties and their ability
to deposit on metallic surfaces. The properties of nanopar-
ticles are based on their peculiar electronic configuration,
large surface area and high amount of surface atoms [16].
Numerous nanoparticles have been used as corrosion inhibi-
tors such as TiO, [17], Cu,O [18], ZnO [19] and Fe;0, [20]
nanoparticles.

This work aims to evaluate the electrochemical behavior
of 10 ppm of Zn, y;Mn,, 430 and Zn, ;Mn,) ,3Fe, ;O nanopar-
ticles on the corrosion of mild steel in 0.5 M HCI and 0.5 M
NaCl solutions using electrochemical impedance spectros-
copy (EIS) and potentiodynamic polarization techniques.

2 Experimental Studies
2.1 Nanoparticle Preparation and Characterization

Zny g7Mn) 30 (ZnMnO) and Zn ¢;Mn, o3Fe(, ;O (ZnMn-
FeO) nanoparticles were prepared using co-precipitation
technique as described previously [21].

X-ray diffraction (XRD) patterns of the prepared nano-
particles were obtained using the Bruker D8 advance pow-
der diffractometer with Cu-Ka radiation (1=1.54056 A)
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in the range 10° <260 <80°. Transmission electron micros-
copy (TEM) images were obtained using Jeol transmission
electron microscope JEM 100CX, operated at 80 kV. The
size distribution was obtained from TEM images using
ImagelJ software and it was also done by Particle Analyzer
Delsa™Nano UI Software Version 3.73. Both TEM and par-
ticle size samples were prepared from reaction solution and
dispersed in ethanol solvent for measurement. The elemental
composition of the samples was measured by the conven-
tional vacuum PIXE. The 1.7 MV tandem accelerator of the
Lebanese Atomic Energy Commission was used to deliver
3 MeV proton beam on the samples with 1 pC of fluence.
The GUPIX software that measures the weight concentra-
tions of Zn, Fe and Mn, but not O as the latter is invisible
with respect to PIXE technique. For Ion Beam Analysis,
that is PIXE and RBS, a mass of 0.3 g of each sample was
grinded very well to ensure homogeneity and hence a thick
target pellet of approximate dimensions 1x 1x0.2 cm® was
formed. The target chamber contains Silicon-drifted detec-
tor (SDD) formed of high purity silicon with a very low
leakage current leading to high energy resolutions (down to
123 eV for Mn Ka wavelength). The SDD allows the detec-
tion of elements with Z> 10. To obtain one spectrum for
all the elements which compose the sample, an Aluminum
filter of 100 pum thickness was placed in front of SDD X-ray
absorber [22].

2.2 Solution Preparation

Distilled water as well as analytical reagent-grade hydro-
chloric acid were used without further purification to pre-
pare the experimental solutions. Sodium chloride, as well as
sodium dodecyl Sulfate (SDS) were purchased from Sigma-
Aldrich. 1wt% SDS was added to every test solution, either
acidic or neutral media. SDS is considered as an excellent
electrostatic stabilizer with high affinity to adsorb onto nano-
particle surfaces maintaining their stable dispersion [23].
To homogenize the resultant solution, a Bandelin Sonoplus
ultrasonic stirrer solution was used for mixing the solution
for 30 min.

Fig.1 XRD spectra for undoped
7Zn0O, ZnMnO and ZnMnFeO

2.3 Electrochemical Studies

Electrochemical impedance spectroscopy (EIS) and poten-
tiodynamic polarization measurements were done using fre-
quency response analyzer (FRA)/potentiostat supplied from
ACM instruments (UK). The frequency range for EIS meas-
urements was 0.1-3 x 10* Hz with applied potential signal
amplitude of + 10 mV around the rest potential. Polarization
curves measurements were obtained at a sweep rate of 1
mVs~'. In 0.5 M NaCl, the mild steel was polarized from
—300 to +500 mV versus equilibrium potential, whereas in
0.5 M HCI solutions polarization curve measurements were
done within a potential range of +250 mV around the rest
potential. The used cell setup and conditions were similar to
that described previously [24]. The mild steel used for con-
structing the working electrode was of the following chemi-
cal composition (wt%) (C, 0.164; Mn, 0.710; Si, 0.260; S,
0.001; P, 0.005 and Fe, 96.2). Before polarization and EIS
measurements, the working electrode was left to attain the
open circuit potential in the test solution. A WiseCircu water
bath (Germany) was used to maintain the temperature of
all measurements at 30+ 0.1 °C under unstirred conditions.
Duplicate experiments were performed, under the same
conditions, to test the reliability and reproducibility of the
measurements.

3 Results and Discussion
3.1 Nanoparticle Characterization

Figure 1 shows the XRD diffraction spectra for undoped
Zn0, ZnMnO and ZnMnFeO nanoparticles. Comparing the
observed diffraction peaks to the standard peaks of pure ZnO
(ICDD card no. 89-1397), indicated that all samples show
the hexagonal (wurtzite) crystal structure. The sharp and
narrow peaks reveal that all prepared nanoparticles exhibit
high purity and crystallinity [21].
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High-resolution TEM images as well the size distribu-
tion of ZnMnO and ZnMnFeO nanoparticles are shown in
Fig. 2a and b. As seen, uniform nanoparticles with narrow
size distribution are obtained. Both nanoparticles exhibit
a three-dimensional network of randomly oriented sheet-
like structures. The TEM size distributions were obtained
and the average particle sizes were determined from the
histograms to be 25-45 nm for ZnMnO and 40-80 nm for
ZnMnFeO nanoparticles, respectively.

The agglomeration appearing in TEM images is prob-
ably due to the fact that the measurements were carried in
ethanol solvent without the use of capping agent.

Figure 3a and b shows the size distribution of the inves-
tigated nanoparticles using a 10° scattering angle. The
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average particle size was 4.2 nm for ZnMnO and 27.7 nm
for ZnMnFeO nanoparticles, respectively.

The concentration of Mn and Fe in Zn; o;Mn, ;O
(ZnMnO) and Zn,, g;Mn, o3Fe,, ;O (ZnMnFeO) nanoparticles
has a noticeable effect on the structural, optical and magnetic
properties. For this reason, it is very important to calculate
the weight concentrations (wt%) of Zn, Mn, Fe and using
PIXE and RBS. PIXE was used first to determine the weight
concentrations of the elements in Znj, ;Mn, ;0O (ZnMnO)
and Zn g;Mn,, ;Fe,, ;O (ZnMnFeO) nanoparticles using the
GUPIX software that measures the weight concentrations
of Zn, Fe and Mn, but not O as the latter is invisible with
respect to PIXE technique.

The stoichiometric concentrations of Zn, Fe and Mn were
calculated using Eq. (1) and presented in Table 1.
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Fig.2 TEM images and size distribution of ZnMnO (a) and ZnMnFeO nanoparticles (b)
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Fig.3 a, b Particle size distribution for the tested nanoparticles at detection angle 10°

Table1 The wt% and the stoichiometry of Zn, Mn, Fe and O in
Zn04;_Mn, ;Fe O using PIXE

Nps Element Experi- Theo- Error % Stoichiometry
mental retical
(Wt%) (wt%)
ZnO Zn 80.21 80.14 0.087 1.00087
Mn 0.00 0.005 - -
Fe 0.00 0.1 - -
(0) 18.71 18.6 0.58  1.00591
ZnMnO  Zn 78.2 78 0.25 1.00256
Mn 2.0 1.9 5 1.05263
Fe 0.00 0.12 - -
(0] 18.6 19.1 -2.6  0.96857
ZnMnFeO Zn 70.7 71.5 —-1.13  0.98881
Mn 242 2.28 5.7 1.06140
Fe 7.5 7.9 —5.33  0.94936
0] 17.6 17.5 0.56  1.00571
[(x¥% /100) x M|
%, = (1)
er
where x*'* is the real element-content as wt%, M. the total

molecular weight and M., is the molecular weight of the
element.

Figure 4a—c show the RBS spectra of ZnO, Zn,, o;Mn, (30
(ZnMnO) and Zn,, g;Mn,, o5Fe, ;O (ZnMnFeO) nanoparticles,
respectively, using 3 MeV proton elastic backscattering by
fitting a non-Rutherford backscattering cross-section for O
[22, 25, 26] in the SIMNRA simulations. The actual O-con-
tent, as wt% and stoichiometric ratios, for all samples, was
determined and listed in Table 2.

The tabulated data showed that PIXE and RBS tech-
niques provided accurate measurements for Zn and Mn

@ Springer

contents with relatively low % error. However, regarding
the oxygen content, RBS revealed that there is some oxygen
vacancies in the ZnO matrix for all the samples due to the
large error between the theoretical and experimental results
(1.58-10.3%), which might be the evidence of the existence
of ferromagnetic nature of pure ZnO as discussed in previ-
ous work [21].

3.2 Corrosion Behavior of ZnMnO and ZnMnFeO
Nanoparticles on Mild Steel in 0.5 M HCI
and 0.5 M NacCl

3.2.1 Potentiodynamic Polarization Measurements

Figures 5 and 6 show potentiodynamic polarization curves
for mild steel in 0.5 M HCI and NaCl containing 1% SDS. Tt
is clearly observed that the addition of 10 ppm nanoparticles
suppresses both cathodic and anodic part of the polarization
curves in both media. However, in 0.5 M NaCl the cathodic
parts of the polarization curves represents limiting current
of oxygen reduction, whereas the anodic part indicates active
dissolution of mild steel.

The electrochemical polarization parameters, corrosion
potential, E_,,., anodic and cathodic Tafel slopes, f,, and f3,,
and the corrosion current density, i obtained from these
curves are depicted in Table 3.

The tabulated data revealed that the corrosion current
density decreases in the presence of both nanoparticles.
These observations explain that these nanoparticles have the
ability to retard the corrosion of steel in acidic and neutral
media. The slight variations in f, and f, and E_ . of the
nanoparticles in hydrochloric acid solutions indicate that the
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Fig.4 a—c RBS spectra of ZnO, Zn, y;Mn,, 130 (ZnMnO) and Zn,, 3;Mn, o3Fe, ;O (ZnMnFeO) nanoparticles

Tablg 2 The wt% and tl}e stoichiometry of Zn, Mn, Fe and O in the 250 [0.5 MHCI + 1% 5DS + y Nanopartidies: T T ]
studied nanoparticles using RBS
(a): y=0 ppm =
Nps Element Experi- Theo- Error % Stoichiometry w -350F © -
mental retical 3 (b): y=10 ppm ZnMnO i
(Wt%) (Wt%) é 450} (c): y=10 ppm ZnMnOFe i
Zn0O Zn 80.30 80.14 0.19  1.00199 [ = -1
Mn 0.00 0.005 - - E -550 - -
Fe 0.00 0.1 - - € B s
o] 18.9 18.6 158 1.01612 § -650 - ]
ZoMnO  Zn 79.4 78 1.39  1.01415 B .
Mn 2.0 1.9 5 1.05263 750 L " -
Fe 0.00 012 - - 10° 10" 10° 10'
o 185 1901 —324 096858 Current density (mA.cm~)
ZnMnOFe Zn 71.9 71.5 0.55 1.00559
Mn 219 228 _41 0.96052 Fig.5 Pote.n.tiodynamic pf)larization curves for mild steel in 0.5 M
Roosa b ax g ol conaing % SDS i e denc nd procnce o 0 om o
(0] 16.3 17.5 —-7.36 0.93142

inhibition process occurs without altering the mechanism
[27]. The corrosion potential values of the nanoparticles
in sodium chloride solutions were shifted to more negative
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Fig.6 Potentiodynamic polarization curves for mild steel in 0.5 M
NaCl containing 1% SDS in the absence and presence of 10 ppm of
different additives of nanoparticles

values indicating the influence of these nanoparticles on the
cathodic process.

3.2.2 Electrochemical Impedance Spectroscopy
Measurements

The impedance plots shown in Fig. 7 consist of depressed
semicircle of capacitive type indicating that the dissolution
process of mild steel in 0.5 M HCI solution occurs under
activation control [24, 28]. On the other hand, Fig. 8 indi-
cates that the impedance plots of mild steel in 0.5 M NaCl
consist of two overlapped depressed semicircles followed
by diffusion tail indicating that the corrosion process occurs
under diffusion control [29-31].

The impedance spectra for mild steel in 0.5 M HCI con-
taining 1% SDS were analyzed by fitting the experimental
data to a simple equivalent circuit model shown in Fig. 9
[32]. The circuit displayed in Fig. 10 was used to analyze
the impedance plots of mild steel in 0.5 M NaCl containing
1% SDS. The circuits include the solution resistance (R,),
constant phase element (CPE) that is placed in parallel to
charge transfer resistance element (R), and a Warburg dif-
fusion impedance (W).

50 - 0.5 M HCl+ 1% SDS + y Nanoparticles:

Q y=0 ppm

40 - 4
&E o y=10 ppm ZnMnO
o
E 30+ O y=10 ppm ZnMnOFe
)
N2+ L %0, J

O geev ey, Op
0 00 3”993333 o,
10+ o) .

5 10 20 30 40 50 60
Z' (ohm.cm?)

Fig. 7 Nyquist impedance plots for mild steel in 0.5 M HCI contain-
ing 1% SDS in the absence and presence of 10 ppm of different addi-
tives of nanoparticles
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Fig.8 Nyquist impedance plots for mild steel in 0.5 M NaCl contain-
ing 1% SDS in the absence and presence of 10 ppm of different addi-
tives of nanoparticles

Table 3 Potentiodynamic

o Medium Additive E.,(mV p,(mV/decade) p, (mV/decade) i, (mAcm™>)

polarization parameters for vs.SCE)

mild steel in 0.5 M HCI and :

0.5 M NaCl in the absence and 05MHCI+1%SDS - -508 91 103 0.39

presence of 10 ppm of different ZnMnO  —505 95 80 0.37

additives of nanoparticles
ZnMnFeO  —509 86 110 0.33

0.5MNaCl + 1% SDS - —595 146 564 0.44

ZnMnO —652 72 586 0.049
ZnMnFeO  —657 78 636 0.052
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Fig.9 Schematic for the equivalent circuit model used in HCI solu-
tions
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Fig. 10 Schematic for the equivalent circuit model used in NaCl solu-
tions

The constant phase element (CPE) is defined by two
values, the non-ideal double layer capacitance (Q) and
constant (n).

The values of electrochemical impedance parameters
obtained from fitting of the experimental data of mild steel
in 0.5 M HCI and 0.5 NaCl containing 1% SDS are pre-
sented in Table 4.

The R, values for mild steel in 0.5 M HCI solutions
indicated that the addition of ZnMnFeO nanoparticles
enhanced the corrosion protection of mild steel com-
pared to ZnMnO nanoparticles. On the other hand, in
0.5 M NaCl, both nanoparticles exhibit similar effect. The
decrease in (Qdl), values with respect to their correspond-
ing blank could be attributed to the adsorption of nanopar-
ticles over the metal surface [24].

The obtained data from polarization curve measure-
ments are in a good agreement with those obtained from
impedance measurements.

3.2.3 Inhibition Mechanism

The inhibition effect of 10 ppm ZnMnFeO and ZnMnO
nanoparticles can be attributed to the adsorption or elec-
trodeposition reaction of metallic cations on the mild steel
surface showed by equation.

M™ +ne” - M
where M™ could be Mn?*, Zn** or Fe** and n is the number
of electrons contributing in the electrochemical reaction.

It was found that the presence of ZnMnFeO nano-
particles enhanced the corrosion protection of mild
steel in acidic medium. Such behavouir is explained
on the basis of the standard oxidation potential of dif-
ferent constituent metals of nanoparticles where,
Eytojmn2t = 1185, Eyy 70 = 0.7628, Eg 2+ =044V
Thus, the low potential of Fe compared to Mn and Zn indi-
cates the ability of Fe?* to deposit onto mild steel surface.

It was reported that mild steel surface in HCI solution is
positively charged [24], so Fe?* ions will deposit through a
close-packed triple layer in which negative Cl~ ions will get
first adsorbed on the steel surface, followed by positively
charged Fe2* jons. In neutral 0.5 M NaCl medium, it was
found that ZnMnO is hardly more efficient in protection of
mild steel. This could be explained on the basis of Pourbaix
diagram of iron [33]. In neutral medium (pH 7), The Fe nan-
oparticles exist in the form of Fe**, with E, sre = 0.04 V.
The deposition of Fe** over mild steel surface in neutral
media forms rust Fe,0;. H,O which is none adherent porous
corrosion product. In such case, rust does not prevent corro-
sion and the corrosion rate proceed in linear rate.

4 Conclusion

ZnMnFeO and ZnMnO nanoparticles retard the corrosion
of mild steel in acidic and neutral media. ZnMnFeO nano-
particles were more efficient in acidic media rather than in
neutral media due to the ability of Fe>* to deposit onto metal
surface. However, in neutral 0.5 M NaCl medium, both nan-
oparticles carry analogous efficiencies.

Table 4 Electrochemical impedance parameters for mild steel in 0.5 M HCI and 0.5 M NaCl the absence and presence of 10 ppm of different

additives of nanoparticles

Medium Additive R (ohm cm?) Q, (uF cm™>) N 1 R, (ohm cm?) Q, (uF cm™?) R, (ohm cm?) N, Wy

0.5MHCI+1% SDS - 1.9 448 08 - - 38.2 - -
ZnMnO 26 212 08 - - 41.7 - -
ZnMnFeO 3.7 304 08 - - 57.5 - -

0.5M NaCl+1% SDS - 7.9 67x107* 0.6 95.0 16x107* 33 1.0 1.8x107°
ZnMnO 5.8 24%x107* 0.6 1455 21%x 107 12.1 0.8 432
ZnMnFeO 5.6 25%107* 0.6 824 10x107* 10.2 0.8 432
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