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Corrosion inhibitors are widely used in acid solutions during pickling, cleaning/descalinglest bo

and several other industrial applications. Mostly the organic compounds containing N, O and S are
employed; however they are high toxic and environmentallyfriendly. In this study, the inhibition
performance of nanrpowder of ferrites of Ni, Znrad Fe in varying concentrations of 1M sulphuric

acid on the corrosion behavior of API 5L X80 steel has been investigated. Thpaveaer has been
characterized using TEM, FESEM, XRD and its corrosion behavior in 3}%0Hhas been studied

using various adanced electrochemical tools such as EIS and potentiodynamic polarization (PD). It
has been found that under the given acidic conditions, ferrites act as efficient corrosion inhibitors of
steel. The order of inhibition effcencies of ferrite concentratisr&@08 > 0.01 > 0.05 > 0.07 > 1M
sulphuric acid. This inhibition is considerable and can be of significant importance for the oil and gas
industry.

Keywords: Corrosion, nangarticles, ferritesiNig.sZno sF€04,sulphuric acid, API 5L X80 Steel, EIS,
polarization

1. INTRODUCTION

The addition of corrosion inhibitors to prevent acid induced corrosion is a common and
established practice in several industrial systems (especially oil and gas industry). Acid pickling is a
phenomenon in which strong acidsckuas hydrochlorichydrofluoric, sulphuric, phosphoricand
nitric acid are used to leach out impurities from various alloys of iron, copper and aluminum.
Moreover, pickling corrodes the containing vessel and is not advantageous to the industrial processes
To prevent such a corrosive attack to the containing environment, inhibitors are added to the acid
solution. Mostly organic molecules are uggfl however, researelns have also used vitamif§ and
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other environmentally safe green organic compounds as inhippré has also been reported by
several researchers that the use of inorganic inhibitors in acidic environments could be e&en mor
detrimental, owing to the severe localized attack once the passive film over the metal ig4rbken

Recent research has shown thahsl based inorganic pigments of the general formulaG)B
have not only distinctive thermal and weather degradation resistance, bilgoaneoae environment
friendly [6, 7]. These are produced by a combination of two or more cations in the lattice structure and
their properties are primarily determined through their lattice characterihiese type of gments
not only enhance the mechanical strength of the binder but also decrease its permeability towards
destructive specig8]. The principle reaction involving the formation of ferrites is given bélow

- Al &4 o - RA -1

(MeO.Fe0Os3) where Me is Sr, Ba, Mg, Mn, Ni, Zn, or Ca etc.

The general formula for MeO.[@; consists of an almost cubic closely packed oxygen
arrangement where the cations reside in the tetrahedral and octahedral in@Jstices

The use of spinel based ferrites as pigments in coatings is advantageous owing to their greate!
anticorrosion efficacy at higher temperatures and aggressive envirorjiri@nts

Pigment extract method is a convenient way to know its anticorrosion efficacy on a metal
surface and depends upon various factoch s1$ thesolubility of pigment in testing solvent, dissolved
oxygen concentration, alkalinity of extracts, formation of passive layer, thickness and nature of passive
layer, nature of electrolyte, solubility of corrosion products and many jhbyé 2]

Pryor et al. [13] used this extract method to study the litharge, metallic lead, red lead, basic
lead carbonate, zinc, and zinc axidh detail. It was further observed that the litharge extracts
showed compl ete corrosi on i n-RegOglL3lt Similarly, Miszcaykg t o
and friends tested the Evan6és drop experi ment
water on steel surface and showed different cathodic aadiabehavior. This phenomenon was
referred to the formation of hydroxyl ion due to dissolved oxygen which further reacted with cations
present in the extract solution.

These products precipitated on the surface and hindered the electrochemical reqatitior
2) for the transport of ionic and néonic species on the metal surface.

U o U&A @ ( 9- &A | ( -2

Brodinova et al[14] also used surface modified ferrites with varying contents of Zn, Mg and
Ca cations. The results@hed that modified ferrites were better in terms of corrosion protection than
the nonmodified versions. The corrosion protection mechanism was proposed to be a result of
formation of cations soaps which lowered the tendency of the binder to saponifpasuexto the
hydroxyl ions formed during corrosion of the metal. Similavijy et al.[15] prepared hybrid coating
of PANI layered zinc nickel ferrites and organically modifiedcsiles. The film was deposited via a
spin coating on aluminum alloy. The anticorrosion properties of the hybrid film was excellent owing to
the denser configuration of organically modified silicate due to the incorporation of nickel zinc
ferrites/PANI.

Inanot her wo r K9] usédadifferemtdtypesSof spinel pigments containing Zn(ll),
Ca(ll), Mg(ln), sr(l), Fe(ln), Al(ln), and Ti(IV) cations and studied the properties of itlesitracts. It
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was concluded that these ferrites showed varying corrosion inhibition owing to the alkaline nature,
solubility of the aqueous phases, and formation of metal soaps and high thermal stability of the spinels.

Furthermore, metals cations algthibit corrosion in acidic solutions. The charge induced
change in the physical and electrical properties of the double layer at the elediedijtede interface
directly interferes with the surface adsorption over the metal and thereby prevent®gorrosi

Wahdan et al[16, 17] showed that the maximum protective ability of?Cin 1M sulphuric
acid was observed at lower concentration. Several researchers also progoseéd’Zmnd Mrf* to
be efficient in acitt solution against corrosion owing to their ability to hinder the hydrogen evaluation
reaction[18, 19]

Nanomaterialsare unique because of their smaller size. The smaller particle has higher
surfaceto-volume rdio and thus more atoms tend to reside on the surface than inside the particle itself.
The use of nanparticles for anticorrosion coatings has achieved significant attention and importance
[20]. Several researchers have shown nano particles to perform bettqualiig them as a better
alternative for anticorrosion coatings in composites and polyjBg}s

In the present work, netoxic, nano particle extracts of nickel zinc ferritesy#ng sF&04) in
1M Sulphuric acid were prepared and their inhibition effects sterdied on the API 5L X80 steel.

2. MATERIALS AND METHODS

2.1.Materials Preparation

Nanopowders 0fNigsZngsFe0, (99.9% pure, American elementSA USA) were used as
supplied. The impurities details are Al0 . 0 5, Ba "0.05, G@05<0<0DI],MgLd <
<0.05, Pb <0.001, Si <0.0API-5L X80 steel coupons having weight percent composition listed as; C
0.07, Mn 1.36, Ti 0.008, S 0.003, P 0.004, Fe
from a carbon steel pipelinéd tap and drill hole of 3 48 tpi was drilled to one long side of the
coupon.The specimens were finished with different grades of SiC grit papers up to 2400 grit, polished
to a mirror finish.The samples were then cleaned and degreased with industrial grautesadeied
andwei ghed with an accuracy of N 1 mg.

The ferrite extracts were prepared according to the method explained by Z[@tAlstock
solution of the extracts were prepared by solution leaching using 6 gm of each pigmentin 1L of 1M
H,SOy stirred for 72 hours at room temperature. The solution was filtered using high suction and no
residue was found on the filter paper suggestiagcamplete solubility in 1M pSO,. In order to
obtain solutions with different concentrations of nickel zinc ferrites, stock solution was further diluted
with 1M H,SO..

2.2.Pigment Characterization

Transmission electron microscopy (TEM) imaging was perém to characterize the nano
powder. FEI Philips C200 TEM with poutd-point resolution of 0.11 nm, at 200 kV was used. The
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samples were prepared by dispersing approximately 1 mg of NZF in 10 mL of methanol and sonicating
for 30 minutes in a water bath @om temperature. One drop of the suspension was then deposited on
a 400mesh copper grid covered with thin amorphous film to view under the microsope.

JEOL JSM7000F, Field Emission Scanning Electron Microscopy-8HM) was performed to
evaluate parti@d morphology in the nano powder at 2kV under high vaccum at a working distance of
10 mm.

X-ray diffraction (XRD) measurements were performed to determine the crystalline nature of
the nano particle. Philips PW 30r4a0n g6e0 osfp elc@ A ot
scan rate O0.050A was used and the peaks and p
software. DebyEScherrer equation was further used to confirm the peaks obtained and has been given
below (equation 3);

T 0

where, T is the diametef, (radian) is the halintensity width of the relevant diffraction,is
the xray wavelength, K is dimensionlesshape éctor (in this case 0.9 was taken) anis the angle
of diffraction (in this case is 35 U correspon

-3

2.3.Electrochemical Measurements

A threeelectrode cell assembly consisting of steel coupon as the working electrode (WE),
platinum wire as the counter electrode (CE) and a saturated calomel electrode as the reference
electrode (RE) was used for the electrochemical measurements. Electrochemical testing was performe
in a closed system at room temperature under naturally aeratediamndising a Gamry 600
potentiostat/galvanostat/ZRA. The sequence of electrochemical techniques has been described below.

Electrochemical impedance spectroscopy (ElB)pedance measurements were performed at
the open circuit potential (OCP) at 2 and 5isoef immersion. The frequency sweep was applied from
10° to 10% Hz with the AC amplitude of 10 mV.

Potentiodynamic polarizatiorPotentiodynamic polarization measurements were performed at
5 hours of immersion by polarizing the working electrode frormaial potential of-250 mV vs. OCP
upto a final potential of 750 mV vs. OCP. A scan rate of 0.1667 mV/s was used for the polarization
sweep23-27].

2.4.Surface Characterization

Surface characterization of theorking electrode was performed to carefully evaluate the
corrosion products and the metal after the electrochemical attack. Steel coupons were carefully
disengaged from the cell assembly, dried and observed under the microscope. The surface film wa:
alsogently removed from the coupons and observed under the microscope.

FEI Quanta 600i Environmental Scanning Electron Microsc@®EM) with PGTPrism
Energy Dispersive XRay Spectrometer (EDS), -pay diffraction (XRD) andBio-Rad Fourier
transform infraredspectroscopy (FIR) were used to investigate the surface morphology and
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elemental composition of the corrosion products. For ESEM the samples were gold coated before use
and observed at 20 kV and a working distancdl@fmm. XRD analysis was also perfoeu to
differentiate between the various phases present in the corrosion products onetaheoupon.
Philips PW 3040/60 spectrometer wusing Cu KU r
0.050A was used and the peaks and planes were
performed in a range of 488000 cm* at a san rate of 100 scans/spectrum using the Perkin Elmer
model Fourier Transform Infrared. Corroded steel samples were directly placed on the testing plate at
room temperature.

3. RESULTS AND DISCUSSION

Figure 1(ab). TEM of NanaNickel Zinc Ferrite

The TEM images for the ferrites have been shown in Figures 1(a) and 1(b). The morphology of
the nano particles resembles a sphere with a size ranging between 10 td28j. #BSEM images
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for the particles as shown in Figure 2, represent the powder in the form of agglomerates of sizes
ranging between 1100 e m. The aggregation of particles
particles[29].

Figure 2. FESEM of Nickel Zind-errite showing agglomerated of nanoparticles
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Figure 3. X-ray diffraction study of Nickel Zinc Ferrite
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X-ray diffraction pattern obtained for nickel zinc ferrites has been shown in Figure 3 (JCPDS
N0.080234). The patrticle size as determined using Scherrer formula was fohadl®>nm which is
in close range as calculated from TEM.

The analysis showed the presence of cubic spinal structure of the ferrites with a lattice
parameter of 8. 4 AA &1, (220y (311 $4P0Y, (422), (Biyl), antl &40k s
represating the ferrite latticg6].

3.1.Electrochemical characterization
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Figure 4. Impedance plots (Nyquist & Bode) for varying concentrationsliokel Zinc Ferrite in 1M
H.SOy at 2 hous

Figures 4 and 5 present the EIS Nyquist and Bode curves respectively for varying ferrite
concentrations in 1M $50O,. At both 2 and 5 hours of immersion, the alloy shows a one time constant
impedance response for all concentrations of ferrites. Thisvlmelmacan be easily noticed in the phase
angle Bode curves as a single hump for the one time constant phase response. The inhibitior
efficencies of the different ferrities concentrations increase with time as noticed in Table 1. This
indicates the stabilitof the protective ferrite film formed over the alloy surface.
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Figure 6 represents the mopbasic circuit model used to fit EIS data. This circuit model
simulates the structure of a barrier coating over the electrode surface and is composgdhaf R
solution resistance andf&nd CPE, the resistance and capacitance of the barrier layer.
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Figure 5. Impedance plots (Nyquist & Bode) for varying concentrationsliokel Zinc Ferritein 1M
H.SO, at 5 hours
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Figure 6. Circuit model used to fithe impedance plots
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Assumption of a simple Ri Cg is usually a poor approximation especially for systems
showing depressed semicirlce behaviour. For the description of a frequency independent phase shif
between the applied AC potential and its cqroggling current response, a constant phase element
(CPE) is used, wheiiempedance of the CPE is given by,

Z (CPE) M2 [Q (j ) -4

wher e, Q is the constant of “Gfdmh,sthe exposentalh e
term which can vary lteeen 1 for pure capacitance and O for a pure reg$®r3032]. n is a
measure of surface in homogeneity; the lower is its value, the higher is the surface roughening of the
metal/alloy[32].

Table 1. Impedance arameters derived from circuit modeling

At 2 hours of immersion

Concentration Rs Ret IE % CPE U

of Nickel

Zinc Ferrite

(9/L)

0.0084 0.44 128.6 63.57 1.44 * 10* 0.956

0.016 0.82 63.75 26.52 1.92 * 10° 0.938

0.05 0.782 58.74 20.25 1.89 * 10" 0.942

0.07 0.297 53.23 12.00 1.63 * 10° 0.987

1M H,SO, 0.298 46.84 - 1.81 * 10* 0.981
At 5 hours of immersion

Concentration Rs Ret IE% CPE U

of Nickel Zinc

Ferrite(g/L)

0.0084 0.44 128.9 72.64 1.99 * 10" 0.959

0.016 0.839 57.52 38.69 3.16 * 10" 0.950

0.05 0.769 53.01 33.48 3.33*10° 0.955

0.07 0.235 41.66 15.36 2.89 * 10* 0.973

1M H,SO, 0.931 35.26 - 4.65 * 10" 0.961

Rs, R, and CPE values derived from tingpedance plots have been tabulated in Table

Rt value is the lowest for pure acid, representitg) low resistance to conduction of
chargeelectronsand thereby allowing easffow of electrons over the metal surface resulting in
oxidation of iron to he ferrous statéequation 5). &cording to the ButleKolmer concept involving
polarization with charge transfer kinetidigher R restricts the movement of charges and prevents
the various reactions occurring during the corrosion prottéssreases r o m 4 6 forureacid m
t o 1 2 8%fosthegowestrconcentration of ferrite.

Moreover, the R value is the highest for the lowest concentration of ferrite and decreases as
the concentration of ferrite increases, suggesting greater corrosibitiomheffect at low ferrites
concentrations. This result is economically relevant to industry and thus proposes ferrites as efficient
corrosion inhibitors for industrial applications.
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The potentiodynamic polarization curve for varying concentratiorferotes in 1 M HSO,
has been presented in Figure 7. The corrosion rate for the alloy in,$ lis close to 244 mpy
compared to 51 mpy at the lowest concentration of ferrites. The potentiodynamic data is in agreement
with the corrosion parameters obtihfrom the impedance plaisd has been shown in Table 2

IBE RN

Current densty (A/cmF)

Figure 7. Potentiodynamic plots for varying concentrationdNa¢kel Zinc Ferritein 1M H,SO, at 5
hours

Table 2 Potentiodynamic parameters obtained from polarization catvesours

Concentration oNickel Zinc I corr Ecorr Corrosion Rate
Ferritiein 1M H;SO, (Alcm?) (mV) (mpy)
(g/L)

0.008 1.11*10* -528.50 50.91

0.01 3.19 * 10* -442.2 161.7

0.05 3.64 * 10" -439.0 166.3

0.07 4.01*10% -432.1 183.4

1M 5.31 * 10° -4586 2440

The lower corrosion rate at the lowest ferrite concentration makes it suitable to be used in
industrial application economically and efficiently. The different ferrites concentrations follow the
corrosion inhibition efficiency as follows; 0.0680.01 > 0.05 > 0.07 > 1M sulphuric acid, thus lesser
the amount higher is the inhibition advantage.

3.2.Surface characterization:

The inhibition of iron corrosion in the presence of sulphuric acid owing to the formation of

ferrous sulphate (FeSPhas leen proposed by several auth@3].
The various reactions taking part in the surface phenomena are summarizg@4jelow
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Figure 8. ESEM imagesof steel coupons for varying concentrationsNa€kel Zinc Ferritein 1M
H,SO,
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ESEM coupled with EDS was used to comprehend the surface morphology and elemental
composition of the corrosion products over the metal coupons exposed to varying concerfations
ferrites and pure acid and has been shown in Figur8g.8a

It was observed that each concentration revealed a peculiar image with the greatest surface
damage over the pure acid and the least damage with minimal ferrite concentration in acid solution.
The ferrites form a coherent and homogeneous layer on the metal surface and thus inhibit corrosion
EDS analysis over the metal samples revealed two regions; lighter region and darker region. The
lighter region corresponds to the surface rich in corrosiodytts comprising of sulphur and oxygen
as shown in Figure 9a. The darker region represents the deeper areas with lesser concentrations
sulphur and oxygen compared to the lighter region. The presence of iron, sulfur and oxygen were
found in general wit a little amount of zinc and nickel in Figure 9b, present as various compounds in
ferrite over the surface. The presence of zinc and nickel cations can be attributed to surface adsorptiot
of ferrites over the metal surface [20, 33].
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Figure 9. Energydispersive spectroscopy (EDS) of steel samples surface after testing in 0.01 g/L (a)
Light Region (b) Dark Region

Figure 10, shows the -Kay diffraction pattern for the mixed phases present on the metal
surface. Xray diffraction was used to differengathe various mixed phases by comparing obtained
data withJCPDScards issued by ICDIB5]. Surface pattern over thaune steel coupon was also
exami ned. The char act er iHeariteiwere gbgeevédsn casé of carban steel c ¢
surface at a 2d ~ 44A cH09I easphbnaid ~ odREALHILON T
JCPDS €696 respectively. These two peaks were also observed in all the cases of corroded samples
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In case of 1M sulphuric acid not only the intrinsic carbon steel peaks, but also the peaks for the mixed
phases ohydrous iron sulfate andiru | f i de wer e observedpl@or masipa
~ 4 po | [26] respectively.

Figure 10.XRD pattern of surface

These peaksiere also observed in the XRD patterns for varying concentrations of ferrites in
acid. In those cases where ferrite inhibitor was used, mixed phases such as nickel suhe 2 d

15. 5A(002%10R2APDS2d ~19A(022), A@®@2%+212z%ACO0 4s0u)l
29. 5A(10273A(100d ,~2d ~ -8%nA(1a6)y J€cPDSsuLRfide
observed.

The analysis confirms that adsorption of zinc andkelioccurs on the surfadé9, 37] and
react to form sulfides in the same manner as iron reacts to form sulfide or sulfate. This leads to the
formation of a protective film and prevents corrosion in the preserfeerivé particles.

Figure 11 shows the FIR spectra for the different phases present over the metal suffaze.
characteristic band at ~1080 ¢mrepresents the formation of sulfa{88] and is not observed over the
steel sample. The characteristic peaks at ~1089 in pure sulphuric acid, 1088.8 in 0.07 g/L, 1090 in 0.0&
g/L, 1086 in 0.01 g/L, and 1080 chin 0.008 g/L represent sulfates various acid concentrations.
Small proportions of characteristic iron oxi@9] peak at ~1090 cthwere also observed. The band at
1635 cn could be due to the presence of adsorbed water in corroded samples while this band does no
appear on the pure steel sanfp®. Magnetite (FgOs) peaks were also observed at ~600'¢émfew
samples.



