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Abstract 

Nanoparticles (NPs) are the center of attraction in all branches of science, engineering and technology. Therefore, in corrosion 

science, it is expected that (NPs) will solve the problem of replacement of chromates through inhibitor modification. Among the 

electrochemical techniques employed for analyses were electrochemical noise (EN), cyclic potentiodynamic polarization (CPP), 

electrochemical impedance spectroscopy (EIS), and linear polarization resistance (LPR). Other characterization methods such as 

structural phase analyses with x-ray diffractometer (XRD), functional group analysis with Fourier Transform Infrared (FTIR) 

spectroscopy and nanoindentation were employed. The synthesized material was identified as nanoparticles by structural phase 

and UV-vis absorption analyses. All the electrochemical techniques manifested escalation of inhibition efficiency (Ζ %) at the 

introduction of the (NPs). Almost all the evaluated synergism constants (SQ) of each composite mixture of PECS and MnO2NPs 

achieved values which are above the threshold of one used to indicate whether synergism or antagonism took place. 

Nano-indentation with a scanning probe microscope (SPM) shows that the carbon steel encountered highest protection from 

degradation in 15 % HCl containing both PECS and MnO2NPs, followed by PECS and suffered the greatest degradation attack in 

the free acid medium. These results are full of prospects for a binary mixture of MnO2NPs+PECS to be used as non chromate 

corrosion retardant and indicate that this inhibitor modification approach can serve as a substitute to the use of banned cancer- 

causing and environmentally damaging chemical inhibitors. 
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 1. Introduction 

The trending options indicate that the present and 

next-generation research domains of metal corrosion techni-

cians, engineers and scientists should be geared towards sus-

tainability goals like circular materials economy, after all, 

economy is the main reason for any business [1]. A typical 

scenario is polishing the route to elongate the service duration 

of metals, non-metals and other construction materials by 

evolving modern engineering and scientific methods [1, 2]. 

Even though several researchers have advocated an integrated 

spectrum of experimentation, additive manufacturing and 

machine learning still yet applying the so called notion of 

4-Rs, that is reuse-recycle-reduce-remanufacture meant to 

elongate the service life of metal through traditional experi-

mentation is the best realistic approach [2]. Presently, Scien-

tists from all „works of knowledge‟ such as engineering, 

pharmacy, medicine, biotechnology, material science and so 

on, have focused their attention on nanotechnology and this 

has yielded diverse forms of metal based nanoparticles [3]. 

The most distinguishing feature of nanoparticles is their 

characteristic size range which is between 1 to 100 nanome-

ters (nm). This size range is the reason adduced to their pos-

session of special properties which are not found in ordinary 

macro materials [3-5]. At nano size range, materials are 

known to have improved surface to volume dimension, so-

phisticated mechanical properties, enhanced chemical activity, 

better optical properties and so on [4]. An important area of 

scientific research where nanoparticles have impacted and 

distinguished themselves from macro materials is in the field 

of corrosion retardation of substrate metal to mitigate deteri-

oration in different belligerent service conditions [5]. Metal 

based nanoparticles have been synthesized from metallic 

based salts, oxides and bases and employed as synergistic 

agents to upgrade the inhibition efficacy of usual inhibitors 

such as polymers, surfactants, plant extracts and others [5-7]. 

The reason comes from the point of view of environmental 

friendliness, low cost, readily available, and a quest to occupy 

the performance gap created by Legislative bans on chromium 

vi and its associated derivatives [6]. These drove Quadri et al 

[7], to synthesize zinc nanoparticles from zinc oxide, com-

posite it with different polymers such as polyacrylonitrile, 

poly-(vinylpyrrolidone) and poly(ethylene glycol), then they 

were tested as mild steel degradation inhibitor in an acidic 

electrolyte. For the 3 electrochemical techniques utilized, they 

obtained retardation efficiencies ranging from 64.08 to 90.81% 

of the optimum concentration, thus presenting zinc oxide 

nanoparticles as powerful synergistic agents. Solomon et al 

[8], participated in this green chemistry approach by compo-

siting different concentrations of a mixture of silver nanopar-

ticles and polymethacrylic acid and employed for aluminum 

degradation retardants in an H2SO4 environment. At optimum 

concentration for gravimetric and electrochemical techniques, 

the retardation efficiencies obtained range from 60 to 85.6 %. 

Obot et al [9], synthesized honey/silver nanoparticles (AgNPs) 

under the valuable interference of sunlight and investigated its 

synergism for improved retardation of metallic material deg-

radation in a belligerent environment. With polarisation 

characterization technique the Ζ % improved significantly 

from 78.4 of 2 % v/v to 91.6 % of optimum concentration. 

Azzam et al [10], chemically derived a polymer based sur-

factant, called poly 12-(3-amino phenoxy) dodecane-1-thiol 

which arranged voluntarily on a medium containing AgNPs. 

When scrutinized as non-harmful carbon steel metal degra-

dation retardants in an acidic environment utilizing gravi-

metric and electrochemical experiments, the outcome indi-

cates that (Ζ %) exhibited by the composite binary mixture of 

the polymer based surfactant and AgNPs is higher than those 

from the surfactant alone, thus inferring that synergism took 

place. 

Numerous corrosion inhibition research dealing with syn-

thesis and use of nanoparticles for corrosion retardation have 

preferentially chosen AgNPs without stating its special qual-

ity over others, even though other nanoparticles may possess 

properties and easier synthesis route better and over those of 

AgNPs. Manganese oxide nanoparticles (MnO2NPs) are 

oval-shaped high surface area metal nanoparticles, with di-

ameter between 20-40 nm and total surface area in the range 

of 30 to 50 m2/g [11]. Manganese materials had been used by 

corrosion scientists for corrosion inhibition of different metals, 

for example Jian et al [12], investigated to unravel corrosion 

retardation behavior possessed by 3 manganese based re-

tardants namely, Manganese - cerium - polyphosphate, man-

ganese - polyphosphate and manganese - cerium conversion 

coatings on LZ91 magnesium alloy. In their findings Mn-Ce-P 

formulation reduced the metal degradation surface to ap-

proximately 10 % with a 72 hr period of salt spray test con-

ducted on LZ91 Mg based alloy. This clearly demonstrated 

that manganese materials are a potential source of 

nano-material for anti-corrosion application in industries. 

Therefore, as corrosion scientists battle to discover corrosion 

inhibitors that will challenge the performance height achieved 

by banned chromium vi and other harmful corrosion retard-

ants, consideration of manganese nano-material mediation on 

plant extracts is another alternative. Kadar et al [13], em-

ployed ultra-sonication method to obtain some alkaloids from 

withered rose and lotus flowers and used them to synthesize 

MnO2NPs from manganese acetate. When formed into paste 

and tested as metal degradation retardant in an acidic solution, 

with polarization technique they yielded (Ζ %) of 72.63 % and 

51.50 % from the free acid solutions. 

Plant extracts are considered the best group of green cor-

rosion retardants because they are easily available, cheap and 

environmentally friendly. Not only these, they are 

non-harmful, non-toxic compounds, they are decomposable, 

they are replenishable source of materials and they contain 

phytochemicals such as alkaloids, amino acids, tannin and 

pigments which exhibit inhibitory functions [14]. Almost all 
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these phytochemicals are needful in corrosion chemistry 

based on their heterocyclic organic contents with electroneg-

ative functional groups most of which possess π-electron bond 

system and heteroatoms such as oxygen, sulfur, nitrogen 

including aromatic moieties in their matrices [15]. These 

chemical structures make plant extracts endearing materials 

for corrosion inhibition of metals. There were several scien-

tific reports on the improvement of (Ζ %) of plant extracts by 

metal based nanoparticles. Hence it is suggested that the im-

provement of the inhibition potent in (Ζ %) of plant extracts 

brought about by introduction of MnO2NPs was caused by 

influence of the nanoparticles to stabilize the accumulated 

extract film on substrate cross sections [3]. 

2. Research Materials and Methodology 

Used 

2.1. Preparation of Carbon Steel 

All the experiments were conducted with the steel coupons 

cut into rectangular shape of dimensions 35.8 x 29.5 x 2.6 mm 

and surfaced by polishing with sandpapers of grades 600, 800, 

and 1200. Thereafter, they were washed under running water 

with detergent, scrubbed with acetone, and stored in a dust 

and humidity-free desiccator ready for duty. The composition 

in percentage by weight of the substrate metal engaged for 

these tests are as follows: C (0.195), P (0.018), Mn (0.023), S 

(0.019), Si (0.062), Cu (0.126), Zr (0.013) and the balance is 

Fe (99.544). 

2.2. Synthesis of Corrosion Inhibitor 

Orange peels were collected from a fruit dealer at Garki 

Model Market, Abuja FCT, Nigeria, washed with detergent, 

and rinsed severally with plenty of distilled water, before 

being left to sun-dry. After crushing and sieving in Retch 

machines, 5 g of the fraction that passed through a 45 μm 

sieve was taken and dissolved in 200 ml of 0.5 M methanol, 

then refluxed at 60°C for 24 hours. The deposit obtained was 

separated from methanol by centrifuging at 2000 rpm for 7 

minutes, decanted, washed, and dried at 60°C to obtain an 

ash-colored solid. To ensure solubility in an acid electrolyte, 

the extract was further crushed with agate mortar and pestle. 

The concentrations prepared were 200, 400, 600, 800 and 

1000 ppm in 15 % HCl. 

2.3. Synthesis of MnO2 Nanoparticles 

10 mg of activated carbon (Kuraya, Madrid, Spain) was 

dissolved in 100 mL of 0.05 M potassium permanganate 

(KMnO4) powder (BDH, Poole, England), using a 

round-bottom flask, arranged on a hot plate with magnetic 

stirring rod and connected to a refluxing unit at 160°C for 2 

days with continuous magnetic stirring. 0.2 M KCl solution 

was added during the washing process to remove the potas-

sium component of the permanganate solution, and later dried 

in an oven at 80°C. Different concentrations of the citrus 

sinensis extract from 200 to 1000 ppm were prepared with 15% 

HCl solution before the introductions of 2.5 mm MnO2NPs to 

form the binary synergized counterpart. 

2.4. Functional Group Analysis 

FTIR spectra of all samples in this study were recorded 

employing a Thermo-Scientific equipment, 600 model Ni-

colet with i-D 1 device for solid transparent specimens which 

was controlled using the OMNIC 9 spectroscopy software 

(Thermo Scientific, Verona, Madison, USA). Measurements 

were performed at a sweep rate of 4 cm-1 and a transmittance 

region of 500 to 4000 cm-1 wavenumber. Before this analysis, 

pellets were prepared by grinding the rusts peeled from the 

coupons from blank and maximum concentration solutions 

with KBr in an agate mortar with pestle for concentration 

dilution measure and to achieve high quality spectra. 

2.5. Absorption Studies 

Absorption studies were carried out employing an Ultra vi-

olet visible (UV - vis) spectrometer: Specord 300 series (Ana-

lytik, Endress-Hauser, Jena, Germany) with 2 chambers, one 

for the reference (deionized water) and the other for the meas-

ured solution. The dilute solution being measured was prepared 

by dissolving a few particles of MnO2NPs in deionized water. 

After initialization and calibration, scanning was done from a 

wavelength of 200 to 700 nm and a sweep rate of 4 cm-1. 

2.6. Electrochemical Techniques 

A glass-made electrochemical cell container was employed 

to house the electrolyte and the 3 electrodes arrangement. This 

is made up of a silver/silver chloride reference electrode 

containing 3.5 M KCl solution, a 50 mm long by 8 mm di-

ameter graphite rod functioned as a counter electrode and the 

carbon steel denoted as the working electrode with an ex-

perimented area of 20 mm2. All electrochemical measure-

ments were performed on at least 3 samples per solution on 

the multichannel potentiostat, VMP Biologic SP-300 model 

(BioLogic, Seyssinet, Paris, France), controlled with EC Lab 

software at room temperature of 2°C. 

2.6.1. Cyclic Potentiodynamic Polarisation (CPP) 

CPP curves were acquired for each electrolyte solution after 

1 hr for stabilization of the open circuit voltage (EOCV) by 

performing the reduction / cathodic (green colour) and the 

oxidation / anodic (yellow colour) polarization scans. Prior 

to this step an excitation voltage of 10 mV was passed 

through the cell, then the reduction process was measured 

commencing from +50 mV to −500 mV with respect to the 

EOCV while the oxidation process was also scanned from −50 
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mV to +500 mV also with respect to the EOCV and maintain-

ing an inter-exchange point proximate to the EOCV. The scan 

rate applied was 0.1667 mV/s with a measurement gathering 

data point of 5 per s. The Tafel fitting procedures were per-

formed from the analysis button of the EC Lab software to 

evaluate corrosion variables such as the corrosion voltage 

(Ecorr), the current density (icorr) and other Tafel variables 

including reduction Tafel constant (βc), oxidation Tafel con-

stant (βa) and the degradation rate (CR). 

2.6.2. Electrochemical Impedance Spectroscopy 

(EIS) 

EIS experiments were carried out on all sample solutions 

after stability of the electrochemical system for an OCV pe-

riod of 10 mins from a frequency region of one hundred kHz 

to ten mHz with an initial sinus of 10 mV with respect to EOCV. 

Measurements were performed for 42 data points. Analysis of 

data was done using the Zfit incorporated in the analysis button 

of the EC Lab software. The impedance data were fitted with 

different equivalent circuit diagrams and equations, after 5000 

iterations the software issued out the electrochemical param-

eters whose fitting is determined by the value of CHI square 

obtained. 

2.6.3. Linear Polarization Resistance (LPR) 

Imposed on Open Circuit Voltage (OCV) 

The OCV was monitored for 1 hr, while performing an 

imposed LPR measurement with an excitation signal of 10 

mV with respect to the OCV at a sweep rate of 0.1667 mV/s 

on the free acid and inhibited solutions. The polarization 

resistances (Rp) were evaluated from the slope of the voltage 

against current graph at the corrosion potential (Ecorr) by 

performing Rp fit from the analysis button of the EC Lab 

software. 

2.6.4. Electrochemical Noise (EN) 

A three electrode arrangement was used for the EN ex-

periments with two coupons of carbon steel, where one served 

as working electrode and the other as counter electrode with 

an Ag/AgCl containing 3.5 M KCl which functioned as a 

reference electrode. Electrochemical measurements were 

done after an OCV period of 1 hr for equilibrium to be estab-

lished between the 3 electrodes. The total points of data 

gathered for a sweep rate of 1 data per second was 1024. The 

lowest and highest regions of the zero resistance ammeter 

(ZRA) were manually evaluated throughout the experiment 

with a lowest region of 1 nA and the highest region of 100 μA. 

2.7. Nanoindentation Analysis 

A Triboindenter, model Ti950 (Brucker, Germany) operat-

ing in load function state with a Berkovich indentation probe 

was employed to assess the tribology/contact mechanics 

properties of the metal samples. Prior to this, the carbon steel 

coupons were prepared for nanoindentation analyses by im-

mersing in the blank and optimum concentrations for 24 hrs, 

before rinsing with distilled water and drying in an oven. 

Several positions were measured on a sample specimen by the 

triboindenter with 10 mN value of peak load and 250 µN/s as 

value of rate of unloading/loading. The indenter was posi-

tioned at this force for 50 s. A distance of 10 µm separated 

each of the indent positions while the scanning probe micro-

scope (SPM) at the same time was used to obtain the corre-

sponding microstructural images of the samples. 

2.8. Analysis of Structural Phase 

The X-ray grazing phenomena was performed with the ra-

diation, Cu-Kα for the purpose of analysing the structural 

variations of the MnO2NPs employing a Malvern designed 

Panalytical‟s instrument X'Pert³ MRD model (Malvern, Hol-

land) operating at wavelength of 1.62 A and voltage of 50 kV. 

The equation ascribed to Debye-Scherrer was employed to 

evaluate the crystallite size diameters. 

3. Results and Discussions 

3.1. Analysis of Chemical Properties of 

MnO2NPs and Corrosion Products 

Figure 1 (a) shows the structural phase spectrum of the 

synthesized MnO2NPs. The spectrum manifests the presence 

of pyrolusite, also known as β phase MnO2, a polymorphic 

MnO2. The diffraction bands are aligned with the XRD iden-

tities of JCPDS Card identity which is 00-002-0567. De-

bye-Scherrer‟s method [13], was used to calculate the particle 

diameters given as (3.128 Å), an evidence that the synthesized 

MnO2 is a nanoparticle. Signal processing for peak fitting and 

correction of the base line was done on OriginLab graphic 

software. 
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Figure 1. (a) XRD spectrum of the MnO2NPs, (b) functional group spectra and (c) absorption spectra of the MnO2NPs, PECS and corrosion 

products. 

Figure 1 (b) exhibits the FTIR spectra of MnO2NPs, PECS 

and the rusts from carbon steel soaked in the optimum con-

centrations for 24 hrs. The possession of numerous bands by 

PECS and its associates confirms the ligno-cellulose nature of 

the biomass extract. The peak like a „trough‟ between 3850 

and 3400 cm-1 is in the region of either hydroxyl or amine 

functional groups. Nevertheless, with the existence of a nar-

row intensity at almost 3600 cm-1, it can be ascribed to an 

oxygen-containing group such as hydroxyl [8]. The existence 

of the methylene/methyl group is manifested by the bands 

with centers at 3080 and 2850 cm-1, suggesting levels of ring 

saturation. The low intensity band at 535 cm 1 in the spectrum 

of the nanoparticles is an indication of the existence of inor-

ganic metal containing group [7]. 

The UV vis absorption spectra of MnO2NPs and the opti-

mum concentrations of PECS and MnO2NPs+PECS batches 

are shown as Figure 1 (c). The broad band between 324 and 

385 cm-1 indicates an absorption characteristic of a nanopar-

ticle [7, 8]. Obot et al, [9], have suggested that the syndrome 

of surface plasmon resonance (SPR) exhibited by nanoparti-

cles at many absorption regions in the ultraviolet visible 

spectrum is a manifestation of their orderly mode of light 

absorption and the behavior of electromagnetic field formed 

as a result of uniform vibration of charged electrons. 

3.2. Open Circuit Voltage (OCV) 

The working electrode was permitted to achieve equilib-

rium with the reference electrode for 30 mins before a per-

turbation voltage of 10 mV was passed through the circuit. 

The voltage vs time plots of the various concentrations with 

error bars were shown in Figure. 2. The plots exhibited hori-

zontal linear lines throughout the duration, suggesting no 

change in mechanism. The voltage shift relative to that of the 

blank is a recognized tool in corrosion science to characterize 

the behavior of a particular corrosion system as either anodic, 

cathodic or mixed inhibition [10]. The voltage shifts of the 

samples with reference to that of the blank for system (a) 

range from −0.01 to -0.59 mV while for system (b) it is from 

−0.01 to -0.29 mV. The voltage shifts are all less than -85 mV, 

which confirms that PECS and its mixture with MnO2NPs 

inhibits both anodic and cathodic reactions, that is mixed 

inhibition. 

  
Figure 2. OCV variations with time at 5 % error bars for the systems (a) PECS and (b) PECS+MnO2NPs. 
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3.3. Cyclic Potentiodynamic Polarization (CPP) 

and Linear Polarization Resistance (LPR) 

Figure 3 (a) and (b) present the CPP curves with error bars 

of the electrochemical system for the degradation retardation 

of carbon steel in an aggressive medium of 15 % HCl by (a) 

PECS and (b) PECS+MnO2NPs. The Tafel corrosion param-

eters were obtained by performing linear extrapolation of the 

reduction and oxidation branches of the potentiodynamic 

curves. The slopes of the two (2) tangential lines gave the 

oxidation (βa) and reduction (βc) Tafel constants. The reduc-

tion/cathodic arm represents an evolution of the hydrogen gas 

process and the second arm the oxidation/anodic branch rep-

resents the dissolution of the carbon steel [7]. The two curves 

meet and form a horizontal line which indicates an in-

ter-exchange point between oxidation and reduction processes 

or the other way round for a second potentiodynamic cycle. 

To examine the quality of PECS alone and its mixtures with 

MnO2NPs for degradation retardation of carbon steel in 15 % 

HCl the electrochemical parameter, current density (icorr) was 

employed. The value of icorr is dependent on some character-

istics of the corrosion retardation systems such as chemical 

and physical compositions of working electrode, electrolyte 

composition, process variables like pressure, temperature and 

so on [10, 15]. The retardation efficiency (Ζ %) is given by 

equation (1) [6-9]: 

  
Figure 3. CPP plots of the carbon steel corroding in free acid, inhibited and synergized solutions. 

𝑍% = (
𝑖𝑐𝑜𝑟𝑟
𝑏 −𝑖𝑐𝑜𝑟𝑟

𝑎

𝑖𝑐𝑜𝑟𝑟
𝑏 ) 𝑥100            (1) 

Where 𝑖𝑐𝑜𝑟𝑟
𝑏  represents the current density of the free acid 

electrolyte and 𝑖𝑐𝑜𝑟𝑟
𝑎  represent current densities of inhibited 

added electrolytes. 

The calculated (Ζ %) and the values of other electrochem-

ical variables were exhibited in Table 1. The values of icorr are 

inversely proportional to both the retardants‟ concentrations 

and the corrosion retardation efficiencies, this is an indication 

that corrosion retardation took place through adsorption pro-

cess which lead to formation of film covering the metal 

cross-sections [9]. The (Ζ %) of PECS+MnO2NPs are higher 

than PECS alone, suggesting that the NPs containing compo-

site adsorbs better and easier on the cross-sections of the 

carbon steel than PECS alone, leading to elevated (Ζ %). This 

also confirms strong interaction by bonding between the NPs 

and the electronic lattices of the steel resulting in improved 

adsorption and higher surface coverage [6, 7]. The overlap-

ping of the potentiodynamic curves in Figure 2 and their close 

resemblance indicate no change in reaction mechanism 

throughout the inhibition processes. Even though no general 

pattern can be drawn in the variations of Ecorr of additive 

solutions with respect to Ecorr of free acid solution, the highest 

value of this shift for system (a) is -27.78 mV while for system 

(b) it is -16.01 mV. These values are less than -84 mV which is 

the threshold used by corrosion scientists to determine 

whether an inhibitor is either mixed, anodic or cathodic form 

[14]. This suggests that PECS and PECS+MnO2NPs inhibit 

both oxidative carbon steel dissolution and reductive evolu-

tion of H2 gas processes and are therefore mixed types of 

inhibitors. However, the anodic arm is longer and more 

prominent, moreover the values of βa are higher than βc at all 

concentrations thereby indicating oxidation process domina-

tion. 

According to Stern-Geary equation [16] the current density 

is related to both polarization resistance and Tafel constants in 

the following manner; 
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𝑅𝑃 =
𝛽𝑎𝛽𝑐

𝑖𝑐𝑜𝑟𝑟𝑥2.3(𝛽𝑎+𝛽𝑐)
               (2) 

Here Rp represents the resistance to polarization, icorr rep-

resents the current density whereas βc and βa represent the 

oxidation and reduction Tafel constants respectively. This 

equation reflects the relationship between the two polarization 

techniques in Table 1, in which icorr is inversely related to Rp 

and decreases with increments in concentration while Rp 

increases with corresponding increments in concentration. 

The introduction of the NPs into the different concentration 

diminished the icorr down to its lowest value of 602.24 μA cm2 

at optimum concentration and elevated the Rp value to 66.50 

Ω cm2 which are 60.75 % reduction and 58.56 % elevations 

respectively above the optimum concentration of PECS only 

which are 991.29 μA cm2 and 38.94 Ω cm2 respectively. The 

non-alignment extent of reduction and increment of icorr and 

Rp between PECS and MnO2NPs+PECS can be attributed to 

variations in electrochemical parameters that will be fully 

dealt with in the comparison of electrochemical techniques 

below. The rate of corrosion was calculated from equation (3) 

[16] as, 

𝐶𝑅(𝑚𝑚𝑝𝑦) =
0.00327𝑥𝑖𝑐𝑜𝑟𝑟(𝐸𝑞)

𝜌𝑚.𝐴
           (3) 

Here Eq is the carbon steel‟s equivalent weight, 27.85 

(g/mm), icorr is the current density in (µA.cm2), ρm is the car-

bon steel‟s density given as 7.85 (g/cm3), A is carbon steel 

coupon‟s total surface area, 20 (mm2) and 0.00327 is a cor-

rosion constant related to CR. 

Table 1. CPP and LPR electrochemical techniques’ variables of carbon steel corroding in control, inhibited and synergized solutions. 

System of inhib-

itor 

CPP LPR 

Ecorr (mV vs 

Ag/AgCl) 

Icorr (μA. 

cm
2
) 

βa (mV/dec) βc (mV/dec) Ζ (%) CR (mmpy) RP (Ω cm
2
) Ζ (%) 

PECS 
-347.64 2 795.89 138.4 108.7  1.62 13.8  

control 

200 ppm -333.18 1 574.53 122.1 91.2 43.68 0.91 16.53 16.52 

400 ppm -349.06 1 416.71 131.9 98.8 49.32 0.82 19.82 33.72 

600 ppm -340.52 1 300.39 152.8 114.3 53.48 0.75 27.94 50.61 

800 ppm -356.77 1 121.06 165.9 126.6 59.90 0.65 35.21 60.81 

1000 ppm -375.42 991.29 149.9 112.6 64.54 0.58 38.94 64.56 

control+MnO2NPs -374.08 1 296.55 90.4 112.6 53.62 0.75 24.14 42.83 

200+MnO2NPs 347.12 904.31 71.0 117.6 67.65 0.53 28.96 52.34 

400+MnO2NPs -336.54 891.27 71.1 103.2 68.12 0.52 34.71 60.24 

600+MnO2NPs -368.93 780.44 66.1 109.5 72.08 0.45 47.62 71.02 

800+MnO2NPs -364.91 642.51 93.2 125.7 77.02 0.37 59.38 76.50 

1000+MnO2NPs -363.65 602.24 124.7 180.4 78.45 0.35 66.50 79.24 

 

The LPR curves of the 2 systems of inhibitors are exhibited 

in Figure 4 (a) and (b) together with the possible observable 

error bars. A numerical fit of the curves yield the polarization 

resistance, Rp which were shown in Table 1. Rp increases with 

the chemical retardants' concentrations. That is, as more 

molecules of the plant extract and nanoparticles accumulate 

by adsorption on the cross-sections of the substrate to form a 

material barrier, the resistance to hydrogen gas emissions, 

oxidation and other side reactions that promote metal exfoli-

ation increases [7]. Evaluation of the progress of polarization 

was made with retardation efficiency given by equation (4) 

[9]: 

𝑍% = (
𝑅𝑝
𝑎−𝑅𝑝

𝑏

𝑅𝑝
𝑎 ) 𝑥100             (4) 

Here 𝑅𝑝
𝑎  represents the resistance to polarization of the 

inhibitor added solution and 𝑅𝑝
𝑏 stands for the resistance to 

polarization of the free acid solution. 
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Figure 4. LPR plots of carbon steel corroding in free acid, inhibited and synergized solutions. 

3.4. Electrochemical Impedance Spectroscopy 

(EIS) 

The Nyquist impedance, Bode modulus and phase angle 

plots for the 2 sets of inhibitor systems were shown as Figures 

5, 6 and 7 respectively, together with their associated error 

bars. For these 3 sets of figures and regarding Table 2, the 

Nyquist plots pseudo-semicircles, the S-shaped loops of Bode 

impedance plots and the bell shaped loops of phase angle plots 

all increase in size as the inhibitor concentrations and retar-

dation efficiencies increase and as synergism takes place. For 

example, the Nyquist plots of PECS system increased from 

4.63 Ω.cm2 of the free acid solution to 18.38 Ω.cm2 at opti-

mum concentration of PECS while PECS+MnO2NPs esca-

lated to 37.02 Ω.cm2 also at optimum concentration. These 

suggest mass and charge transfer activities leading to con-

tinuous formation of more layered coatings on the substrate 

cross-sections with the improvement of additives concentra-

tions resulting in enhancement of corrosion retardation [14, 

15]. The accumulation of inhibitor ions and molecules by the 

process of adsorption enhanced significant increments in 

resistance to polarization and noticeable reduction in the rate 

of the steel degradation [15]. Different forms of equivalent 

electric circuits arrangements composed of passive elements 

such as electrolyte resistance, Rsol, constant phase element Qcp, 

and resistance to charge transfer, Rctrt in series or parallel 

configurations were examined. The obtained data fitted more 

perfectly with Figure. 8, represented with the expression 

Rsol+Qcp,/Rctrt. This means the solution resistance is arranged 

to a parallel connection of the charge transfer resistance with 

the constant phase element. The double layer capacitance (Cdl) 

was replaced with a constant phase element (Qctr) to take care 

of macroscopic presence of impurities and imperfections on 

the working electrode cross-sections caused by corrosion 

attacks and other side reactions [14-17]. From Nyquist and 

Bode plots, at both high and low frequencies, the equivalent 

circuit manifested resistive and inductive characteristics re-

spectively. The intersection of the high frequency line of 

Nyquist spectra with the real x-axis, yields electrolyte re-

sistance (Rsol) while the intersection of the inductive line with 

the same real axis gives rise to charge transfer resistance (Rct) 

[18]. As illustrated by Nyquist spectra and Bode modulus 

plots the high frequency and the low frequency regions meet 

at a point of intersection known as (fmax), whose values de-

crease down Table 2, as the inhibitor concentration and effi-

ciencies increase. An assessment of the corrosion retardation 

of the carbon steel was made by using Rct to calculate the 

retardation efficiencies utilizing equation (5) [17]: 

𝑍% = (
𝑅𝑐𝑡
𝑎 −𝑅𝑐𝑡

𝑏

𝑅𝑐𝑡
𝑎 ) 𝑥100               (5) 

Here 𝑅𝑐𝑡
𝑏  and 𝑅𝑐𝑡

𝑎  are the resistances to charge transfer of 

the free acid and the inhibited or synergized solutions re-

spectively. 

For comparison with polarization techniques, Rp values 

were evaluated by manipulating the difference between the 

impedance performed at the optimum and the impedance at 

minimum frequencies according to: equation (6) [19]. 

𝑅𝑝 = 𝑍(𝑜)
′ − 𝑍(∞)

′′
                 (6) 

Here 𝑍(𝑜)
′  is the impedance at 100 kHz and 𝑍(∞)

′′ ) is the 

impedance at 10 mHz. Rp was promoted with increase in 

concentration and the introduction of the nanoparticles. The 

Cdl is related to the variable of constant phase element by 

equation (7) [6-10]: 

𝐶𝑑𝑙 = 𝑌𝑜(𝑗𝜔)
−𝑛                (7) 

Here Y0 is taken as a CPE variable, α is the CPE power 

exponent, often used to gauge the extent of roughness or 

imperfections of the metal cross-sections, j2 is equal to unity is 
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an imaginary number and ω is radian frequency of angle in 

rad-1. The values of α2 established a direct relationship with 

both concentration and (Ζ %) suggesting that as more layers 

of PECS and MnO2NPs are occluded on the cross-sections of 

the carbon steel, roughness was diminished because contact 

points for corrosion manifestation are reduced [8-10]. 

  
Figure 5. Nyquist spectra with 5 % error bars of the carbon steel corroding in control, inhibited and synergized electrolytes. 

  
Figure 6. Bode impedance plots with 5 % error bars of carbon steel corroding in control, inhibited and synergized electrolytes. 

  
Figure 7. Phase angle graphs with 5 % error bars of carbon steel corroding in control, inhibited and synergized solutions. 
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Figure 8. Equivalent electric circuit of corrosion inhibition of the 

carbon steel. 

Bode plots of the substrate in the free acid and inhibited 

solutions exhibited almost the same pattern of behavior, they 

manifested significant reduction in the values of their im-

pedance at the optimum frequency range between 100,000 to 

100 Hz and a steady reduction in the median frequency region 

between 100 to 1 Hz. The phase angle plots exhibited a 

one-time constant only at the middle point between the op-

timum and low frequency range of the spectra. This single 

dominating time-constant is representative of corrosion phe-

nomena such as the impact of adsorption on the boundary 

layer and the migration of the inhibitor ions and molecules 

into the solution [16, 18, 19]. The decrease in impedance 

modulus in terminal frequency ranges can be related to the 

reduction and phase angle shifts done by the time constant 

toward lower frequencies. Therefore, the reduction in metal 

degradation experienced by the carbon steel due to introduc-

tion of PECS and MnO2NPs into the reference electrolyte can 

be ascribed to these phase shifts. 

Table 2. EIS variables for carbon steel corroding in control, inhibited and synergized solutions. 

System of inhibitor RSol (Ω.cm
2
) Rct (Ω.cm

2
) Rp (Ω.cm

2
) Q2 10

-3
 [F.s

(a-1)
] fmax (Hz) α2 CH

2
 Ζ (%) 

PECS 
0.95±0.23 4.63±0.52 3.67 0.047±0.04 1.66 0.88±0.96 0.06  

control (0) 

200 ppm 0.92±0.24 5.44±0.54 4.52 0.025±0.02 1.66 0.89±0.91 0.09 18.75 

400 ppm 0.95±0.02 10.92±0.52 9.97 0.015±5.67 1.12 0.89±0.84 0.33 63.14 

600 ppm 1.20±0.23 11.66±0.53 10.46 0.014±4.97 1.12 0.90±0.79 0.01 64.87 

800 ppm 1.41±0.23 16.33±0.50 14.92 0.012±2.28 1.12 0.92±0.96 0.65 75.38 

1000 ppm 1.17± 0.22 18.38±0.47 17.21 0.011±2.31 0.76 0.93±0.99 0.63 78.65 

PECS+MnO2NPs 
1.31±0.22 9.51±0.51 8.19 0.02±7.32 1.11 0.89±0.98 0.35 55.17 

Control (0)+ MnO2NPs 

200 ppm + MnO2NPs 1.90±0.23 14.44±0.55 12.54 0.01±3.26 1.12 0.81±0.65 0.47 70.69 

400 ppm + MnO2NPs 1.36±0.24 18.99±0.53 17.63 7.21±1.52 1.66 0.83±0.63 0.29 79.16 

600 ppm + MnO2NPs 1.51±0.23 21.31±0.54 19.79 9.86±1.61 1.12 0.83±0.62 0.81 81.44 

800 ppm + MnO2NPs 0.90±0.24 36.25±0.54 35.35 5.40± 0.53 1.12 0.82±0.56 0.65 89.61 

1000 ppm + MnO2NPs 1.38±0.24 37.02±0.55 35.64 5.31±0.51 1.12 0.79±0.55 0.79 89.69 

 

3.5. Electrochemical Noise (EN) 

The EN analysis was conducted at time domain to inves-

tigate the metal degradation retardation phenomena, and use 

time variations of other variables to bring out information 

about the parameters of degradation. Figures. 9 (a) and (b) 

depict voltage (E) vs time (t) graphs of the steel substrate 

degrading in 15 % HCl medium and with the introduction of 

inhibitive and synergistic agents. In all the experiments, the 

voltage drops as time elongates. The electrochemical noise 

parameters were obtained by performing EN analyses from 

the analyses button of EC Lab software and were presented in 

Table 3. The magnitude of potential noise indicates the level 

of corrosion attack on the steel cross-sections [20]. The con-

centration of the inhibiting additives and the retardation effi-

ciencies established an inverse proportional relationship with 

the electrochemical noise resistance (Rn). This suggests that 

the introduction of adsorbing chemical corrosion retardants 

ameliorated the electrochemical noise which is electrochem-

ically related to the polarization and charge transfer re-

sistances [21]. 
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Figure 9. EN plots with 5 % error bars of carbon steel corroding in control, inhibited and synergized solutions. 

Several published corrosion research works have stated that 

Rn values are inversely proportional to the values of polari-

zation resistance Rp [16]. Hence the reciprocal of Rp in unit of 

ohm (Ω) is equal to Rn, these are directly proportional to the 

metal‟s rate of corrosion, when applied to equation of 

Stern-Geary [16, 20]. Hence, an improvement in the values of 

1/Rn indicates low electrochemical phenomena on the cross 

sections of the carbon steel [20]. 

Table 3. EN variables for carbon steel corroding in control, inhibited and synergized solutions of PECS and MnO2NPs. 

System of inhibitor Rn (Ω) σ, (Ewe) (V) σ. (I) (A) σ, (I)/rms(I) Rp (10
-3

 x Ω.cm
2
) Ζ (%) 

PECS system 
312.9 3.093x10-6 10.12x10-9  3.19  

control (0) 

200 ppm 237.88 6.08x10-6 19.43x10-9 58.81 4.20 23.97 

400 ppm 174.84 22.17x10-6 14.94x10-9 76.5 5.71 44.12 

600 ppm 140.88 12.26x10-6 0.32x10-6 3.53 7.09 54.97 

800 ppm 115.2 32.99x10-6 31.36x10-9 35.8 8.68 63.18 

1000 ppm 108.2 1.86x10-6 0.20x10-6 5.482 6.74 65.42 

PECS+MnO2NPs 
148.21 7.81x10-6 0.11x10-6 0.769 6.74 52.63 

control+MnO2NPs 

200 ppm+MnO2NPs 119.05 20.45x10-6 18.51x10-9 59.37 8.39 61.95 

400 ppm+MnO2NPs 102.49 2.122x10-6 18.87x10-9 58.98 9.75 67.24 

600 ppm+MnO2NPs 91.91 6.823x10-6 15.18x10-9 75.3 10.96 70.62 

800 ppm+MnO2NPs 84.67 3.093x10-6 11.13x10-9 2.01 11.81 72.94 

1000 ppm+MnO2NPs 81.05 9.093x10-6 12.19x10-9 5.31 12.33 74.09 

 

The inhibition efficiency was evaluated with equation (8) 

given by: 

𝑍% = (
𝑅𝑛
𝑏−𝑅𝑛

𝑎

𝑅𝑛
𝑏 ) 𝑥100                   (8) 

Here 𝑅𝑛
𝑏 and 𝑅𝑛

𝑎 are the noise resistances of the substrate 

in the free acid and inhibitor-added electrolytes respectively. 

3.6. Comparison of Electrochemical Results 

with (Z %) and (Rp) 

There had been several debates in electrochemistry about 
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how dependable the experimental data obtained in each elec-

trochemical technique. In this work we used error bars and CH2 

to assess the quality of the parameters obtained in EIS tech-

nique, while in the other techniques we used both error bars and 

range of ± sign to indicate the level of validation of the ex-

perimental data. Secondly, by the study of experimented pa-

rameters common to the various techniques, good judgments 

can be made about the effectiveness of one technique over 

another. In this work the maximum inhibition exhibited by 

PECS alone and its composite with MnO2NPs were obtained at 

the optimum concentration. Considering the inhibition effi-

ciencies (Ζ %) of the 4 electrochemical techniques CPP, LPR, 

EIS and EN, observations indicate there were several variations 

among the techniques. This is not surprising since there are 

differences in their experimental configurations such as elec-

trode set up, open circuit voltage periods and other issues such 

as linearity, causality and stability. Also expected sources of 

errors such as positions of slope and intercept in determination 

of Tafel parameters have some parts to play. From Tables 1, 2 

and 3, including Figures 5 (a) and (b), PECS exerted elevated 

inhibition of the metal substrate corrosion in 15 % HCl elec-

trolyte when CPP and EIS techniques are employed followed 

by LPR and EN in this order. 

  
Figure. 10. Comparison of different electrochemical technique using Rp and Z % obtained from the electrochemical techniques. 

Gouveia-Caridade et al [21], postulated that the major dif-

ference between EIS and EN can be associated with the con-

figurations used in the setting up of the experiment. For the 

EIS technique a constant voltage is imposed, which is the 

same as OCV before the actual commencement of the scan, 

and variations of local potential on the electrode 

cross-sections are negligible. However, for EN technique, 

there is no imposition of external potential, hence the OCV 

changes more frequently with time particularly during oxide 

formation. By this method the surface resistance which aligns 

with that of the oxide film, can be enlarged. 

We have explained that CPP and LPR techniques bring out 

knowledge of events happening at oxidation and reduction 

branches of the polarization plots. All the parameters for 

calculating both Rp and Ζ % in polarization techniques rely on 

calculation of slope and estimation of intercept points which 

are variable position determinations. Even though several 

points are always considered and the average value taken, the 

source of error still remains. EIS technique gives the most 

accurate and more quantitative and qualitative information 

about electrochemical events over a wide range of frequencies 

and has the most trusted Ζ % and Rp, devoid of much estima-

tion during calculations. 

Figures 10 (a) and (b) show the extent of polarization and 

metal degradation retardation of the 2 systems of inhibitors at 

the experimented electrochemical techniques. The 2 sets of 

systems of inhibition indicate variations of Rp and Z % at the 

various electrochemical techniques of LPR, EIS and EN. 

Comparison of the electrochemical techniques with Rp and Z % 

indicate almost the same pattern of behavior. The scattering 

and fluctuations in the form of „zigzag‟ nature of Rp and Z % 

plots of the electrochemical techniques have been attributed to 

the existence of instabilities at the point of introducing the 

working electrode into the electrolyte and unsteady state 

characteristics of the electrochemical procedures at the 

commencement of the experiments [16]. 

3.7. Thermodynamics Analyses 

The adsorption process of inhibitor molecules and ions on 

substrate cross-sections is an important phenomenon in any 

corrosion retardation mechanism. This is simply a displace-

ment process where the inhibitor species replace molecules of 

water which are gradually desorbed from the metal 

cross-sections [21]. To study the mode of adsorption, values 

of surface coatings, θ, calculated from retardation efficiencies 

from the 4 electrochemical techniques were graphically fitted 

into different empirical and derived adsorption models such as 

Frumkin, Temkin and Langmuir. The best fit was judged by 

the given linear plots and the values of R2 nearness or equal to 
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unity. Langmuir model which is given by equation (9) [21] 

gave the nearest approximation: 

(
𝐶𝑆𝑀

𝜃
) = (

1

𝐾𝑎𝑑𝑠
+ 𝐶𝑆𝑀)               (9) 

where θ is the surface coatings, Kads is the process steady state 

parameter and CSM is inhibitor concentrations in unit of 

(ppm). 

  
Figure 11. Langmuir adsorption model for the substrate metal in 15 % HCl solution and inhibited in systems of (a) PECS and (b) 

PECS+MnO2NPs. 

Langmuir adsorption model plots were shown as Figures. 

11 (a) and (b). In all the techniques, the concentrations pro-

gressed as the ratio of concentration to the surface coatings 

increased. The linear plots obtained can be ascribed to an 

assumption of an atomic plane accumulation of molecules and 

ions of inhibitors onto the substrate steel cross-sections. Kads 

in equation (10) is related to the Gibbs free energy calculated 

from Langmuir‟s equation in the following manner: 

𝐺𝑎𝑑𝑠
𝑜 = −𝑅𝑇𝑙𝑛(𝑘𝑎𝑑𝑠 − 𝐶𝐻2𝑂)              (10) 

Here CH2O = 55.5 M is water concentration, R = 8.317 

kJ/mol is the gas parameter and T is the Kelvin temperature. 

From Table 4, the ΔG values are all negative, which implies 

that the adsorption of the biomass extract and the nanoparti-

cles on the cross-sections of the substrate is a spontaneous 

process [22]. 

Table 4. Thermodynamics parameters obtained for system of carbon steel corroding within 15 % HCl and retarded by (a) PECS and (b) 

PECS+MnO2NPs. 

System 

R
2
 Kads (L g

-1
) ΔGads (kJmol

-1
) 

System 

R
2
 Kads (L g

-1
) ΔGads (kJmol

-1
) 

PECS PECS+ MnO2NPs 

EN 0.98 0.65±0.05 -90.43 EN 0.99 0.59±0.02 -29.88 

EIS 0.99 0.67±0.03 -91.08 EIS 0.99 1.07±0.03 -102.88 

CPP 0.99 0.56±0.01 -86.57 CPP 0.99 0.73±0.03 -93.25 

LPR 0.92 0.54±0.09 -85.65 LPR 0.96 0.67±0.08 -91.08 

 

When ΔGads are < or = 20 kJ/mol, physisorption mode of 

adsorption prevails which is characterized by electrostatic 

intermingling between inhibitor molecules and lattice elec-

trons of metal. However, at ΔGads values = or > 40 kJ/mol, 

chemisorption mode known for electron transfer and shearing 

dominates [23]. Therefore, it can be seen that both PECS and 
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PECS+MnO2NPs were chemically adsorbed on the substrate, 

sustained by functional groups present in the biomass extract 

such as NH3, -COOH, and so on including the influence of 

synergistic potency of the nanoparticles. 

3.8. Synergism Analyses  

Numerous corrosion-based research works had been de-

voted to investigation about the combined use of 2 or more 

chemical corrosion retardants to combat metal degradation in 

aggressive environments. This combined action of 2 or more 

retardants which are more effective than the individual re-

tardants when used separately is what is known as ‟synergism‟ 

[8]. Many corrosion scientists have approached the analysis of 

synergism with the method proposed by Aramaki and 

Hakerman [21], in which the synergism parameter, SQ is given 

by: 

𝑆𝑄 =
(1−𝑄1+2)

(1−𝑄12)
                    (11) 

where, Q1+2 = (Q1 + Q2) − (Q2 × Q2) and Q1, Q2, Q12 are the 

values of surface coatings of retardant 1, retardant 2, or 

combination of the 2 respectively, and are evaluated from 

experimentally obtained data. The values of SQ obtained from 

the 4 electrochemical techniques CPP, LPR, EIS and EN were 

evaluated and exhibited in Table 5. 

Almost all the calculated SQ are above the threshold of one, 

used to distinguish whether the combination of two inhibitors, 

catalysts or drugs manifested synergism, antagonism or addi-

tivity. More evidence about synergism can be seen from the 

various electrochemical techniques where in EIS the intro-

duction of the NPs lead to elevated charge transfer resistances, 

in CPP reduction in the values of current densities, in LPR 

increase in polarization resistances and in EN increase in 

noise resistance. 

Table 5. Synergistic parameter from CPP, LPR, EIS and EN for 

corrosion retardation of metal substrate in 15 % HCl. 

Sample Synergism constant (SQ) 

 CPP LPR EIS EN 

200 ppm 1.81 1.16 1.18 0.94 

400 ppm 1.77 1.05 1.26 0.83 

Sample Synergism constant (SQ) 

 CPP LPR EIS EN 

600 ppm 2.43 1.11 1.09 0.91 

800 ppm 2.53 1.01 1.14 1.02 

1000 ppm 2.35 1.09 1.32 1.11 

3.9. Nanoindentation Analyses and Mechanism 

of Corrosion Retardation 

The load vs depth curves shown in Figure 12 (a), is a measure 

of nano mechanical characteristics of the substrate metal de-

grading in belligerent media of 15 % HCl and in the midst of 

optimum concentrations of chemical corrosion retardants. 

Nowadays, Corrosion Scientists are employing nano-indentation 

as a handsome tool to analyse metal degradation products even at 

micron and nano levels. This has led to broader light into various 

mechanisms of metal deformations by corrosion and resultant 

predictions of substrate life span by modeling. The most im-

portant information for these are the modulus of elasticity and 

nano-hardness of the rusts produced from the corrosion process. 

Thus, Jiang et al [24], applied stray current to concrete rods in 

order to study the corrosion products and obtain numerical data 

for model predictions. Their investigations yielded modulus of 

elasticity between 54 and 110 GPa and hardness measured at 

nano level between 1.8 and 8.3 GPa. These results are in con-

sonant with the values of Young modulus and nano-hardness in 

Table 6. The steeping feature of unloading part of the 

nanoindentation curves shown in Figure 12 (a) as load versus 

depth curves was employed by Oliver and Pharr [25] to estimate 

modulus of elasticity and nano-hardness. In Figure 12 (a), the 

steeping goes according to the order of roughness of the carbon 

steel surface which are in alignment with the work of Jiang et al 

[24]. 

Figures 12 (b) to (e) exhibit the scanning probe images 

(SPM) of the carbon steel in the various media while Table 6 

shows the corresponding statistical parameters obtained 

thereof using Gwyddion image analysis software. Consider-

ing variables such as surface roughness, root-mean square and 

peak-to-valley depths in the Table and a survey of the figures 

indicate that the carbon steel encountered highest protection 

from degradation in 15 % HCl containing both PECS and 

MnO2NPs, followed by PECS and suffered greatest degrada-

tion attack in the free acid medium. 

Table 6. Statistical parameters from nano indentation analyses. 

Sample solution 
Young mod-

ulus (GPa) 

Hardness 

(GPa) 

Average surface 

roughness (Wa) (nm) 

Roughness root-average 

square (Wq) (nm) 

Highest peak-to-valley 

depth (Wp) (nm) 

Control (no immersion) 25.52 1.22 96.87 111.18 60.53 
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Sample solution 
Young mod-

ulus (GPa) 

Hardness 

(GPa) 

Average surface 

roughness (Wa) (nm) 

Roughness root-average 

square (Wq) (nm) 

Highest peak-to-valley 

depth (Wp) (nm) 

Acid free 70.19 4.76 221.32 301.12 202.41 

1000 ppm 46.02 3.91 74.04 98.05 31.82 

1000 ppm + MnO2NPs 46.95 3.63 55.92 63.72 21.54 

  

   

Figure 12. (a) load vs depth curves, SPM images of (b) control (c) blank (d) 1000 ppm PECS (e) 1000 ppm PECS+MnO2NPs. 

The synergistic interactions between the pair of PECS and 

MnO2NPs can be explained in consideration of a mutual un-

derstanding of the nature of molecular mechanisms of corro-

sion retardation. It seems that PECS and MnO2NPs mutually 

support one another in terms of suppression of corrosion and 

adsorption of inhibitor ions and molecules on metal surfaces. 

Here the functional groups in the biomass material and mo-

lecular size of the nanoparticles play some considerable roles, 

however, detailed electronic nature and interactions such as 

formation of bonds, energy release and so on can be solved by 

molecular dynamics [8, 15]. 

Evans and Taylor [26] investigated the action of chemical 

retardants for prevention of deposition of layers of corrosion 

products on metal cross-sections with cyclic potentiodynamic 

polarization which involves oxidation and reduction pro-

cesses. They suggested that a ferrous metal such as carbon 

steel in an atmospheric environment undergoes dissolution by 

oxidation to form iron (ii) species such as iron (iii) 

oxy-hydroxide. However, at the introduction of corrosion 

retardant species containing heteroatoms such as N, S, O and 

so on, the heteroatoms interact with the lattice atoms of the 

metal to form an impervious. 

3.10. Comparison of Other Related Works on 

the Use of Nano-Particles for Corrosion 

Retardation 

Nurislamova et al., [27] suggested that manganese by 

reason of possession of the same d-orbital in their outermost 

shell like chromium and close alignment in the periodic table 

possess almost identical corrosion retardation properties. For 

example, manganese-containing compounds have a high 

affinity to oxidize and form complexes, like its counterpart 

chromium. However, Mn is cheaper because it is obtainable in 

many ores and its oxides are not poisonous [27]. These issues 

of economy and environmental friendliness are powerful 

advantages for future commercialisation of Mn based corro-
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sion retardant, Generally, most NPs by the virtue of large 

volume to surface area disperse easily in belligerent envi-

ronments to combat agents of metal corrosion [28]. Table 7 

presents some parameters from previous works on corrosion 

inhibition using nano-particles. Here the prospect of chro-

mates replacement with MnO2NPs can be clearly seen. 

Table 7. Comparison of corrosion retardation performance of different nano-particles. 

S/No Type of NPs Basic metal salt 
Organic 

source 

Synthesis 

method 

Metal sub-

strate 
Electrolyte 

Optimum 

Ζ % 
Reference 

1 MnO2NPs 
manganese (ii) 

acetate 

withered rose 

and lotus 

petal flowers 

ultrasonic 

wave 

irradiation 

mild steel 1 M HCl 

LP (72.63 %) 

and RP 

(51.50 %) 

[13] 

2 ZnO Zn(NO3)2·6 H2O 
PEG, PVP, 

and PAN 

chemical 

method 
mild steel 5 % HCl 

90.81 % 

(ZnO/PVP) 
[7] 

3 AgNPs AgNO3 
methacrylic 

acid 

chemical 

method 
aluminium 

0.5 M 

H2SO4 
85.6 % [7] 

4 AgNPs AgNO3 honey 
sunlight 

mediation 
mild steel 0.5 M HCl 91.6 % [9] 

5 Fe3O4NPs FeCl3 
cationic sur-

factants 

chemical 

method 
mild steel 1 M HCl 

CPP (89.40), 

EIS (88) 
[26] 

6 MnO2NPs 
Potassium per-

manganate 
Orange peels 

chemical 

method 
carbon steel 15 % HCl 89.69 % 

This pre-

sent work 

 

4. Conclusion 

This research work has so far addressed the sustainable use 

of carbon steel in a belligerent environment of 15 % HCl and 

mitigation of its degradation employing a plant extract medi-

ated by Manganese dioxide nanoparticles. The following 

findings can be used as conclusions: 

1. CPP results revealed that the inhibitors manifested 

mixed inhibition behavior and the retardation efficien-

cies Ζ % of PECS+MnO2NPs are higher than PECS 

alone, which indicate that the NPs containing composite 

adsorbs easier on the cross-sections of the carbon steel 

than PECS alone, leading to elevated Ζ %. 

2. The charge transfer resistance of Nyquist plots of PECS 

system increased from 4.63 Ω.cm2 of the free acid solu-

tion to 18.38 Ω.cm2 of optimum concentration while 

MnO2NPs system escalated to 37.02 Ω.cm2. These in-

dicate mass and charge transfer activities leading to 

continuous formation of more layered coatings on the 

substrate cross-sections with the improvement of addi-

tives concentrations resulting in enhancement of corro-

sion retardation. 

3. Almost all the evaluated synergism constants (SQ) of 

each composite mixture of PECS and MnO2NPs 

achieved values above the threshold of one which is used 

to indicate whether synergism or antagonism took place. 

4. Comparison of previous research works on the use of 

NPs for corrosion retardation indicates the prospect of 

nanoparticles most especially Mn based NPs taking over 

chromates and its derivatives. Of course this had been 

done with the patenting of US $6,933,046, a nanoparti-

cles based corrosion retardant which has demonstrated 

by adhesion, salt fog, and simulated anti-microbial 

analyses better retardation performance than hexavalent 

chromium [29]. 

5. Comparison of the electrochemical techniques with Rp 

and Z % indicate almost the same pattern of behavior. 

The scattering and fluctuations in the form of „zigzag‟ 

nature of Rp and Z % plots of the 4 electrochemical 

techniques have been attributed to the existence of in-

stabilities at the point of introducing the working elec-

trode into the electrolyte and unsteady state characteris-

tics of the electrochemical procedures at the com-

mencement of the experiments [16, 17]. 

6. This work presents a hopeful prospect for oil and gas 

industries operators to combat acidizing and other cor-

rosion troublesome operations with nanoparticles based 

inhibitors, because numerous components of equipment 

in this sector are made of carbon steel and 15 % HCl is 

regularly employed in their operations investigated in 

this research aligns with their industry. 

We expect further studies on the use of nanoparticles for 

corrosion retardation especially Mn based NPs because of its 

electronic structural relationship with chromium, cheapness 

and environmental friendliness. Also corrosion tests related to 
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operating conditions of other industries should be conducted 

with MnO2NPs to verify its anti-corrosion efficacy. 

Abbreviations 

AgNPs Silver Nanoparticles 

CPE Power Exponent 

CPP Cyclic Potentiodynamic Polarization 

CSM Inhibitor Concentrations 

EIS Electrochemical Impedance Spectroscopy 

EN Electrochemical Noise 

Ecorr Corrosion Potential 

Cdl Double Layer Capacitance 

FTIR Fourier Transform Infrared 

ΔG Gibbs Free Energy 

JCPDS Joint Committee on Powder Diffraction and 

Standards 

Kads Process Steady State Parameter 

LPR Linear Polarization Resistance 

Mn-Ce-P Manganese - Cerium - Polyphosphate 

MnO2NPs Manganese Oxide Nanoparticles 

PEG Polyethylene Glycol 

PVP Polyvinylpyrrolidone 

PAN Polyacrilonitrile 

Rn Electrochemical Noise 

Rn Electrochemical Noise Resistance 

Rsol Electrolyte Resistance 

Rp Polarization Resistances 

SPM Scanning Probe Microscope 

SPR Surface Plasmon Resonance 

XRD X-Ray Diffractometer 

ZRA Zero Resistance Ammeter 
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