
Scientific African 3 (2019) e0 0 075 

Contents lists available at ScienceDirect 

Scientific African 

journal homepage: www.elsevier.com/locate/sciaf 

Adsorptive Fe-nanoparticles me diate d by Musa sapientum 

peels extract as anticorrosion additive for aqueous oilfield 

descaling solution 

Ekemini Ituen 

a , b , ∗, Victor Mkpenie 

a , Ekere Ekemini b 

a Materials and Oilfield Chemistry Research Group, Department of Chemistry, Faculty of Science, University of Uyo, Uyo, Nigeria 
b Materials Research Laboratory, Center for Sustainable Education and Training, C-SET, Uyo, Nigeria 

a r t i c l e i n f o 

Article history: 

Received 4 January 2019 

Revised 10 April 2019 

Accepted 24 April 2019 

Keywords: 

Banana peels extract 

Agro-waste 

Bananadine 

Adsorption 

Acid wash 

a b s t r a c t 

Banana ( Musa sapientum ) peel is a biodegradable and non-toxic agricultural waste that can 

be readily and sustainably obtained. Its ethanolic extract was used to mediate the synthesis 

of nanoparticles using iron (ii) chloride (FeCl 2 ) and investigated as anticorrosive additive 

for mild steel in laboratory simulated descaling solution. The essence was check if im- 

proved efficiency could be obtained by reducing the crude extract to nanoparticles. Ther- 

mogravmetric and electrocanalytical techniques were used to determine the inhibition ef- 

ficiency. Results reveal that 10 mL Musa sapientum extract-iron oxide nanoparticle (Fe-MSE 

Nano) was 94.4% efficient compared to the crude extract which was 72.1% efficient in 1.0 M 

HCl corroding solution at 30 °C. Charge transfer resistance from impedance measurements 

increases as concentration of nanoparticle per volume of descaling solution increases ow- 

ing to adsorption of molecules of the composites. Fe-MSE Nano acts as mixed type in- 

hibitor, predominantly inhibiting anodic oxidation reaction. The steel surface was found 

to be morphologically smoother than without the Fe-MSE Nano as observed by scanning 

electron microscopy (SEM). Adsorption behavior of the major compound in the peels ex- 

tract, bananadine, was modeled theoretically on Fe(1 1 1) surface using density functional 

theory. Theoretical parameters such as frontier molecular orbitals energies, rigid adsorp- 

tion energy, and deformation energy were calculated. Fukui analysis and Forcite neutron 

scattering analysis were also performed and nitrogen site (N8) is predicted as the active 

adsorption site. Based on results obtained, Fe-MSE Nano would make a more efficient an- 

ticorrosive additive for steel in oilfield descaling solution than the crude extract. 

© 2019 The Authors. Published by Elsevier B.V. on behalf of African Institute of 

Mathematical Sciences / Next Einstein Initiative. 

This is an open access article under the CC BY license. 

( http://creativecommons.org/licenses/by/4.0/ ) 

 

 

 

Introduction 

Scaling is a major problem in the petroleum industry and is associated with some operations such as stimulation, pro-

duction and transportation. Scales generate when the solution becomes supersaturated maybe due to temperature changes

during injection operations [1] . Scales can also be formed when two solutions that are capable of precipitating are brought
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Fig. 1. (a). Molecular structures of bananadine (b) Structure optimized at DFT/GGA-PW91. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

together. For instance, the contact of calcium ions from dissolved fines with hydrogen fluoride from reservoir stimulation

fluid is likely to precipitate calcium fluoride scales [2] . 

C a 2+ 
( aq ) 

+ 2 H F ( aq ) → C a F 2 ( s ) + 2 H 

+ 
( aq ) 

(1) 

Sometimes, one or more types of inorganic deposit alongside with other organic debris, sand, precipitates and corrosion

products constitute scales. Common scales encountered in the field include calcium carbonate, iron carbonate, barium sul-

phate, iron sulphides, gypsum, strontium sulphate and magnesium salts. Details on scales and its chemistry is available in

literature [3,4] . Scale formation is a setback as it affects flow and continuous production from existing reserves that produce

brine [5] . Scaling and corrosion mostly occur simultaneously [6] . In fact, many wells have been abandoned prematurely

because scaling and corrosion are poorly managed [7] . 

One of the ways scales are removed is by acid washing especially in oil and gas production. Research has shown that the

most effective solution for descaling by acid wash is 5% HCl [8] . This concentration is higher than 1.0 M, therefore corrosion

problems usually generate. Corrosion inhibitors are usually added to the descaling solution to protect the steel surface from

corrosive attack due to the acid [9] . The function of the corrosion inhibitor is to retard the rate of corrosion of the steel.

Otherwise, corrosion of steel structural materials could result in failure of materials, spills and perhaps disasters which

would be expensive to manage. 

Some chemical corrosion inhibitors used in the field are limited by toxicity and high cost. Toxic corrosion inhibitors

can cause environmental pollution especially those that are non-biodegradable. This is why research into environmentally

benign corrosion inhibitors from cheap sources is very active, hence the reason an agricultural waste is being investigated

in this study. Many plant extracts have been used as corrosion inhibitors, many of which show good inhibitive potentials

[10–12] . However, their inhibitive effects decline at high temperatures. It is believed that materials react faster at the nano

scale. This study stems from the belief that and modifying plant extracts chemically into nanoparticles could improve their

thermal stabilities, enhance their adsorptive tendencies, and improve their corrosion inhibition efficiencies. 

Previously, Musa sapientum peels extract (MSE) has been reported to be an effective corrosion inhibitor for carbon steel

in sea water [13] . Nanoparticles have also been prepared from MSE [14,15] and reported to exhibit antimicrobial [16] and

antibacterial [17] activities against the associated agents. Though there are scanty reports on the use of plant-based nanopar-

ticles as other oilfield chemicals such as mud additives [18,19] , surfactants [20,21] and corrosion inhibitors [22–24] . After

thorough literature search and to the best of our knowledge, there is no report on the use of MSE nanoparticle as corrosion

inhibitor. In other to fill this gap, we investigated Fe-MSE nanoparticles to compare the efficiency with that of the crude ex-

tract under similar conditions. Phytochemical profile of MSE peels reveals that it is highly rich in bananadine ((3Z,7Z,10Z) −1-

oxa-6-azacyclododeca-3,7,10-triene) which contains heteroatoms, double bond and pie-electron systems [13] as shown in 

Fig. 1 . Since these sites present in the phytocompounds in MSE, the choice of Fe-MSE nano is motivated by the considera-

tion that they could act as adsorption sites as reported for some established corrosion inhibitors [25] . Fe is also selected as

the metal ion since it has vacant d-orbitals for electron exchange and can easily interact with similar Fe ions on the steel

surface. 

In this study, the oilfield descaling liquor is simulated with aqueous 1 M HCl solution. Weight loss technique is used to

estimate the rate of corrosion of the simulated descaling liquor. The tests are conducted at different tem peratures to mimic

geothermal gradients in fields. Further insight into the interaction, between the iron surface and the active compound in

MSE is explored at the level of density functional theory (DFT) which is a potent tool for modeling interactions between

molecules (adsorbates) and surfaces. Although many of such theoretical studies exist on densely packed Fe (0 0 1) and Fe(1

1 0) surfaces [26, 27] , as well as the open Fe(1 1 1) surface [28] using other adsorbates, information on bananadine-Fe(1 1

1) interaction is also clearly lacking. The choice of Fe(1 1 1) surface for this studies stems from the believe that Fe(1 1 1)

has high catalytic activity because of its structure [29] . The study of bananadine adsorption on the Fe (111) surface at low
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coverage at the level of DFT will provide a detailed picture of the geometric, energetic and electronic structure of the clean

and adsorbed surface, as well as adsorption mechanism on the Fe(111) surface for the first time. 

Materials and methods 

Metal specimens 

The mild steel sheets used were purchased from Construction Materials market, Oron Road, Uyo Nigeria. It was mechan-

ically press-cut into coupons of dimension 4.0 cm × 4.0 cm and a small hole made near the upper edge for the insertion of

glass hook. The coupons were abraded with silicon carbide paper of grade 10 0 0, degreased with ethanol, dried in acetone

and then stored in a moisture free desiccator before use in corrosion studies. 

Preparation of Musa sapientum peel extract 

Banana peels were obtained as wastes from a local restaurant in Uyo, Akwa Ibom State, Nigeria and transported to the

Chemistry laboratory on the same day. The peels were washed with deionized water and air-dried in the laboratory. The

dried substrates were then blended into fine powder and soaked in analytical grade ethanol for 48 h. The resulting mixture

was filtered using Whatman No.1 filter paper and the filtrate obtained was concentrated using rotary evaporator at low

vacuum pressure [26] . The extracts obtained were stored in sealed vials until used for the analysis. 

Preparation of nanoparticles-extract composite (Fe-MSE nano) 

10 g of extract was dissolved in 10 0 0 mL of distilled water to obtain stock solution of extract of concentration of 10 g/L.

FeCl 2 of concentration 1 × 10 −3 M was used for the preparation of nanoparticle-extract composite according to a method

reported elsewhere [27] . Different amounts (1 mL, 2 mL, 5 mL and 10 mL) of the extract were added to 40 mL of the metal

ion separately, stirred gently for 1 h at room temperature and observed keenly until there was a color change, signifying

the end of the reaction and formation of nanoparticle [30] . 

Thermo-gravimetric analyses 

Previously weighed mild steel coupons were each suspended by a glass hook and completely immersed into 1.0 M HCl

solution in separate beakers maintained at 30 °C in a thermostatic water bath. The coupons were retrieved from their

corroding solution after five (5) hours, washed with 1.0 M NaOH containing 4.0 g of Zinc dust, rinsed in acetone, dried in air

and reweighed [25] . The difference in weights was recorded as weight loss. This was repeated at temperatures 40 °C, 50 °C
and 60 °C for both the crude MSE and the composites. The inhibition efficiency (% I ), corrosion rate ( CR, mmpy) and degree

of surface coverage ( θ ) were computed using Eqs. (2) –(4) , respectively [31] . 

CR = 

( m o − m 1 ) 

At 
(2)

% I = 100 

(
C R a − C R i 

C R a 

)
(3)

θ = 0 . 01 I (4)

where m o and m 1 are the weights of the coupons before and after immersion in the test solutions, A is the cross sectional

area of the coupons, t is the immersion time, CR a and CR i are the corrosion rates of steel in the acid and inhibited solutions.

Electrochemical monitoring techniques 

Electrochemical measurements were conducted using electrochemical workstation consisting of the conventional three

electrode set up (saturated calomel electrode (SCE) as reference electrode, platinium as counter electrode and steel coupon

as working electrode). Open circuit scan was run for 30 min to achieve steady open circuit potential (OCP). Electrochemical

impedance measurements (EIS) were conducted at frequency of 10 5 –10 −2 Hz at 30 °C. Voltage of −0.15 V to + 0.15 V vs. OCP

at 0.2 mV/s scan rate was set for potentiodynamic polarization (PDP) measurements. Experiments were conducted using the

uninhibited and inhibited acid solution. Charge transfer resistance and corrosion current densities were used to calculate

the inhibition efficiencies for EIS ( ɛ EIS ) and PDP ( ɛ PDP ) measurements according to Eqs. (5) and (6) respectively. 

ε EIS = 100 

(
R ctI − R ctB 

R ctI 

)
(5)

ε PDP = 100 

(
1 − I i corr 

I b corr 

)
(6)

where R ctB and R ctI are measured charge transfer resistances without and with inhibitor, respectively and I b corr and I i corr are the

measured corrosion current densities without and with inhibitor respectively. The magnitude of the double layer capacitance
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( C dl ) of the adsorbed film was calculated from constant phase element (CPE), constant ( Y o ) and charge transfer resistance

( R ct ) using Eq. (7) . 

C dl = 

(
Y 0 R 

n −1 
ct 

) 1 
2 (7) 

where n is a constant obtained from the phase angle given that ( j 2 = −1) , α is the phase angle of the CPE and n = 2 α/( π ).

Scanning electron microscopy 

Mild steel coupons of size 1 cm × 2 cm were abraded to mirror finish. The SEM images were recorded before and after

immersion in 1 M HCl for 5 h. This was repeated with a coupon immersed in HCl containing the highest concentration of

Fe-MSE Nano. The images obtained without and with Fe-MSE Nano were compared. 

Computational methods 

Computational results were obtained by BIOVIA Materials Studio version 17.1 (2017) software programs from Dassault

Systèmes BIOVIA (United States). Initial geometry optimization of bananadine was performed with the DMol 3 program

[32] at DFT level of theory using general gradient approximation (GGA) with Perdew and Wang (PW91) exchange-correlation

functional [33] . A dispersion correction for DFT (DFT-D) using semi-empirical dispersion-correction approach of Ortmann,

Bechstedt and Scheffler [34] was employed to correct non-bonding interactions. The double numeric basis set with polar-

ization function (DNP) was used. The tolerance of energy, gradient and displacement convergence were set to 1 × 10 −5 Ha,

2 × 10 −3 Ha/ ̊A and 5 × 10 −3 Å, respectively. A Fermi smearing of 0.005 Ha was used to improve computational performance.

The optimization was performed under spin unrestricted condition with no symmetry. The optimized structure of banana-

dine is shown in Fig. 1 . 

Fe(111) surface was cleaved from Fe crystal (body centered 3D cubic) with lattice parameters a = b = c = 2.8664 and

α = β = γ = 90 °C. The fractional thickness of the cleave plane was set to 6.0, indicating 6 layers of Fe atoms. The 6 layers

were chosen to give a sufficient depth so that the bananadine molecule will only be involved in non-bond interactions with

Fe atoms in the layers of the surface. A 3 × 3 supercell was created from the cleaved surface and a vacuum slab was built

with thickness varying from 15–30 Å in order to determine the minimum vacuum thickness that will ensure sorbate-only

interaction with the surface atoms without interaction with periodic image of the bottom layer of atoms in the surface. The

vacuum thickness was then fixed at 30 Å which was sufficient to prevent any non-bond interactions between the next repeat

unit and either the Fe surface or the bananadine molecule. The periodic cell used for the simulation were characterized by

lattice parameters: a = b = 12.16 Å, c = 39.10 Å, α = β = 90 °C and γ = 120 °C. The adsorption of bananadine on Fe(1 1 1) sur-

face was modeled using the Adsorption Locator of Materials Studio BIOVIA. Adsorption Locator simulates a substrate loaded

with an adsorbate or an adsorbate mixture of a fixed composition and a low energy adsorption site is identified by carrying

out a Monte Carlo search of the configurational space of the substrate-adsorbate system as the temperature is slowly de-

creased. Adsorption Locator uses forcite engine for its calculation. The optimized structure (from Dmol 3 ) was re-optimized

using forcite with Smart algorithm. The converge criterion judged by the energy, force and displacement, respectively were

1 × 10 −4 kcal/mol, 5 × 10 −3 kcal/mol/ Å and 5 × 10 −5 Å. The forcefields, COMPASS (Condensed-phase Optimized Molecular Po-

tentials for Atomistic Simulation Studies), pcff (polymer consistent forcefield) and cvff (consistent-valence forcefield) were 

tested to determine the optimized structure with the lowest energy. COMPASS forcefield which recorded the lowest en-

ergy of −27.194 kcal/mol compared to pcff ( −15.050 kcal/mol) and cvff (35.482 kcal/mol) forefields was chosen to model

the adsorbate-Fe(1 1 1) interaction. The Adsorption Locator calculation was performed by simulated annealing using the

COMPASS forcefield. The simulated annealing procedure uses a single reference structure and monotonically decreases the

simulation temperature. The annealing procedure starts from a temperature high enough to allow the system explore to the

entire conformational space. The first three layers of Fe atoms were used independently as target atoms for the adsorbate—

surface interaction ( Fig. 7 (a)), starting from the top layer, Fe top (surface atoms), through the second layer, Fe shal (shallow

atoms) to the third layer, Fe deep (deep atoms), respectively and investigating the energy distribution and low energy config-

uration. The maximum adsorption distance was varied between 5 and 30 Å to investigate the minimum distance that would

give all possible configurations of interaction between one molecule of babanadine loaded, and the Fe surface atoms. 

Results and discussion 

Formation of Fe-MSE nanoparticles 

MSE mediated the formation of the iron nanoparticles within a duration of 20 min resulting in a change of the shade

of the MSE to a brownish colloidal solution. Many literature reports reveal that when plant extract mediated nanoparticles

are formed and completely developed, the color of the solution would be yellowish through brown to dark brown [30,35] .

This is so because different macromolecules from the extracts catalyze and stabilize the formation of the nanoparticles [30] .

The bananadine present in MSE could have played catalytic and stabilization roles. Spectroscopic and microscopic analyses

of the nanoparticles could reveal the active ingredients involved in the biogenetic synthesis. In addition, the nanoparticles

obtained were stable, and did not deteriorate or aggregate. These results are similar with literature reports [30] . 
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Table 1 

Weight losses (g) of mild steel in 1 M HCl without and with crude 

MSE and Fe-MSE Nano solutions at 30 – 60 °C. 

Test solution 30 °C 40 °C 50 °C 60 °C 

1 M HCl 0.7838 1.5525 2.5347 3.8729 

MSE 0.2184 0.4864 0.9424 1.7272 

1 ml Fe-MSE Nano 0.1184 0.3040 0.5552 0.9872 

2 ml Fe-MSE Nano 0.0912 0.2304 0.4008 0.7401 

5 ml Fe-MSE Nano 0.0688 0.1584 0.3368 0.6200 

10 ml Fe-MSE Nano 0.0416 0.1040 0.2688 0.4960 

Initial weights of coupons = (7.2 ± 0.3) g. 
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Fig. 2. Variation of corrosion rate with temperature for the corrosion of mild steel in 1 M HCl containing MSE and Fe-MSE nanoparticles. 

Table 2 

Corrosion rates (mmpy) of mild steel in 1 M HCl without and with crude MSE and 

Fe-MSE nano solutions at 30–60 °C. 

Test solutions 30 °C 40 °C 50 °C 60 °C 

CR % I CR % I CR % I CR % I 

1 M HCl 9.80 – 19.41 – 31.68 – 48.41 –

MSE 2.73 72.1 6.08 68.7 11.78 62.8 21.59 55.4 

1 ml Fe-MSE 1.48 84.9 3.80 80.4 6.94 78.1 12.34 74.5 

2 ml Fe-MSE 1.14 88.4 2.88 87.7 5.01 84.2 9.25 80.9 

5 ml Fe-MSE 0.86 91.2 1.98 89.8 4.21 86.7 7.75 84.0 

10 ml Fe-MSE 0.52 94.7 1.30 93.3 3.36 89.4 6.20 87.2 

 

 

 

 

 

 

 

 

 

 

 

 

Weight loss, corrosion rate and inhibition efficiency 

Weight loss values obtained with 1 M HCl is higher than that of the extracts, but lowest weight losses were obtained

with the nanoparticles (see Table 1 ). Corrosion rate follows a similar trend as weight loss, and increases as temperature

increases (Fig. 2) . However, inhibition efficiency of the nanoparticles is higher than that of the crude extract measured in

this study (Table 2) . Previous reports on efficiency of MSE extracts in 1 M HCl show that it was 66.8% and 65.9% efficient as

measured by gasometric and thermometric techniques respectively [31] . In another report, 0.03 wt.% and 0.07 wt.% of banana

peels extract was found to be 68.9% and 79.4% efficient in 1 M HCl at room temperature [32] . The results obtained in these

studies are comparable with that of the present study for the crude extract. However, when prepared into nanoparticles,

the efficiency increased even at very small extract concentration. This demonstrates that the biomaterial is more effective

at nanoscale than in the crude form. This could be due to coordination and complexation reaction between the bananadine

molecules by the metal ion used in the synthesis of the Fe-MSE. Such a reaction can result in a complex with high molecular

weight, increased melting/degradation temperature, hence improved inhibition efficiency. 

Electrochemical measurements 

Mild steel is an alloy of many metals; hence various oxidation reactions could occur at the anode. Typically, the anodic

oxidation reaction may be represented by Eq. (8) . For iron, which is the main element in mild steel, the oxidation reaction
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Fig. 3. Tafel plots for mild steel corrosion inhibition in simulated descaling solution without and with MSE and different concentrations of Fe-MSE Nano. 

Table 3 

PDP parameters for mild steel corrosion in 1 M HCl without and with different concentrations 

of MSE and Fe-MSE Nano. 

Parameters 1 M HCl MSE 1 mL Fe-MSE 5 mL Fe-MSE 10 mL Fe-MSE 

βa (mV/decade) 112.2 96.6 91.8 99.4 97.2 

βc (mV/decade) 77.6 74.9 79.2 81.1 88.6 

I corr ( μA) 811.6 228.8 116.9 60.9 30.8 

E corr (V) −0.455 −0.438 −0.418 −0.411 −0.404 

ɛ PDP (%) − 71.8 85.6 92.5 96.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

can be represented by Eq. (9) . The reaction at the cathode could involve evolution of hydrogen following reduction of water

Eqs. (10) and (11) . 

Anodic reaction: 

M ( s ) → M 

2 n + + n e − (8) 

F e ( s ) → F e 2+ 
( aq ) 

+ 2 e − (9) 

Cathodic reaction: 

2 H 

+ 
( aq ) 

+ 2 e − → H 2 ( g ) (10) 

H 2 O + e − → H 

+ + O H 

− (11) 

Potentiodynamic polarization measurement was employed to control the potential (being the driving force) in order to

measure the current as a function of net change in reaction rate. A compromise current, usually known as corrosion current

density ( I corr ), and the corresponding potential ( E corr ) was obtained from rationalization of the anodic and cathodic branches

of appropriate Tafel plots ( Fig. 3 ). The cathodic constant ( βc ) and anodic constant ( βa ) and some other PDP parameters were

also obtained and shown in Table 3 . 

The obtained I corr values from PDP measurements decrease as concentration of MSE and Fe-MSE Nano solution increases,

the highest values obtained being the uninhibited 1 M HCl solution. This could be attributed to the formation of adsorbed

thin film of the inhibitor on the steel surface. On the other hand, E corr values measured in 1 M HCl solution is more neg-

ative than those measured in the inhibited solutions. This implies that E corr values are displaced to more positive regions.

When corrosion inhibitors display this kind of displacement, they are usually classified as anodic inhibitors [35] . Anodic

inhibitors are those that have dominant influence on the partial anodic reaction which involves retardation of rate of oxi-

dation/corrosion of the metal. In literature, the above classification as anodic or cathodic inhibitor is held if the maximum

displacement of E corr in inhibited solution is up to −85 mV from that of 1 M HCl [35] . In the case of MSE and Fe-MSE Nano,

the maximum displacement is not up to this value. Therefore, both MSE and Fe-MSE Nano can be regarded as mixed type

inhibitors with anodic predominance [36] . That is to say, they inhibit both the iron dissolution and hydrogen evolution pro-

cesses but more actively inhibiting iron oxidation. The mechanism of inhibition can be activation controlled or diffusion

controlled. 

The data obtained from EIS experiments were used to construct Nyquist plot ( Fig. 4 ). Imperfect depressed semicircles

similar in shape but with different diameter sizes were obtained. With the shapes being similar, the mechanism of the steel

corrosion is the same in all the test solutions. The diameter size increased according to the concentration of the Fe-MSE

Nano tested. The observed imperfection in shapes can be ascribed to roughness or inhomogeneity of the steel surface [37] .

The appearance of a single capacitive loop suggests that the corrosion mechanism is controlled by charge transfer process

[37] . 
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Fig. 4. Nyquist plots for mild steel corrosion inhibition in simulated descaling solution without and with MSE and different concentrations of Fe-MSE Nano. 

Fig. 5. Equivalent circuit used for EIS data analyses. 

Table 4 

EIS parameters for mild steel corrosion in 1 M HCl without and with MSE and different concentra- 

tions of Fe-MSE Nano. 

EIS parameters 1 M HCl MSE 1 mL Fe-MSE 5 mL Fe-MSE 10 mL Fe-MSE 

R ct ( �cm 

2 ) 42.9 143.8 237.0 412.5 557.1 

R s ( �cm 

2 ) 1.124 1.215 1.238 1.312 1.318 

Y o ×10 −6 ( �−1 s n c m 

−1 ) 152.7 134.9 143.2 132.6 124.7 

n 0.826 0.833 0.842 0.861 0.880 

C dl ×10 -9 (F) 152.8 78.9 56.2 31.4 13.8 

ɛ wl (%) – 70.2 81.9 89.6 92.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The R s ( R ct ∅ CPE ) equivalent circuit ( Fig. 5 ) model was used to fit the experimental data. The goodness of fit was in the

order of 10 −4 . This indicates good correlation with the model. The constant phase element (CPE) is used to compensate

surface roughness or inhomogeneity of the steel [30] . The CPE can be estimated using Y 0 and n , related to impedance by

Eq. (12) 

Z CPE = ( Y 0 ) 
−1 

( jw ) 
−n (12)

where Z CPE is the impedance of the CPE, Y 0 is the CPE constant, w is the angular frequency, ( j 2 = −1) and n = 2 α/( π ) given

that α is the phase angle of the CPE. 

Some EIS parameters calculated are presented in Table 4 . The value of n is seen to increase on addition of the inhibitor,

probably because the surface roughness of the steel is increased by adsorption of the inhibitor [30] . It could also be that

the CPE is not a single resistance, capacitance or inductive element but a relative and/or integrated influence of all these

[29] . The double layer capacitance decreases on addition of inhibitor, demonstrating increase in insulation due to adsorption

of the inhibitor. The trend of inhibition efficiency obtained is also consistent with other measurements and comparable to

some extents. 

Scanning electron microscopy 

The surface morphology of the steel surface was obtained using Scanning Electron Microscopy (SEM). Comparing the

images shown in Fig. 6 , it can be observed that the acid damaged the surface of the steel when the nanoparticles were

not introduced. However, on introduction of the nanoparticles, the surface was protected. This further confirms that Fe-MSE

Nano inhibits the steel corrosion process. 

Low energy configuration and adsorption energy of Fe(1 1 1)—bananadine interaction 

Adsorption Locator simulates a substrate loaded with an adsorbate [38] . This allows the lowest energy configuration

of the adsorbate on the substrate to be found. By carrying out Monte Carlo searches of the configurational space of the
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Fig. 6. SEM images of iron surface during corrosion process (a). With 1 M HCl without inhibitor (b) With 1 M HCl and inhibitor (10 mL Fe-MSE Nano). 

Fig. 7. Fe(1 1 1) surface-adsorbate interaction (a). Fe(1 1 1) after defining the Target Atoms set (b) low energy configuration (c) adsorbate atoms numbering. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

substrate-adsorbate system, possible adsorption configurations could be identified as the temperature is slowly decreased

according to a simulated annealing schedule. In order to ensure all possible configurations have been obtained, the maxi-

mum adsorbate distance and vacuum thickness were varied from 5 to 30 Å and 15–30 Å respectively. Maximum adsorbate

distance of 15 Å from the selected surface target Fe atoms and a vacuum thickness of 30 Å were sufficient to record all pos-

sible configuration interactions between the bananadine molecule and Fe(1 1 1) surface avoiding interactions with periodic

image or atoms from the bottom slab. 

The lowest energy configuration is shown in Fig. 7 (b) depicting how bananadine atoms allign on the Fe surface. The atom

numbering on the adsorbate in Fig. 7 (c) helps to keep track of atom allignment on the Fe surface. The bananadine molecule

alligns in a similar manner, though it may be rotated horizontally along the Fe(1 1 1) surface. The preferred configuration

arises due to interaction of Fe atoms with bananadine atoms. Electrophilic centers on bananadine molecule that are likely

to interact with Fe atoms are predicted from Fukui analysis ( Table 5 ). Nitrogen atom, N(8) has the maximum positive value

of 0.139 indicating the center for highest electrophilic interaction. Other high electrophilic centers include, C(6) 0.133, H(20)

0.104 and H(19) 0.103 in order of decresing electrophilic influence. The interaction of these electrophilic centers with Fe

atoms (assumed to be positive centers) gives rise to the preferred configuration as the atoms are all alligned on the Fe atoms.

The low HOMO-LUMO gap ( 	E lumo- homo = 3.54 eV) on bananadine adsorbate obtained from LUMO (E LUMO = −0.995 eV)

and HOMO (E HOMO = −4.532 eV) frontier orbitals indicates expedited adsorption process through electron density transport

between Fe atoms and the electrophilic centers on bananadine molecule. The number of electrons transported 	N can be

calculated using Eq. (13) : 

	N = → X F e − −X ads −mol / [ 2 ( ηF e + ηads −mol ) ] (13) 

where X F and X ads-mol are the electronegativity values of iron and the adsorbate molecule, respectively, ηFe and ηads-mol are

the global hardness of iron and the adsorbate molecule, respectively. The X F and ηFe values are 7.0 eV and 0 eV (theoretical

values), respectively. The value of X ads-mol was obtained from the calculation X ads- mol = (IE + EA)/2, where IE is ionization
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Table 5 

Fukui indices for electrophilic interaction (f −) of 

Fe(1 1 1) and bananadine adsorbate. 

Atom Mulliken Atom Mulliken 

O (1) 0.030 H (14) 0.011 

C (2 −0.021 H (15) 0.051 

C (3) 0.029 H (16) 0.043 

C (4) −0.032 H (17) 0.069 

C (5) −0.032 H (18) 0.024 

C (6) 0.133 H (19) 0.103 

C (7) 0.039 H (20) 0.104 

N (8) 0.139 H (21) 0.072 

C (9) −0.007 H (22) 0.046 

C (10) 0.018 H (23) −0.039 

C (11) −0.022 H (24) 0.055 

C (12) −0.048 H (25) 0.059 

H (13) 0.046 H (26) 0.037 

H (27) 0.092 

Table 6 

Adsorption parameters for Fe(1 1 1)-bananadine interaction using adsorption locator (adsorbate en- 

ergy = −1.6526033 kcal/mol). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

potential (-E HOMO ) and EA is electron affinity (-E LUMO ). Global hardness of the adsorbate molecule ηads-mol was obtained

from the calculation ηads-mol = (IE – EA)/2 [39] . A low number of electrons transferred ( 	N = 1.20 ≤ 3.6) is consistent with

the fact that the major mechanism for the adsorption process is the donation of electrons from the bananadine to the iron

surface [40] . 

Different Fe atomic layers were used for the adsorption calculation in order to understand adsorption process beyond

the surface layer. The surface Fe layer is represented as Fe top while the second and third Fe layers of atoms are represented

as Fe shal (shallow) and Fe deep (deep), respectively. The three layers were also used together for the adsorption process and

represented as Fe tsd (top-shallow-deep). The lowest total energy obtained for Fe top , Fe shal , Fe deep and Fe tsd are presented in

Table 6 . The total energy of Fe top atoms is more negative compared to Fe shal and Fe deep which implies a better adsorption

process. It can therefore be inferred that a better adsorption process occurs at the top layer of Fe atoms compared to other

layers. 

The most important parameter from Adsorption Locator is the adsorption energy, which consists of the rigid adsorp-

tion energy and deformation energy. The rigid adsorption energy is the energy required when the unrelaxed adsorbate

components are adsorbed on the substrate. In other words, the energy required for the adsorbate to attach to the surface.

The rigid adsorption energy is seen to increase slightly by 11.67 × 10 −5 kcal/mol between the top and shallow layers, and

13.87 × 10 −5 kcal/mol between the shallow and deep layers. This means that it requires more energy for the adsorbate to get

attached to other Fe layers (shallow and deep atoms). The deformation energy (energy released when the adsorbed banana-
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Fig. 8. Forcite neutron scattering analysis on Fe(1 1 1) atoms with bananadine adsorbate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

dine components are relaxed on the Fe surface) decreases clearly as more subatomic layers are penetrated. This implies that

it requires more energy to relax the adsorbate on the top Fe atoms than shallow and deep atoms. The small difference in de-

formation energy between atomic layers (11.65 × 10 −5 kcal/mol between top and shallow layers and 13.82 × 10 −5 kcal/mol

between the shallow and deep layers) indicates that bananadine can offer similar coverage to the first three atomic layers

of Fe as corrosion inhibitor without much loss in energy due to infiltration of sublevels of atom [41] . 

An interesting fact about the adsorption and deformation energies is their direct linear relationship. As more energy is

used to relax the adsorbate on the surface, the better the adsorption process on that surface. Therefore, a better relaxed

adsorbate provides a better coverage which increases protection of the surface by the adsorbed molecule (inhibitor). Hence,

a good inhibitor exhibits good adsorption properties. An expression which may evaluate a constant, characteristic of Fe

surface was obtained as shown in Eq. (14) . 

A k = E De f / E Ads (14) 

where = E Def is the deformation energy and E Ads is the adsorption energy. The expression yields a constant, A k = 0.11074 for

the Fe layers and even with all the three layers were used together for the adsorption process. This value may be unique to

Fe surface and different metal, non-metal or polymer surfaces may give different values characteristic of that surface [42] . 

Energy of penetration of adsorbate through Fe layers 

The total energy reported by Adsorption Locator integrates adsorption energy, deformation energy, rigid adsorption en-

ergy and adsorbate energy. The energy of substrates (Fe atoms) is constant throuhout the process and assumed to be

0.00 kcal/mol. The total energy can then be used to model the energy of penetration of adsorbate through the Fe atomic

layers as follows: 

E LPE = 	E tot(L 1 /L 2) (15) 

where E LPE is the layer penetration energy which represent the energy it takes for the adsorbate to infiltrate the atomic

layers and 	E tot(L1/L2) is the difference in total energy between the respective atomic layers (L1 and L2). Between top and

shallow layers of Fe atoms, bananadine requires an energy of 2.2 × 10 −7 kcal/mol to penetrate that level, and an energy of

18.5 × 10 −7 kcal/mol to breach the shallow and deep layers.Thus, it is more difficult to penetrate deeper atomic layers as

indicated by this results. This is the major factor limiting good adsorption process on subatomic levels since more energies

are commited to penetrating the atomic levels resulting in poor adsorption behavior. 

Forcite neutron scattering analysis of adsorbate coverage on Fe(1 1 1) surface 

Neutron scattering analysis was performed with and without the bananadine adsorbate loaded on Fe(1 1 1) surface. This

process allows the evaluation of the extent of coverage provided by bananadine adsorbate molecule on the Fe(1 1 1) surface

( Figs. 8 and 9 ). It is inferred from the results of neutron scattering analysis that there is suitable (resonable) coverage of

bananadine molecule on Fe surface. Neutron scattering was more intense (237.56) with Fe(1 1 1) atoms alone than Fe atoms

with adsorbate coverage (194.09). The bananadine could be seen to provide a protective shield on Fe surface which results
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Fig. 9. Forcite neutron scattering analysis on Fe(1 1 1) atoms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in different scattering behavior. Since neutrons are scattered by the nucleus itself and Fe nucleus is more massive compared

to the atoms in bananadine, the scattering pattern from Fe nucleus is more intense. This shows that bananadine provides a

suitable coverage needed for corrosion inhibition of Fe surface. 

Conclusion 

Iron nanoparticles mediated by Musa sapientum peels extract (Fe-MSE Nano) was investigated as anticorrosive additive

in descaling liquor using thermogravmetric and electrochemical and SEM techniques. The nanoparticles were formed within

20 min of reaction of MSE with FeCl 2 forming a brownish colloid. Fe-MSE Nano inhibits the corrosion better than MSE at

all temperatures studied. The average inhibition efficiency is 94.4% at 30 °C for 10 mL Musa sapientum extract-iron oxide

nanoparticle composite (Fe-MSE Nano). Charge transfer resistance increases as concentration of Fe-MSE Nano per volume

of descaling solution increases. Addition of Fe-SE Nano decreases double layer capacitance and corrosion current density.

Fe-MSE Nano acts as mixed type inhibitor with anodic predominance. SEM image of the steel surface in the descaling

liquor containing Fe-MSE Nano shows smooth surface while that of the liquor alone is highly rough depicting great attacked

by the acid. Adsorption of Fe-MSE Nano was facilitated by its active compound, bananadine, through the nitrogen sites.

Quantum chemical calculations indicate donation of electrons from bananadine to Fe as the major inhibition mechanism.

The adsorption energy of bananadine on Fe(1 1 1) surface reveals a better inhibition at the Fe surface atoms. HOMO-LUMO

energy gap ( 	E lumo-homo = 3.54 eV) on bananadine adsorbate frontier orbitals was low and indicates expedited adsorption

process through electron density transport between Fe atoms and the electrophilic centers on bananadine moleculeFe-MSE

Nano can be deployed as a better alternative anticorrosive additive for descaling solutions used in oilfield operations than

the crude MSE. 

Supplementary material 

Supplementary material associated with this article can be found, in the online version, at doi: 10.1016/j.sciaf.2019.e0 0 075 .
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