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h i g h l i g h t s

� The inhibition efficiency of GG and GG-EEA is 92.3% and 77.5%.

� EIS suggests kinetically controlled corrosion process.

� The results of PDP proposed that GG-EEA is the mixed type of inhibitor.

� SEM, EDX, AFM and XPS studies confirmed GG-MMA adsorption.

� DFT and MC supports the experimental results.
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a b s t r a c t

The paper deals with the synthesis of Guar gum and ethyl acrylate (GG-EEA) composite.

The synthesized natural polysaccharide composite was used as a corrosion inhibitor to

reduce hydrogen evolution and P110 steel corrosion protection in 15% HCl (Hydrochloric

acid). The primary corrosion techniques like weight loss, electrochemical impedance

spectroscopy (EIS), and potentiodynamic polarization (PDP) was used to analyze the

corrosion inhibition process. The PDP proposed that GG-EEA composite is a mixed-type

corrosion inhibitor and inhibits corrosion by blocking the active sites presenting over the

metal surface. The corrosion inhibition performance of GG alone is 77.5%, and that of GG-

EEA is 92.3% at 500 mg/L. The adsorption of GG-EEA onto P110 steel is spontaneous and

mixed type, i.e., both physical and chemical. The conformation of GG-EEA molecule

adsorption was done using a scanning electron microscope (SEM), Energy dispersive x-ray

spectroscopy (EDX), Atomic force microscopy (AFM), and X-ray photoelectron spectroscopy

studies. Density functional theory (DFT) analysis was done to explore the active sites over

the inhibitor in metal-inhibitor interaction. Molecular dynamic simulation (MD) simula-

tions study reveals that GG-EEA has more adsorption capacity than GG alone.
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Introduction

In the oil and gas industry, the selection of construction ma-

terials for pipelines casing and tubing is essential, and it de-

pends on corrosion resistance, cost, and metallurgical

properties. The strong mechanical strength of steel makes it

the most suitable contraction material. The process of reju-

venating the old oil well is done by injecting the acid solution

into the well, which causes the opening of the blocked pores

and creates new pores. Among various acids, hydrochloric

acid (15%) is preferably used for acidization because it readily

dissolves rocks. However, in an aggressive environment (15%

HCl), steel is prone to undergo corrosion. In the oil and gas

industry, P110 steel is commonly used to construct tubing and

casing pipes [1].

It is well known that the most effective way to control

corrosion in acidic solution is the use of corrosion inhibitors.

The survey of the literature reveals that the most effective

corrosion inhibitors include organic compounds that include

imidazole, thiazole, triazines, triazole, pyrazole, pyrimidines,

hydrazine, Schiff bases, amino acids derivatives [2e9].

Nevertheless, toxicity and environmental risk is the prime

drawback of many corrosion inhibitors. In the present time,

the search for environmentally-friendly corrosion inhibitors is

in demand. That is why corrosion scientists focus on devel-

oping very efficient, eco-friendly, and cost-effective corrosion

inhibitors. Natural polymers and their derivatives, bio-

polymers, plant extracts, amino acids, etc., have been tested

as eco-friendly corrosion inhibitors [10e22]. In 2008, Umoren

studied the corrosion inhibition effect of Gum Arabic in

0.1 M H2SO4 solutions and obtained the inhibition efficiency

(IE) of 21.84% and 79.69% for mild steel and aluminum,

respectively at 0.5 g/L of inhibitor concentration [10]. Abdallah

inhibition effect of studied Guar gum over carbon steel in

1MH2SO4 solution and observed IE of 93.88% at 1500mg/L [11].

Rajeswari et al. studied the inhibiting effects of glucose, gellan

gum, and hydroxypropyl cellulose in 1 M HCl with the IE of

69.5%, 80.9%, 89.6% at 500 mg/L [12]. Li and Deng investigated

Cassava starch graft copolymer’s inhibition effect in H2SO4

and obtained IE of 95.7% at 100 mg/L [13]. Fiori-Bimbi group

reported pectin’s performance in 0.5 M HCl and obtained IE of

90.3% at 2 g/L [14]. Fares et al. studied Carrageenan’s effect in

2 M HCl and obtained IE is 63.3% at 1600 mg/L [15]. In 2013,

Bobina et al. showed L-histidine, an inhibitor for carbon steel

corrosion in 0.5 M CH3COOH/0.25 M CH3COONa with IE of

81.6% 1550 mg/L [16]. Abiola and James analyzed Aloe vera

leaves’ extract in 2 M HCl with an IE of 67.1% at 10 %v/v [17].

Emranuzzaman et al. studied alcoholic extract of plant leaves

and formaldehyde corrosion inhibitor for N80 steel in 15% HCl

and obtained IE of 76.3% at 0.8% [18]. Matad group checked the

corrosion inhibitive performance of Ketosulfone Drug as

green inhibitor for mild steel in 1 M HCl and obtained IE of

96.6% at 200 mg/L [19]. In 2012 Eddy et al. used gum extracted

from Daniella olliverri as corrosion inhibitor for mild steel in

0.1 M HCl, and IE obtained is 79.4% at 0.5 g/L [20]. Jyothi and

Ravichandran studied the corrosive effect of Luffa aegyptiaca

leaves extracted in 1 M HCl and obtained IE of 97.2% at 0.24 g/L

[21]. Krishnaveni and Ravichandran [22] analyzed Morinda

tinctoria leaf extract’s performance as a corrosion inhibitor for

aluminum in 0.25 MH2SO4 and got the IE value of 71.5% at 19%

v/v. A literature survey suggests that chemical modification of

natural polysaccharides are better corrosion inhibitors that

un-modified natural polysaccharides [23e26]. Banerjee et al.

obtained the IE values of 58.1% and 91.8% for Polyacrylamide

and polyacrylamide grafted with Okra mucilage, respectively,

for the corrosion protection mild steel in H2SO4 solution [23].

Roy group has analyzed the corrosion inhibitive performance

of Guar Gum (GG), and Polyacrylamide grafted guar gum (GG-

g-PAM) over mild steel in 1 M HCl and obtained IE values of

71.4% (GG) and 90.7% (GG-g-PAM) at 500 g/L [24]. Biswas and

groups tested Xanthan gum (XG) and xanthan gum-graft-poly

(acrylamide) (XG-g-PAM) as mild steel corrosion inhibitor in

15%HCl. They gets the performance 90.8% (XG) and 93.1% (XG-

g-PAM) at 0.5 g/L [25]. Similarly, Biswas et al. further compared

the corrosion inhibitive performance of guar gum (GG) and

chemically modified guar gum (CGG) for mild steel in 15% HCl

and obtained the IE values of 86.5% (GG) and 95.3% (CGG) at

0.5 g/L [26].

In the present paper, the anticorrosive property of com-

posite made by the guar gum’s functionalization with ethyl

acetoacetate (GG-EAA) was studied. The guar gum is a natural

polysaccharide extracted from the seed of a leguminous

family tree, i.e., Cyamopsis tetragonolobus. This tree is the

native of India, Pakistan, and the North and South parts of

America. Guar gum’s unique property as a corrosion inhibitor

is due to the water solubility, biodegradability, biocompati-

bility, and presence of heteroatoms. Guar gum is a gal-

actomannan polysaccharide that consists of a straight chain

of D-mannopyranosyl with (b(1 / 4) glycosidic linkage back-

bone and a side-chain of D-glucopyranosyl with (a(1 / 4)

glycosidic linkage [27].

The present paper reveals the corrosion inhibition of

chemically modified guar gum with ethyl acrylate (GG-EAA)

for the corrosion inhibition of P110 steel in 15% HCl. The

techniques used to investigate the corrosion protection ability

of GG-EAA consist of weight loss, electrochemical impedance

spectroscopy (EIS), and potentiodynamic polarization (PDP).

The surface of P110 steel before and after the addition of GG-

EAA was analyzed by scanning electron microscope (SEM),

Energy Dispersive X Analysis (EDX), Atomic force microscopy

(AFM). The experimental results were further strengthened by

quantum chemical calculations (DFT) and molecular dynamic

simulation (MD).

Experimental

Test sample and solution preparation

The composition of P110 steel consists of (wt.%): C ¼ 0.26,

Si ¼ 0.19, Mn ¼ 1.37, P ¼ 0.004, S ¼ 0.004, Cr ¼ 0.148, Ni ¼ 0.028,

Cu ¼ 0.019, Mo ¼ 0.013, V ¼ 0.006 and balanced Fe. The P110

steel dimension for the weight loss experiments is

2.5 cm � 2.0 cm � 0.2 cm, and for electrochemical experi-

ments, the steel with rectangular shapewas usedwith a 1 cm2

exposed area. The SiC paper (grit size of 600e1200) was used to

abrasion steel samples. The deionizedwater and ethanol were

used for steel sample cleaning. Finally, the steel samples are
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dried under warm air and kept in a desiccator. The corrosive

medium, i.e., 15% HCl solution, was prepared from analytical

grade HCl.

Inhibitor synthesis

First, 1 g of guar gum (GG) was slowly dissolved in 100 ml of

distilled water. After that, 0.546 g of ascorbic acid and 4 g of

ethyl acrylate (EEA) were respectively added to the guar gum

solution, and after constant temperature reaction in a water

bath at 35 �C for 30 min, 0.486 g of potassium persulfate

(K2S2O8) was added and continued at the same temperature

for 1 h. After completing the reaction, an excess of acetone

was added to the reaction product, and the resulting precipi-

tate was separated by filtration and then dried under vacuum

at 50 �C for 24 h. The desired product is a composite of gum

with ethyl acrylate (GG-EAA). The composite of GG with EAA

was confirmed using IR. The scheme of synthesis and mo-

lecular structure is represented in Fig. 1.

Weight loss measurements

The experiment of weight loss was done as per the ASTM

standard [28]. The corrosion rate (CR) was calculated by the

following equation [29]:

CR ¼ 8:76� 104 � Dm
s� t� r

(1)

h%¼CR � inhCR

CR
� 100 (2)

where CR ¼ corrosion rate (mm/y), s ¼ P110 steel coupons area

(cm2), t ¼ exposure duration (h), r¼ P110 steel density (gcm�3)

and Dm ¼ change in weight loss (g). The CR and inhCR are the

corrosion rates of P110 steel with and without inhibitor,

respectively. All experiments were repeated three times to

check the reproducibility of the results.
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Fig. 1 e Synthesis scheme and molecular structure of (GG-EAA).
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Electrochemical analysis

The measurements of electrochemical analysis were carried

out using the Autolab Potentiostat device applying the three-

electrode cell assembly. The reference, counter, and working

counters were played by saturated calomel electrode (SCE),

graphite rod, and P110 steel. The experiment was performed

at 308 K temperature. Autolab Nova 2.1.2 was used for elec-

trochemical data analysis. The SCE is composed of mercurous

chloride (Hg2Cl2, calomel) in contact with a mercury pool.

These components are layered under a saturated solution of

potassium chloride (KCl) with a concentration of 4 M KCl.

The EIS experiments were performed using a 10 mV AC

signal using a 100 kHz to 0.01 Hz frequency range. The PDP

experiments were launched in the potential range of�250mV

to þ250 mV relative to OCP, applying a scan rate of 0.1 mVs�1.

The linear Tafel segments of anodic and cathodic curves were

extrapolated to obtain corrosion current densities (icorr) and

anodic and cathodic Tafel slope values. The mathematical

equation used for corrosion inhibition efficiency estimation is

as follows:

hEIS ¼
RctðinhÞ � R

RctðinhÞ
� 100 (3)

hPDP ¼
icorr � icorrðinhÞ

icorr
� 100 (4)

where R ¼ resistance of charge transfer without GG-EEA,

Rct(inh) ¼ resistance of charge transfer with GG-EEA, icorr-
¼ corrosion current density without GG-EEA, and icorr(inh)-
¼ corrosion current density with GG-EEA.

Analysis of surface morphology

The surface morphological analysis was done by immersing

the P110 steel samples into 15% HCl solution at 308 K for 6 h

without and with optimum concentration (500 mg/L) of GG-

EEA for SEM, EDX, and AFM. The SEM analysis was done

using Zeiss Evo 50 XVP that is coupled with EDX. The magni-

fication used was 5 KX and 20 kV of accelerating voltage. AFM

was analyzed using NT-multimode instrument, with the P110

steel dimension of 10 � 10 mm. XPS was performed using VG

ESCALAB 220 XL spectrometer.

Computational details

Density Functional Theory (DFT) was used for the calculation

of some important quantum chemical descriptors like hard-

ness (h), softness (s), electronegativity (c), chemical potential

(m). In theory, the reactivity above descriptors is presented via

the following equations based on total electronic energy (E),

the number of electrons (N), ionization energy (I), and electron

affinity (A) [30].

m¼ � c ¼
�
vE
vN

�
nðrÞ

¼ �
�
IþA
2

�
(5)

h¼1
2

�
v2E
vN2

�
nðrÞ

¼ I�A
2

(6)

s¼1=h (7)

According to Koopmans Theorem [31], the values of HOMO

and LUMO orbital energies corresponds to ionization energy

and electron affinity of molecules, respectively, and given as

follows:

I¼ � EHOMO (8)

A¼ � ELUMO (9)

Parr, Szentpaly, and Liu [32] modeled the electrophilicity

index (u) that gives essential clues about molecules’ electro-

philic characters based on chemical hardness electronega-

tivity via the following equation.

u¼c2
�
2h (10)

Chattaraj defined the nucleophilicity (ε) as the multiplica-

tive inverse of the electrophilicity index.

ε¼1=u (11)

Within the framework of Gazquez’s study [33], the electron-

accepting (uþ) and electron-donating (u-) powers depend on

ionization energy and electron affinities of the inhibitor mol-

ecules and are estimated as follows.

uþ ¼ ðIþ 3AÞ2 � ð16ðI�AÞÞ (12)

u� ¼ ð3IþAÞ2 � ð16ðI�AÞÞ (13)

Polarizability (a), one of the useful reactivity descriptors, is

calculated depending on the polarizability tensor’s diagonal

components.

CaD¼ 1 =3
�
axx þayy þazz

�
(14)

The quantum chemical calculations were performed using

DFT/B3LYP/6-31G/6-31G(d)/6e31þþG(d) level [34].

Molecular Dynamics Simulation

Materials Studio software (Accelrys, Inc.) was used to simulate

the GG andGG-EEAmolecules’ adsorption interactionwith the

metal oxide surface. The Forcite module was applied to opti-

mize (i.e., energy minimizing) GG derivative molecules, and

the Condensed- Phase Optimized Molecular Potentials for

Atomistic Simulation Studies (COMPASS) [35] was used as a

force field, as shown in Fig. 1. Van der Waals and electrostatic

were set as atom-based summation method and Ewald sum-

mationmethod, respectively. The unit cell structure of Fewith

the associated experimental lattice parameters is available

from Materials Studio, and it was chosen for this simulation.

The cell was optimized then was cleaved accordion to desired

planes hkl (110). The size of the produced surface must be

increased to be able to accommodate themolecules. Thus, the
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Supercell tool was used to enlarge (10 � 10) the surface. After

that, a vacuum slab with 50�A thickness was built above the Fe

(110) plane. A vacuum slab is great enough, so the GG and GG-

EEA do not interact with the Fe surface’s bottom layer’s peri-

odic image. The molecules of water and hydrochloric acid

were sketched and optimized using the Forcitemodule. The Fe

surface box was packed with optimized H2O and HCl mole-

cules using Amorphous cell modules in a specified composi-

tion (15% HCl and 85% H2O). The simulation of the interaction

of GG derivatives and Fe surface were performed in a simu-

lation box (35 � 35 � 41 �A). To calculate adsorption (Eads) and

binding energies (Ebind), the following equations were used.

Eads ¼Etotal �
	
Esurfþsolu þEinhþsolu


þ Esolu (15)

Ebind ¼ � Eads (16)

wherein, Etotal denotes the total energy of the studied system,

Esurfþsolu represents the total energy of Fe (110) surface and

solution without the inhibitor, Einhþsolu stands for the total

energy of the inhibitor and solution, and Esolu is the total en-

ergy of the solution.

Results and discussion

Characterization of GG-EEA

Fig. 2a represents the IR spectra of guar gum (GG). In this, a

strong, wide band at 3462 represents the eOH stretching in

guar gum. Additionally, a weak peak at 2926 cm�1 corresponds

to CH chains, and a peak at 1639 cm�1 is vibrational peaks of

six-membered rings in guar gum. However, in the IR spectrum

of GG-EEA (Fig. 2b) and several peaks that appear in the guar

gum, an additional carbonyl peak can be seen at 1735 cm�1.

Also, two peaks at 2926 cm�1 and 2855 cm�1 represents the

methyl CH asymmetrical and symmetrical stretching,

respectively, of EEA. This confirms the grafting of ethyl acry-

late (EEA) with guar gum (GG).

Weight loss experiments

Effect of concentration on inhibition efficiency (ɳ%) and
corrosion rate (CR)
The concertation variation of GG-EEA and GG over the ɳ% and

CR are tabulated in Table S1 (supplementary file) and shown in

Fig. 3a. The figure’s inspection reveals that GG-EEA acts as an

excellent corrosion inhibitor in 15% HCl at 308 K temperature

compared to GG. Additionally, the increasing ɳ% and

decreasing CR values suggest the GG-EEA’s effectiveness, and

these values reached 92.3% and 3.2mm/y, respectively, at only

500 mg/L. GG-EEA’s corrosion protection ability is due to the

formation of an adsorptive layer of GG-EEAmolecules over the

active sites presenting over the surface of P110 steel [36]. The

optimumconcentration of GG-EEA, i.e., 500mg/L,was selected

by increasing GG-EEA concentration up to 600 mg/L, and no

significant change was observed.

Effect of temperature
The optimum concentration of GG-EEA was used to study the

temperature effect, i.e., 308 Ke348 K (Fig. S1a). The figure’s

observation reveals that the inhibition efficiency values

decreased with an increase in temperature, which is because

of GG-EEA desorption from the surface of P110 steel [37].

The application of the Arrhenius equation was used to find

out the corrosion rate dependency with temperature [37]:

log CR ¼ �Ea

2:303RT
(17)

where Ea ¼ activation energy R ¼ universal gas constant and

T ¼ temperature. Ea’s value was calculated by making a plot

between the log CR vs. 1/T (Fig. S1b). The obtained value of Ea
without and with GG-EEA are 67.75 kJ/mol and 34.48 kJ/mol,

respectively. Notably, the addition of GG-EEA increases the Ea
value, which corresponds that the energy barrier for the

corrosion process has increased. However, the threshold

value for chemical adsorption is 80 kJ/mol, and the calculated

values are less than that. Thus, the adsorption of GG-EEA is

physical adsorption at higher temperatures [38].

Adsorption study
Corrosion inhibition to protect the metal surface depends

upon the adsorption strength, and that can be explained by

fitting the fraction of sites (q) occupied by the GG-EEA mole-

cules into different isotherm models. The studied inhibitor

provides the best suitable result only for the Langmuir

isotherm model out of other tested different models. The

criteria for selecting Langmuir are based on the closeness of R2

and slope values near to 1 (Fig. 3b).

The equation for the Langmuir isotherm model is given

below [39]:

Cinh

q
¼ 1
Kads

þ Cinh (18)

where Cinh ¼ GG-EEA concentration (mg L�1) and Kads-

¼ adsorption equilibrium constant.

The Kads and DGads are related mathematically as per the

below equation [39]:

DGads ¼ � 2:303RT log
	
106 �Kads



(19)

Fig. 2 e IR spectra of (a) GG (b) GG-EEA.
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where DGads ¼ adsorption free energy T ¼ temperature

R ¼ universal gas constant and 106 ¼ concentration of water.

The calculated values of Kads and DGads are 0.0122 L/mg and

�24.11 kJ/mol. The calculated value of DGads is negative, which

corresponds to the spontaneous nature of GG-EEA adsorption

[39]. However, the magnitude DGads is coming in between

�20 kJ/mol to �40 kJ/mol, which reveals combined, i.e., GG-

EEA adsorption’s physical and chemical nature [39].

Electrochemical studies

Electrochemical impedance analysis (EIS)

(a) Nyquist plots analysis

The fitted Nyquist plots without and with different con-

centrations of GG-EEA in 15% HCl solution at 308 K tempera-

ture are shown in Fig. 4a. The inspection of this figure

Fig. 3 e (a) Variation of inhibition efficiency (ɳ%) and Corrosion rate (CR) with standard deviation (±SD) (b) Langmuir isotherm

for the adsorption of GG-EEA composite over P110 steel surface with standard deviation (±SD).

Fig. 4 e (a) Fitted Nyquist plot for P110 steel in 15% HCl without and with different concentrations of GG-EEA (b) Bode plots (c)

Phase angle plots (d) Equivalent circuit.
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represents a depressed semi-circle that is due to the surface

imperfection and inhomogeneity. The semi-circle appearance

also means capacitive behavior of the P110 steel both in the

absence and presence of GG-EEA. It is observed that as the GG-

EEA concentration increased, the size of the semi-circle

increased, which is due to the increase in charge transfer

resistance (Rct) of the metal. Nevertheless, at optimum con-

certation (500 mg/L) of GG-EEA, the Rct is maximum with the

value of 381.7 U cm2. The increment in the values of Rct with

the addition of GG-EEA suggests their adsorption onto the

metal surface [40,41].

The equivalent circuit for exporting the data is shown in

Fig. 4b. The elements that are used to construct the model of

equivalent circuit are constant phase element (CPE) [42e46],

charge transfer resistance (Rct), and solution resistance (Rs).

The double-layer capacitance (Cdl) and thickness of the

adsorbed layerwere calculated using the below equations [46]:

Cdl ¼
	
YoRct

1�n

1=n

(20)

d¼ ε
o
εS

Cdl
(21)

where d ¼ thickness of the protective double-layer,

ε
o ¼ permittivity of free space, ε ¼ dielectric constant of a

solution, and S ¼ effective surface area of the electrode. Some

important calculated parameters are given in Table 1. Ac-

cording to the table, the values of Rct and Cdl are increased and

decreased with increasing concentration of GG-EEA. Addi-

tionally, the thickness of the double layer increased as the GG-

EEA concentration increased. These observations suggest that

GG-EEA adsorbed over the P110 steel surface [47,48].

In addition to this, the values of inhibition efficiency

increased as the concentration of GG-EEA increased and

approached a value of obtained an amount of 92.6%, which

makes solid evidence of GG-EEA adsorption onto the metal

surface.

(b) Bode and phase angles plots analysis

The plots of Bode and Phase angle are represented in Fig. 4c

and d respectively. In Bode plots, the values of impedance

modulus |Z| in the lower region of frequency are used to

analyze inhibitor effectiveness performance, i.e., the more

considerable the amount of |Z| more will be the corrosion

resistance and higher will be the inhibition efficiency [49]. In

the present, case the values of |Z| increases as the concen-

tration of GG-EEA increases, and this confirmed the GG-EEA

adsorption over the P110 steel surface [50].

The phase angle plots suggest the increasing values of

phase angles with increasing GG-EEA concentrations at an

intermediate frequency, which indicates that GG-EEA mole-

cules adsorbed over the P110 steel surface and inhibit the

dissolution of metal. This information further reinforced the

information gathered from Nyquist and Bode plots.

Potentiodynamic polarization measurements (PDP)
The PDP curves are shown in Fig. 5 for the corrosion of P110

steel without and with the addition of different concentra-

tions of GG-EEA in 15% HCl solution. As can be seen from the

figure that both the anodic and cathodic corrosion current

values have been decreased with the addition of GG-EEA,

which represents that both the anodic corrosion reactions

and cathodic hydrogen evaluation reactions have been

reduced with the addition of GG-EEA [51]. The parameters

obtained from the PDP analysis are represented in Table 2. The

values of inhibition efficiency increased, and corrosion cur-

rent density decreased with the increment of GG-EEA con-

centration. This perhaps due to the adsorption of GG-EEA at

the P110/solution interface. The highest and lowest values of

icorr are 221mA/cm2 and 44 mA/cm2, respectively. Additionally,

a small shift in Ecorr values was observed in both the anodic

and cathode direction, indicating the mixed nature of GG-EEA

inhibition action [52].

Table 1e Electrochemical impedance parameters of P110 steel in 15%HCl at different concentration of GG-EEA at 308 Kwith
standard deviation (±SD).

Cinh (mg/L) Rs (U cm2) Rct (U cm2) Y0 (U
�1sn/cm2) n Cdl mF/cm2 h (%)

Blank 2.90 28.19 (±0.29) 380.12 (±0.81) 0.732 11360.33 –

100 3.43 60.71 (±0.41) 190.43 (±0.81) 0.799 2003.73 53.56

200 2.74 93.24 (±0.62) 152.33 (±1.09) 0.835 1007.66 69.76

300 1.38 133.24 (±0.78) 98.11 (±0.69) 0.876 375.31 78.84

400 7.80 238.85 (±0.57) 54.26 (±0.43) 0.889 177.00 88.19

500 3.12 381.76 (±0.57) 32.04 (±1.05) 0.902 89.08 92.61

Fig. 5 e Potentiodynamic Polarization curves for P110 steel

in 15% HCl without and with different concentrations of

GG-EEA.
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It is notable from Table 2 that anodic Tafel constant values

remain unchanged in the absence and presence of a different

concentration of GG-EEA. This alibi GG-EEAmolecules initially

adsorbed over the P110 steel surface and blocked the reactive

sites without altering the mechanism of anodic corrosion re-

actions [53]. Additionally, the cathodic Tafel constant at a

lower GG-EEA concentration remains almost the same as that

without GG-EEA. This suggests that at lower GG-EEA concen-

tration, the cathodic corrosionmechanism remains the same.

However, at higher GG-EEA concentration, the cathodic Tafel

constant values have significantly changed compared to those

without GG-EEA. This indicated that the hydrogen evolution

mechanism has changed at higher GG-EEA concentration due

to the barrier/diffusion effects [54]. As per Bockris and Srini-

vasan [55], this phenomenon is due to the decrement in the

transfer coefficient of cathodic reactions. In the present case,

this is due to the increase in the thickness of the double layer

after more adsorption GG-EEA molecules at higher

concentrations.

Surface studies

SEM and EDX analysis
The surface morphology of P110 steel using SEM before and

after the immersion in 15% HCl are shown in Fig. 6a, c. The

observation of P110 steel without GG-EEA addition consists of

a strongly damaged surface because of the corrosive attack of

aggressive media (Fig. 6a). However, after the addition of GG-

EEA, the surface of metal becomes smooth due to the

adsorption of GG-EEA molecules that acts as a barrier for the

direct attack of aggressive media (Fig. 6c).

Fig. 6b, d and Table 3 consists of chemical compositions

obtained from EDX spectrumwithout andwith the addition of

GG-EEA. In Fig. 6b, which is the EDX spectrum of the P110 steel

without adding inhibitor mainly composed of O, elemental

chlorine, and Fe peaks. However, after the addition of GG-EEA,

the oxygen content on the surface of the sample drops sharply

compared with the blank sample, no chlorine is detected, and

the iron content is also obviously elevated (Fig. 6d) (Table 3).

This indicates the adsorption of GG-EEA molecules on the

P110 steel surface.

AFM
The surface of P110 steel without and with the addition of GG-

EAA are shown as 3D and height/distance forms (Fig. 6eeh).

The 3Dmorphological image in the absence of GG-EEA reveals

a severely damaged P110 steel surface due to the direct con-

tact between the P110 steel with the corrosive media (Fig. 6e).

From the height/distance profile graph (Fig. 6f), the obtained

average roughness (Ra) is 43 nm. Nevertheless, the addition of

GG-EEA causes to reduce the corrosive attack of acidic media

by forming GG-EAA molecules film over the interface of P110/

15% HCl, and this is supported by the smooth 3D profile of the

P110 steel surface (Fig. 6g) and reduced Ra value (9.2 nm/GG-

EAA) (Fig. 6h).

X-ray photoelectron spectroscopy (XPS)
The X-ray photoelectron spectroscopy (XPS) technique was

used to confirm the AAP-1 adsorption and analyze the inhib-

itor layer’s nature formed onto the surface of P110 steel in 15%

HCl. The resolved XPS spectra consist of C 1s, O 1s, and Fe 2p

and are shown in Fig. 7. The spectrum of Fe 2p consists of

doublet peaks that are located at 711.47 (Fe2p1/2) and 724.77 eV

(Fe2p3/2) that represents the metal surface [56]. The first peak

assignment at 711.47 eV corresponds to the oxidation of iron

into Fe2O3 and FeOOH [57]. The second peak at 724.77 eV

represents Fe2O3 and FeO(OH), respectively [58]. The O1s

deconvoluted spectra have three peaks. The peak at 530.72 eV

represents O2� and it means that Fe3þ is in the form of Fe2O3

and Fe3O4 [59]. The peak at 531.61 eV corresponds to OH� and

represents the presence of iron oxides, i.e., FeOOH [59]. The

peak at 532.40 eV corresponds to oxygen molecules adsorbed

in the form of water [60]. The C 1s spectra show four peaks.

The peak at 284.11e284.97 eV represents CeC and CeH bonds

[61]. The rise at 285.9 eV and 288.56 eV are attributed to the

CeO bond and OeC]O, respectively. Thus, XPS results

confirmed the GG-EEA adsorption onto the P110 steel surface.

Computational details

Frontier orbital energies are widely considered in the predic-

tion of corrosion inhibition performances of molecules. The

HOMO and LUMO structures of optimized GG and GG-EEA are

shown in the supplementary file (Fig. S2). It is well-known that

inhibitor molecules with high HOMO energy value act as

powerful corrosion inhibitors against metal surfaces’ corro-

sion. On the other hand, the LUMO energy level determines

the electron-accepting capability of molecules. For that

reason, Low ELUMO values represent the inhibitor’s tendency to

accept electrons from the metal surface. The calculated pa-

rameters are tabulated in Table S1 (supplementary file).

Within the framework of calculated frontier orbital energies,

corrosion inhibition efficiency ranking of studied molecules

can be given as GG-EEA > GG.

Chemical reactivity descriptors such as energy gap (DE),

hardness, and softness are closely related parameters.

Chemical hardness is defined as the resistance towards elec-

tron cloud polarization or deformation of chemical species

Table 2 e Potentiodynamic polarization parameters of P110 steel in 15% HCl at different concentration of GG-EEA at 308 K
with standard deviation (±SD).

Inhibitor (mg/L) Ecorr (mV/SCE) icorr (mA/cm
2) ba (mV/dec) �bc (mV/dec) h (%)

Blank �489 572.52 (±0.59) 112.45 85.65 –

100 �490 221.08 (±0.69) 89.30 77.32 61.38

200 �452 147.85 (±0.52) 84.53 58.55 74.17

300 �482 112.67 (±0.82) 79.93 55.72 80.32

400 �500 76.46 (±1.02) 77.15 45.41 86.64

500 �488 44.58 (±0.99) 72.05 38.09 92.21
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Fig. 6 e SEM and EDX: (a, b) without GG-EEA, (c, d) with GG-EEA. Three dimension AFM images and corresponding height

profile diagram: (e, f) without GG-EEA, (g, h) with GG-EEA, (i, j) abraded P110 steel.
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[62]. According to the Hard and Soft Acid-Base Principle, “hard

acids prefer to coordinate to hard bases, and soft acids prefer

to coordinate to soft bases.” Maximum Hardness Principle

states that hard molecules are more stable compared to soft

ones [63]. Hard molecules having high energy gap values are

not useful in terms of the prevention of metal corrosion. Soft

molecules are polarizable and easily give electrons to the

metal surface. It is apparent from the data are given in the

table that corrosion inhibition efficiency ranking obtained in

the light of hardness, softness, and energy gap values of

molecules can be given as GG-EEA > GG. It is important to note

that this ranking is compatible with experimentally observed

results.

Electron affinity, electronegativity, and electrophilicity

provide useful information about molecules’ electron acqui-

sition or withdrawal powers. Molecules with high electro-

negativity, electrophilicity, and electron affinity values cannot

exhibit effective corrosion inhibition potential. Calculated

values of these parameters indicate that the GG-EEA is a better

corrosion inhibitor than GG. This result is compatible with the

experimentally obtained.

Another global parameter that should be used in corrosion

inhibition studies is the dipole moment. The higher value of

dipole moment represents the higher adsorption of the in-

hibitor molecule on the metal surface. Calculated dipole

moment values further support the more extraordinary

adsorption ability of the GG-EEA molecule. There is a

remarkable correlation between the dipole moment and

polarizability. Minimum Polarizability Principle introduced

with the help of Maximum Hardness Principle states that in

stable state polarizability (a) is minimized. For that reason,

according to polarizability values calculated, GG-EEA is more

reactive compared to GG and acts as a better corrosion in-

hibitor than GG.

Molecular Dynamics Simulation (MD)

Molecular Dynamics Simulation was performed to under-

stand the interaction between GG and GG-EEA composite

molecules and metal to compare the theoretical and experi-

mental results. The most stable adsorption configuration of

GG and GG-EEA are shown in Fig. S3 a, b (Supplementary file).

The adsorption energy of GG-EEA and GG are �323.52 kJ/mol,

and GG is �180.37 kJ/mol, respectively. It is important to note

that large negative adsorption energy values mean a more

stabilized interaction between inhibitors and iron surface. It is

clear that the adsorption energy of GG-EEA is more negative

Table 3e Element composition of P110 steel in absence of
presence of GG-EEA.

System Fe O C Cl Na Mn

Blank 76.62 15.04 2.86 3.35 0.54 1.59

EEA 91.55 4.39 1.81 e 1.00 1.25

Fig. 7 e XPS spectra of inhibited P110 steel surface in presence of optimum concentration of GG-MMA.
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than GG, and therefore GG-EEA exhibited greater inhibition

abilities as compared to the GG.

Mechanism of GG-EEA adsorption

From the results of PDP, it is confirmed that GG-EEA is amixed

type of inhibitor. Additionally, themagnitude of DG�
ads further

confirmed both the chemical and physical (mixed) nature of

adsorption. Thus inhibitor molecules based on these results

the mechanism of P110 steel dissolution at the anodic site in

HCl solution is represented as follows:

Feþ Cl�%ðFeCl�Þads (22)

ðFeCl�Þads%ðFeClÞads þ e� (23)

ðFeClÞads / ðFeClþÞ þ e� (24)

ðFeClþÞ%Fe2þ þ Cl� (25)

Thus, the protonated inhibitor molecules (GG-EEAHþ)
adsorbed at the anodic site as per the below reaction:

ðFeCl�Þads þGG�EEAHþ/ðFeCl�GG� EEAHþÞads (26)

Therefore, the protonated inhibitor (GG-EEAHþ) from Eq.

(26) can electrostatically adsorb on the P110 steel surface [64]

and thus prevents the anodic corrosion reaction.

Similarly, the cathodic reaction mechanism is as follows:

FeþHþ%ðFeHþÞads (27)

ðFeHþÞads þ e�/ðFeHÞads (28)

ðFeHÞads þHþ þ e�/Feþ H2 (29)

The protonated inhibitor molecules are also adsorbing at

the cathodic sites and started doing completion with Hþ for

electrons, thus reducing the H2 evolution.

The adsorption of GG-EEA using the chemical process

starts with the displacement of pre-adsorbed watermolecules

from the P110 steel/solution interface. The GG-EEA molecules

donate the lone pair of electrons presenting over the hetero-

atoms to the unoccupied Fe orbitals and form coordinate/

chemical bonds [65]. The adsorption mechanism is shown in

Fig. 8.

Conclusion

GG-EEA composite performance is better even at low con-

centrations than the earlier reported corrosion inhibitors in an

acidizing environment [66e72]. The GG-EEA molecule acts by

adsorbing on the P110 steel surface and obeys the Langmuir

adsorption isotherm. The inhibition efficiency rose with

increment in the inhibitor concentration with a maximum

value of 92.3% at 500 mg/L. The thermodynamic parameters

showed that GG-EEA shows a mixed-mode of physical and

chemical adsorption [73e75]. EIS studies supported the

inhibitor’s adsorption on the steel surface, revealing a charge

transfer control of the process, showing an increase in the

charge transfer resistance. The PDP studies revealed that

the corrosion current densities showed a decreasing trend

with the inhibitor molecule’s addition to the corrosive

electrolyte, and the inhibitor is mixed. The Scanning

electron microscope (SEM), Energy dispersive x-ray spec-

troscopy (EDX), Atomic force microscopy (AFM), and X-ray

photoelectron spectroscopy analysis supported the

adsorption of the inhibitor on the metallic surface and the

formation of a protective film, which showed an

improvement in the surface smoothness of the metallic

surface. MD results further confirm the better adsorption

of GG-EEA composite than GG alone. The developed GG-

EEA composite can be a potential candidate for the pe-

troleum industry during the acidizing process. In the

future, the corrosion inhibition ability of GG-EEA can be

improved for application in high-temperature wells by

developing new formulations. The synthesized composite

acts as a major corrosion inhibitor for P110 steel in 15%

HCl.
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Fig. 8 e Schematic presentation of GG-EEA adsorption over

the P110 steel surface.
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