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towards corrosion inhibition of
carbon steel in produced oilfield water using
lemongrass extract

M. A. Deyab, *a M. M. Osman,a A. E. Elkholya and F. El-Taib Heakalb

The anti-corrosion action of lemongrass (cymbopogon citratus) extract (LGE) was evaluated for carbon

steel in produced oilfield water using weight loss method and electrochemical impedance spectroscopy

(EIS). The results revealed that LGE serves as an effective corrosion inhibitor for C-steel via adsorption of

its active constituents on the steel surface. The effect of time was studied by weight loss to assess the

durability of the adsorbed film in protecting C-steel surface over a period of 28 days. The obtained

results were further supported by surface examination of steel samples using FE-SEM, EDX and FTIR

analyses. Theoretical study involved quantum chemical calculations and molecular dynamics simulation

is also performed for the two most abundant components in lemongrass extract (neral and geranial).
1. Introduction

Corrosion of carbon steel (C-steel) in the presence of
produced oileld water is a common problem across petro-
leum industries.1–3 Produced oileld water (also called
formation water) exists in natural gas and oil reservoirs and it
is rich in huge amounts of dissolved salts such as chloride
and sulfate besides corrosive dissolved gases like CO2

and H2S.4

Many synthetic organic corrosion inhibitors are used to
protect metals from corrosion but most of them are highly toxic
to both human beings and environment and they are oen
expensive and non-biodegradable. The toxicity may happen
either during the synthesis of the organic compound or during
its application.5

Nowadays, there is a growing need to produce corrosion
inhibitors which are not toxic for human beings and are envi-
ronmentally safe, being green inhibitors.6 Green inhibitors
include compounds that are non-toxic to humans, have low
environmental impact, are biodegradable and maintain their
efficiency and cost-effectiveness.7,8 The extracts of plant parts
such as leaves, peels, seeds, fruits and roots have been reported
as effective corrosion inhibitors for metals in different aggres-
sive environments.9,10 Therefore, the use of natural products
extracted from plants as corrosion inhibitors has become a key
area of research as they are extremely rich sources of naturally
synthesized chemical compounds that are biodegradable,
renewable, and cost-effective as well as can be extracted by
simple methods.11,12 Plant extracts generally contain mixtures of
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organic compounds including hetero atoms, multiple bonds
and aromatic rings.13

Although there are several studies on the corrosion inhibi-
tion effects of plant extracts in acidic solutions,11–13 the data
regarding the use of plant leaves extract as the corrosion
inhibitor in produced oileld water is poor.

Lemongrass, cymbopogon citratus, is an aromatic plant used
in traditional foods due to its lemon avor and it is also
employed in popular medicine. So, its leaves constitute a source
of essential oil for the avor and fragrance industries.14

Lemongrass contains mainly two citrals as major constituents
which are a natural combination of two isomeric aldehydes,
namely geranial (a-citral) and neral (b-citral).15–17 Tajidin et al.15

have found that lemongrass contains only seven compounds
with concentrations greater than 1% at different maturity stages
which are namely, geranial (37.58–44.95%), neral (29.44–
31.13%), b-myrcene (3.18–7.68%), nerol (3.14–3.73%), 3-unde-
cyne (1.46–6.08%), geranyl acetate (1.06–2.16%) and juniper
camphor (1.56–2.82%).

In continuation of our work on development of green
compounds as corrosion inhibitors in petroleum led,18 we
have studied the inhibiting effect of lemongrass (cymbopogon
citratus) extract for carbon steel corrosion in produced oileld
water using weight loss method, electrochemical impedance
spectroscopy (EIS) and quantum chemical calculations.

To the best of our knowledge lemongrass (cymbopogon cit-
ratus) extract has been used here as a corrosion inhibitor for
carbon steel in produced oileld water for the rst time.
Furthermore, the novelty of this work is concerning with using
quantum chemical calculations for the components in LGE, to
know the possible active centre responsible for the adsorption
process.
RSC Adv., 2017, 7, 45241–45251 | 45241

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra07979f&domain=pdf&date_stamp=2017-09-21
http://orcid.org/0000-0002-4053-4942
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07979f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007072


Table 1 Physical properties of the produced oilfield water

Physical property Value

Total dissolved solids 111 925.5 mg L�1

Conductivity 14.61 mho cm�1@20.1 �C
Resistivity 0.06845 Ohm m@20.1 �C
Salinity 109 507.2 mg L�1

pH 6.85@25 �C
Density 1.08418 g mL�1@15.56 �C
Specic gravity 1.08526
Hardness 25 065.7 mg L�1
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2. Materials and methods
2.1. Materials

Carbon steel samples used in the present study have the
following chemical composition (wt%): 0.200 C, 0.350 Mn,
0.024 P, 0.003 Si and balance Fe. The working electrode and
coupons were abraded before each test with a series of emery
papers ranging from 400 to 2500 grades, degreased with
acetone, washed with distilled water and dried by a lter paper.

The water extract of Lemongrass (LGE) has been purchased
from Symrise Co. under the trade mark Extrapone® and was
assessed as an inhibitor in this study. LGE is an aqueous gly-
colic preparation of extract of the plant cymbopogon citratus. It
was extracted from the dried leaves by steam distillation. LGE
extract has a lemony smell and dark yellow color, with a watery
viscosity. HPLC (model: Inertsil ODS) was used to study main
chemical components of LGE extract. It is observed that the
seven major compounds were identied and quantied with
different retention times. The results demonstrated that gera-
nial, neral, b-myrcene, nerol, 3-undecyne, geranyl acetate and
juniper camphor are qualitatively important components in
LGE extract.15 The chemical structures of these compounds are
shown in Fig. 1.

The corrosive medium is the solution of produced oileld
water collected from an oil well at western desert in Egypt. The
physical properties and chemical composition of the produced
oileld water sample are shown in Tables 1 and 2, respectively.
2.2. Methodology

2.2.1. Weight loss tests. For weight loss experiment, carbon
steel coupons of dimensions 1.0 cm � 0.9 cm � 0.3 cm were
accurately weighed with an analytical balance and immersed in
100 mL produced oileld water without and with different
concentrations of the inhibitor for up to one week (168 h). The
loss in weight aer a denite immersion time was determined
Fig. 1 Major components in cymbopogon citratus plant.

45242 | RSC Adv., 2017, 7, 45241–45251
by taking out the coupons from the electrolyte, washing thor-
oughly with distilled water, dried and reweighed. The weight
loss tests were performed in triplicate at 20 �C for each
immersion period, and the average value was taken to evaluate
the corrosion rate (n) in mg cm�2 h�1 and inhibition efficiency
Ew% using the following equations:19

n ¼ Dw

t� A
(1)

Ew% ¼ n0 � n

n0
� 100 (2)

where n0 and n are the corrosion rates of carbon steel in blank
produced oileld water and in the presence of inhibitor,
respectively, Dw is the weight loss of the specimens in mg, A is
the total surface area of specimens in cm2 and t is the immer-
sion time in hours.

2.2.2. Electrochemical tests. A conventional three-electrode
glass cell having a capacity of 100 mL was utilized in all elec-
trochemical experiments. A large platinum sheet with dimen-
sions 20 � 10 � 2 mm3 and a saturated calomel electrode (SCE)
served as counter and reference electrodes, respectively. The tip
of the Luggin capillary included in the cell design was designed
to be very close to the surface of the working electrode so as to
minimize IR drop.20 The working electrode was made from the
carbon steel sample with an exposed surface area of 0.285 cm2.
All electrochemical experiments were carried out without stir-
ring or deaeration of the test solution using the electrochemical
workstation Zahner-electrik IM6e provided with Thales so-
ware. Before AC impedance experiments, open circuit potential
of the working electrode is measured with time till reaching
Table 2 Chemical composition of the produced oilfield water

Constituents
Concentration
(mg L�1) Constituents

Concentration
(mg L�1)

Lithium 0.01 Fluoride 0.000
Sodium 30 543.00 Chloride 66 368.00
Potassium 3402.13 Bromide 209.45
Magnesium 1197.24 Nitrate Nil
Calcium 8063.85 Hydroxide Nil
Iron 38.69 Carbonate Nil
Copper 0.15 Bicarbonate 244
Strontium Nil Sulfate 1859.00
Barium Nil

This journal is © The Royal Society of Chemistry 2017
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a steady state value (Ess) aer about 30 min. EIS experiments
were conducted at Ess using sinusoidal perturbation signal of
10mV peak to peak amplitude while the frequency is varied over
the range 100 kHz down to 0.01 Hz with at least four points per
decade. The corrosion inhibition efficiency (Ei%) of LGE was
calculated from the value of the total resistance (Rt) of the metal
surface (Rt¼ Rf + Rct), where Rf and Rct being the lm and charge
transfer resistances obtained from EIS measurements, accord-
ing to the following equation:21

Ei% ¼ Rt � Rtð0Þ
Rt

� 100 (3)

where Rt(0) is the total resistance of the metal surface in blank
produced oileld water and Rt is its value in LGE-containing
produced oileld water.
2.3. Surface analysis

Surface morphology was investigated for C-steel coupons
immersed 7 days in produced oileld water solutions free and
containing 400 ppm LGE. The scanning electron microscope
used was a SEM Model Quanta 250 FEG (Field Emission Gun)
equipped with energy dispersive X-ray analyzer (EDX) unit, with
an accelerating voltage of 30 kV, magnication of 14� up to 1
million and resolution for the gun of 1 n (FEI Company,
Netherlands).

FTIR analysis is performed for the corrosion products to
conrm the adsorption of inhibitor molecules on C-steel
surface, where FTIR spectra for the crude inhibitor and the
corrosion products are compared to each other. FTIR analysis
was carried out for the corrosion products scratched from
carbon steel coupons immersed in produced oileld water free
and containing 400 ppm LGE for 7 days, using a steel scraper
aer being carefully washed with distilled water three times by
decantation and then dried in air. FTIR analysis is performed
using Spectrum One spectrophotometer.
Table 3 Corrosion rate and inhibition efficiency (Ew%) from weight
loss for C-steel in produced oilfield water as a function of LGE
concentration after168 h immersion at 293 K

Inhibitor [LGE] (ppm)
Corrosion rate
(mg cm�2 h�1) Ew%

Blank — 5.30 —
LGE 100 2.65 49.92

200 2.57 51.57
300 2.49 52.94
400 2.22 58.19
700 2.36 55.55
2.4. Computational chemical data

Quantum chemical calculations and molecular dynamic simula-
tion was performed for the two most abundant components in
LGE, namely neral and geranial. Quantum chemical calculations
were performed by VAMPmodule in Materials Studio 6.0 (MS 6.0)
soware from Accelrys, Inc. Parametric Method (PM3), a semi-
empirical method, was utilized so as to optimize the molecular
geometry of both neral and geranial molecules and also to obtain
their quantum chemical parameters. These parameters include
the energy of the highest occupied molecular orbital (EHOMO), the
energy of the lowest unoccupied molecular orbital (ELUMO), the
dipole moment (m), the electron density as well as the molecular
surface area (Amolec). Fukui indices (f+ and f�) were calculated
using DMol3 module in MS 6.0 soware using the DND basis set
and the Perdew–Wang (PW) local-correlation-density functional.

Molecular dynamics simulation (MDS) was undergone to
model the adsorption of neral and geranial molecules on C-steel
surface at the molecular level. Fe surface with (100) cleavage was
initially optimized to the minimum energy using Discover
module inMS 6.0 soware. The optimizedmolecular structures of
This journal is © The Royal Society of Chemistry 2017
neral and geranial were then put near Fe (100) surface and Forcite
quench module with COMPASS forceeld was used to attain
many different low-energy congurations. The lowest energetic
adsorption mode of a single molecule for neral and geranial
adsorbed on Fe (100) surface was achieved and its corresponding
binding energy (Ebind), expressing their interaction with Fe (100),
was calculated using the following equation:22

Ebind ¼ Etot � (EFe + Einh) (4)

where Etot represents the total energy of the most stable orien-
tation of inhibitor molecule over Fe surface (100). EFe and Einh
represent, respectively the energies of iron surface and inhibitor
molecules without interaction.

3. Results and discussion
3.1. Weight loss measurements

Gravimetric method is used to evaluate the corrosion rate and
inhibition efficiency for C-steel in produced oileld water as
a function of LGE concentration at ambient temperature of 293
K. As observed in Table 3, the corrosion rate decreases with
increasing LGE concentration up to a certain critical concen-
tration. This behavior is likely attributed to the increase in
adsorption of LGE molecules at the metal/solution interface
with increasing its concentration.23 LGE can react with dis-
solved iron (Fe2+) to form an organo-metal complex (Fe–LGE)
which precipitates onto the surface and protecting it from the
corrosive medium.24 The maximum Ew% value obtained from
weight loss method is 58.19% at 400 ppm. Further increase in
LGE concentration above this value results in a small decrease
in the corrosion protection. This may be attributed to some
reasons, like for example the possible change occurring on the
metal surface during transition of some adsorbed LGE mole-
cules from the planar form to the vertical orientation at higher
inhibitor addition (>400 ppm).25 Through this reorientation
step some parts of the steel surface will be exposed to the
corrosive species leading to relative increase in the corrosion
susceptibility of the metal with a subsequent reduction in the
inhibition efficacy of LGE.

3.2. EIS measurements

EIS is a useful non-destructive technique used to follow the
corrosion behavior of bare and protected metallic materials.26
RSC Adv., 2017, 7, 45241–45251 | 45243
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Fig. 3 Nyquist plots for C-steel in formationwater as a function of LGE
concentration at 293 K. Inset: Nyquist plot for C-steel in blank
produced oilfield water.
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For an ideal metal/solution behavior on Bode format the abso-
lute impedance (|Z|) tends to become resistive (i.e. independent
of the frequency, f with zero phase angle, F) at high (HF) and
low (LF) frequency ranges and exhibits a capacitive linear
behavior with negative slope at medium frequencies (MF) and
a phase maximum of 90�.27 However, the obtained EIS shown in
Fig. 2 demonstrates that in any tested solution the Bode
diagram of C-steel deviates from the ideal behavior and the
impedance spectra display two phase maxima. It is also evident
that although the measurement was extended down to a very
low frequency of 0.01 Hz, no LF resistive segment (horizontal
line and F � 0�) can be discerned under any conditions. In
consistent with this behavior the impedance spectra on the
Nyquist format (Fig. 3) exhibit no ideal capacitive semicircles.
Instead each plot represents two merging time constants, the
one at HF region appears as a part of small loop linked to
another large incomplete one at LF range and deects upward
giving to a slightly inclined line or an arc, which conrms the
feature of Warburg impedance (W).28 In the inhibited produced
oileld water, the length of the arc increases with increasing
LGE concentration up to 400 ppm. This indicates a continuous
increase in the corrosion resistance resulting from the increase
in the degree of surface coverage (q) by the extract molecules.29

Upon increasing LGE addition above 400 ppm, both of the arc
length and its subtended angle slightly decrease denoting
a little reduction in the corrosion resistance. The arcs appeared
in the Nyquist plots represent parts of depressed semicircles
whose centers are located beneath the real axis.

Analysis of the obtained impedance data was done using the
selected equivalent circuit (EC) depicted in Fig. 4 which gave
satisfactory tting to the experimental results with an average
error of 0.3%. This electrical model was chosen in the light of
our previous work.18 It is usually done in electrochemical
Fig. 2 Bode plots of carbon steel in produced oilfield water as a functio

45244 | RSC Adv., 2017, 7, 45241–45251
systems with rough or porous solid surfaces, two constant
phase elements (Q1 and Q2) are used instead of the two real
capacitance elements to give improved tting. The model
consists of two parallel time constants (Q1R1W) and (Q2R2)
connected in series with the solution resistance (Rs). The rst
time constant (Q1R1W) describes the behavior of the adsorbed
lm at LF range, where Q1 represents the capacitance (Cf) of the
adsorbed lm associated with its dielectric and R1 is its resis-
tance (Rf), while W is the Warburg impedance due to the ionic
n of LGE concentration at 293 K.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Effect of immersion time on corrosion rate.

Table 5 Corrosion rates of C-steel samples immersed in blank and
400 ppm LGE-inhibited produced oilfield water as a function of time at
room temperature

Time (day)

Corrosion rate� 103 (mg h�1 cm�2)

Blank LGE

3 4.80 2.82
7 5.30 2.22
14 5.56 2.21
21 2.76 1.72
28 2.34 1.28

Fig. 4 The equivalent circuit.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
7/

20
25

 2
:0

2:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
diffusion through the lm. The second time constant
(Q2R2) corresponds to the double layer capacitance (Cdl) of the
steel/liquid interface through the pores and aws in the surface
lm and Q2 represents the charge transfer resistance
(Rct). The impedance of constant phase element (ZCPE) is
dened as:27

ZCPE ¼ Y�1(ju)�n (5)

where Y (in U�1 sn cm�2) and n are independent of the
frequency. The factor n is the CPE power and its deviation from
unity is an indication of deviation of Y from the ideal capaci-
tance behavior. j is the imaginary unit (j2 ¼ �1) and u is the
angular frequency (u ¼ 2pf). The impedance parameters ob-
tained by tting are compiled in Table 4, and from these results
the following can be pointed out.

(a) The solution resistance (Rs) is low and remains nearly
constant, ranged between 1.08 and 1.35 U cm2 under all
conditions due to the good conductivity of tested solutions.30

(b) The resistance of the adsorbed lm (R1) is generally with
much higher values than those for the charge transfer resis-
tance (R2), which possesses an almost constant value ranging
from 10 U cm2 to 19 U cm2 in the uninhibited and inhibited
produced oileld water media, respectively.

(c) Upon increasing LGE concentration, a continuous
signicant increase in R1 value is observed. In the blank solu-
tion R1¼ 491.3 U cm2 and increases to 1243.7 U cm2 at 400 ppm
extract addition. Aer that Rf suffers a small decrease in its
value, which marks to a small lowering in the inhibition efficacy
of LGE. These results agree well with those obtained from
weight loss (Table 3).
Table 4 Electrochemical impedance parameters and inhibition efficie
concentration at 293 K

Inhibitor [LGE] (ppm) W (U cm2 s�0.5) R1 (U cm2) Q1 (mF cm�

Blank — 66.23 491.34 100.21
LGE 100 5.61 833.06 115.26

200 132.78 1136.58 129.54
300 0.47 1214.67 213.19
400 6.32 1243.74 207.16
700 1.61 1086.42 176.70

This journal is © The Royal Society of Chemistry 2017
(d) Comparing the values of the heterogeneity parameter (n)
indicates that n1 < n2. The average value of n1 (relating to the
adsorbed lm) is �0.55 while that of n2 (relating to the double
layer at steel/solution interface) is �0.82, conrming that
adsorbed lm contains voids and pores. It is also clear that n1
value increases with the increase in LGE concentration. This
can be attributed to a continuous improvement in the metal
surface homogeneity due to adsorption of LGE constituents on
its surface.31

(e) The growth of the adsorbed lm capacitance can be
examined in view of high charge accumulation due to the
corrosion species adsorbed or the corrosion products formed
on C-steel surface48 that displayed porous and conducting
characteristics as shown by Bonnel et al.32 Thus, as revealed by
Q1 value in the blank produced oileld water, charge accumu-
lation posing a value of 100.21 mF cm�2, which increases with
ncy (Ei%) of C-steel in produced oilfield water as a function of LGE

2) n1 R2 (U cm2) Q2 (mF cm�2) n2 Rs (U cm2) Ei%

0.47 10.10 68.11 0.82 1.13 —
0.48 19.15 71.19 0.82 1.35 41.16
0.49 14.76 62.91 0.81 1.08 56.45
0.54 18.50 60.70 0.79 1.21 59.34
0.59 13.49 67.79 0.84 1.27 60.12
0.58 13.63 52.81 0.81 1.29 54.42

RSC Adv., 2017, 7, 45241–45251 | 45245
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Fig. 7 Molecular dynamics models of the adsorption of single mole-
cules of neral and geranial on Fe (100) surface (atom legend: white ¼
H; gray ¼ C; red ¼ O and blue ¼ Fe).

Fig. 6 Electronic properties of Neral and Geranial: (a) optimized
structure, (b) HOMO, (c) LUMO, (d) Fukui indices for nucleophilic
attack (f+), (e) Fukui indices for electrophilic attack (f�) and (f) total
electron density (atom legend: white ¼ H; gray ¼ C and red ¼ O).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
7/

20
25

 2
:0

2:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
adding LGE. Generally, increasing LGE concentration enhances
Ei% value up to 400 ppm addition. It is thus evident that there is
a denite trend in the calculated corrosion inhibition efficien-
cies obtained from weight loss and EIS measurements.
3.3. Effect of immersion time

Fig. 5 and Table 5 show the effect of immersion time on the
corrosion rate of C-steel in produced oileld water in the
Table 6 Calculated quantum chemical parameters for neral and
geranial and their binding energies with Fe (100) surface

Parameters Neral Geranial

EHOMO (eV) �9.59 �9.53
ELUMO (eV) �0.18 0.11
DE (eV) 9.41 9.64
m (Debye) 3.65 2.69
Amolec (sq. Å) 221.32 223.96
I (eV) 9.59 9.53
A (eV) 0.18 �0.11
c (eV) 4.89 4.71
h (eV) 4.70 4.82
DN 0.22 0.24
Ebind (kJ mol�1) �86.09 �90.18

45246 | RSC Adv., 2017, 7, 45241–45251
absence and presence of 400 ppm LGE, as studied by weight loss
method over a period of 28 days. In blank produced oileld
water the results reveal a slow increase in the corrosion rate
during the rst 13 days of immersion then experiences a sharp
decrease till day 21, later on it tends to attain a stabilized value.
Meanwhile, in inhibited produced oileld water the corrosion
rate decreases continuously with time. These results indicate
that corrosive species in blank water rst attack aggressively the
C-steel sample, where the corrosion products accumulated on
the surface can act as a physical barrier to slow down the
corrosion rate.33,34 Additionally, the continuous decrease in
corrosion rate in inhibited produced oileld water may be for
the reason that adsorption of LGE constituents is preferred to
occur on an oxide layer.35
3.4. Computational chemical study

Fig. 6 displays the optimized geometry of neral and geranial
compounds and their HOMO and LUMO distributions, the
Fukui indices as well as distribution of their electron densities.
Fig. 8 Variation of capacitance as a function of potential applied on C-
steel in produced oilfield water in absence and presence of 400 LGE at
293 K.

This journal is © The Royal Society of Chemistry 2017
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Since the two compounds are stereoisomers, they have the same
molecular structure differing only in the orientation of terminal
aldehyde group and methyl group across the double bond, i.e.
the two groups are in trans-conguration for neral and in cis-
conguration for geranial. Both compounds resemble each
other in HOMO and LUMO distributions. HOMO locations lay
over the two terminal methyl groups extending over the double
bond in contact with them. LUMO regions involve O]C–C]C–
segment rich in p electrons and free lone pairs of electrons. The
Fukui indices determine the local reactivity of molecules in
terms of nucleophilic (f+) and electrophilic attack (f�).36 It is
evident that the f� functions of both molecules involve the
carbonyl group and the double bond linked to the two terminal
methyl groups. Despite the resemblance in the molecular
structure between neral and geranial, Table 6 shows that there
are some differences in the calculated quantum chemical
parameters for neral and geranial. The energy of (HOMO) of
geranial is higher (�9.53 eV) than that of neral (�9.59 eV)
denoting that geranial has a higher ability for electron donation
to Fe surface atoms than neral.36
Fig. 9 SEM and EDX images for: (a) abraded CS surface (b) surface of CS i
a solution of produced oilfield water inhibited by 400 ppm lemongrass

This journal is © The Royal Society of Chemistry 2017
The fraction of electrons transferred from the inhibitor
molecule to the iron (DN) was calculated according to eqn (6):37

DN ¼ cFe � cinh

2ðhFe þ hinhÞ
(6)

where c is the absolute electronegativity and h is the absolute
chemical hardness. These two quantities are related to the
ionization potential (I) and the electron affinity (A) where:

c ¼ I þ A
2

and h ¼ I � A
2

, I and A being calculated as: I ¼
�EHOMO and A ¼ �ELUMO.

The theoretical values of cFe and hFe are 7 eV mol�1 and 0 eV
mol�1, respectively.38 The value of number of electrons (DN)
transferred from geranial molecule (DN ¼ 0.24) is higher than
that transferred from neral molecule (DN ¼ 0.22) and the
former is less electronegative (c ¼ 4.71 eV) than the latter (c ¼
4.89) which also supports that geranial has a higher ability for
electron donation than neral. The calculated molecular surface
area (Amolec) for geranial is higher than that of neral which may
provide a higher degree of surface coverage when adsorbed on
mmersed in a solution of formation water (c) surface of CS immersed in
extract.

RSC Adv., 2017, 7, 45241–45251 | 45247
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Fig. 10 FT-IR spectra of: (a) Crude LGE. (b) CS surface products.
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Fe than the latter. The dipole moment (m) is related to the
distribution of electrons in the molecule and it is considered
a measure of polarity in a bond.38 A low value of the dipole
moment indicates a possibility for accumulation of inhibitor
molecules on the metal surface. mgeranial is lower than mneral

indicating that geranial may inhibit Fe corrosion better than
45248 | RSC Adv., 2017, 7, 45241–45251
neral. Additionally, there is a linear relationship between
binding energy and corrosion inhibition efficiency, where
a high negative value of binding energy (Ebind) indicates a high
corrosion inhibition efficiency.39 Geranial has higher negative
value of Ebind (�90.18 kJ mol�1) as compared to that of neral
(�86.09 kJ mol�1), denoting theoretically that the former has
This journal is © The Royal Society of Chemistry 2017
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Table 7 FT-IR absorption bands for crude LGE and its adsorbed film
on C-steel surface

Assignment [18, 55, 72]

Absorption bands for FT-IR (cm�1)

Crude LGE CS surface lm

OH stretching 3383.75 3383.87
Sym and asym stretching of
methyl groups

2971.46, 2880.53 —
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a more contribution in the inhibitive effect than neral. There-
fore, the trend of calculated binding energies are compatible
with the other quantum parameters in the sense that a good
corrosion inhibitor has high EHOMO and high negative value of
Ebind in addition to having a low c and m values. Thus, geranial
is slightly more effective than neral in corrosion inhibition of C-
steel. Molecular dynamics models (Fig. 7) displays that both
neral and geranial adsorb on Fe surface via lateral interaction.
C]C stretching 2118.84 —
C]C–C]O stretching 1645.92 1614.79
Methyl C–H bending 1456.78, 1379.00 1396.00
C–O stretching 1290.05, 1045.37 1261.01
]C–H out-of-bending 990.96 958.85
]C–H out-of-plane bending 923.62–657.97 642.03
g-Fe2O3 — 510.95
3.5. Inhibition mechanism

The potential of zero charge (pzc) assigns the state at which the
surface is free from charges, and thus can help to explain the
inhibiting nature of the tested material.40 As can be seen in
Fig. 8 the experimental pzc values of C-steel in blank and
inhibited produced oileld water by 400 ppm LGE are found
both to be more negative than their corresponding corrosion
potential values. This means that C-steel surface in both solu-
tions is positively charged at the free corrosion conditions.
Therefore, inhibitor molecules could be adsorbed on the metal/
solution interface by one or more of the following scenarios.41 (i)
Donor–acceptor interactions between the p-electrons in LGE
constituents and vacant d-orbitals of iron surface atoms. (ii)
Unshared electron pairs of the hetero O atom and vacant d-
orbital of iron surface atoms. (iii) Interaction of lled orbitals
of iron surface atom with vacant orbitals of hetero atoms (back-
donation). The most effective organic corrosion inhibitors are
usually not only those offering electrons to unoccupied d-
orbitals of the metal, but also accepting free electrons from
the metal surface.42 Natural products in plant extracts are
generally rich in functional groups that allow them to undergo
both modes of interaction between C-steel surface and LGE
constituents.43 LGE has mainly geranial and neral containing
aldehydic groups that possess oxygen atoms, in addition to
other compounds such as b-myrcene containing p-electrons
(Fig. 1).

EDX spectra and their corresponding SEM micrographs of
the surfaces of C-steel coupons immersed in uninhibited and
inhibited produced oileld water were recorded in order to
observe changes occurred during corrosion process in absence
and presence of the inhibitor. Fig. 9(a) is the image of polished
C-steel surface where slight scratches occurred by emery papers
are clearly visible on the surface. The elements constituting
carbon steel sample (Fe, Mn, C and P) appears on the EDX
spectrum of the abraded sample in addition to oxygen signal
related to the air-formed oxide lm.44 Fig. 9(b) shows that C-
steel coupon in blank produced oileld water is extremely
damaged and the sample surface is full of roughness and
cavities. Its corresponding EDX spectrum displays signals for
Ca, Mg, Cl, S and O special for the constituents of produced
oileld water (e.g. Ca2+, Mg2+, Cl� and SO4

2�) as well as iron
oxides indicating accumulation of corrosion products (salts and
oxides) on the corroded surface. These features may be
explained by serious attack of steel coupon immersed in
produced oileld water. In contrast, the coupon immersed in
400 ppm LGE-inhibited solution shows a much improved
surface with a fewer amount of corrosion products (Fig. 9(c)).
This journal is © The Royal Society of Chemistry 2017
For this case it can be observed that EDX spectrum corre-
sponding to salts and oxides of the corrosion products is
diminished. Surface improvement and reduction in the amount
of corrosion products further conrm the anti-corrosion effect
and protective performance of LG extract for C-steel in
produced oileld water.45

Besides SEM and EDX analyses, FT-IR is a powerful tech-
nique for studying the modication in C-steel surface with
addition of corrosion inhibitor. FT-IR is used to proof the
interaction between organic compounds in the plant extract
and C-steel surface.46 FT-IR spectra of crude LGE and those for
surface lm (corrosion products) are shown in Fig. 10.
Compared to the spectrum for crude LGE, FT-IR absorption
bands of C-steel surface lm are shied from their positions
and some of them disappearance (Table 7). These results
strongly support the presence of interaction between the
natural products in LGE and the metal surface conrming the
occurrence of adsorption process.47

4. Conclusions

The present study evaluates the inhibitive efficacy of lemon-
grass extract (LGE) for C-steel corrosion in produced oileld
water. The main conclusions are as follows.

(1) Weight loss and EIS measurements showed that LGE has
an anti-corrosion effect for carbon steel in produced oileld
water. The inhibition activity increases as a function of
concentration up to 400 ppm and decreases slightly above this
limit.

(2) EIS data of C-steel in produced oileld water in absence
and presence of LGE is well simulated using an EC model with
two parallel time constants and Warburg impedance element
indicating the presence of a diffusion limiting step.

(3) The decrease in corrosion rate with both LGE concen-
tration and immersion time suggests that the extract molecules
can adsorb on C-steel surface.

(4) Surface analysis (SEM, EDX and FT-IR) further conrms
the adsorption of the extract molecules on C-steel surface.

(5) Quantum chemical calculations and molecular dynamics
simulations demonstrate that the two most abundant
RSC Adv., 2017, 7, 45241–45251 | 45249
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components in LGE neral and geranial have comparable
tendencies for adsorption on Fe surface, with a slightly higher
ability towards electron donation for geranial than for neral.
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