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e based ionic liquid (LHIL) as an
efficient corrosion inhibitor for mild steel†

Jing Wang, a Chengbao Liub and Bei Qian*c

A novel L-histidine based ionic liquid (LHIL) was developed and successfully synthesized. Its structure was

confirmed by Fourier-transform infrared spectroscopy, UV-vis spectroscopy, X-ray photoelectron

spectroscopy, 1H-NMR and high-resolution mass spectrometry. The outstanding corrosion inhibition

effect of the LHIL on mild steel in 1 M hydrochloric acid was thoroughly evaluated by Tafel plots,

electrochemical impedance spectroscopy, and localized electrochemical strategies. The results revealed

that the corrosion of mild steel was effectively suppressed by the adsorption of LHIL on its surface, and

the best inhibition efficiency reached 98.8%. The adsorption behavior of LHIL on steel obeyed the

Langmuir adsorption isotherm, which involved both chemisorption and physisorption. Theoretical

calculations indicated the strong chemisorption of LHIL on steel, as proved by the low energy gap (DE ¼
0.0522 eV) and high binding energy (Ebinding ¼ 303.47 kcal mol�1), which clearly confirmed the

effectiveness of LHIL for steel protection.
1. Introduction

Acid cleaning is an effective way to remove the scale and rust
generated in the inner surface of pipeline installations, and can
prevent potential risks.1,2 However, the metallic structures are
highly damaged by corrosive acids during the cleaning
process.3–5 The usage of corrosion inhibitors is a practical way to
inhibit the corrosion damage owing to its convenience, high
efficiency, and low cost properties.6–10 Organic substances with
heteroatoms (like nitrogen, oxygen, phosphorus and so on),
multiple bonds, and polar groups have been extensively studied
as inhibitors to protect metal from degradation.11–13 The
protection mechanism of corrosion inhibitors relies on the
validity of the adsorption lm, which can block the contact
between the aggressive species and metal substrate.14–17 Heavy
ions or salts such as chromate have also been applied as
corrosion inhibitors.18,19 Although they have an ideal inhibition
effect, their usage was restricted by the high toxicity in water
resources. Therefore, the development of green and sustainable
inhibitors is in great demand.
, Qilu University of Technology (Shandong
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the Royal Society of Chemistry
Ionic liquid is a special kind of liquid that composes of
a specic inorganic anion and organic cation (ammonium,20–22

pyridinium23–25 and imidazolium26–28). The ionic liquid can be
used as corrosion inhibitor because of its non-volatility, supe-
rior solubility, and minor toxicity.29,30 Due to their unique
structure, imidazole based ionic liquids have been extensively
studied for anticorrosion. It has been reported that the 1-allyl-3-
octylimidazolium bromide had higher inhibition efficiency for
steel compared with 1-octyl-3-methylimidazolium bromide,
ascribing to the strong electron-donating ability of allyl.28 The
relationship between inhibition efficiency of imidazole based
ionic liquids and the side chain length has been investigated.27

The presence of long alkyl chains in imidazolium ring facilitates
the chemical interaction between cations and metal surface.14

Our previous work indicated that the N-(3-aminopropyl)-
imidazole ionic liquid could effectively enhance the dis-
persibility of graphene in resin matrix and endowed the gra-
phene nanosheets with superior shielding effect.31 However, the
feedstock for preparation of ionic liquid mentioned above was
derived from chemical products with complex synthesis
process.

L-Histidine, as a natural amino acid, is biodegradable and
ecofriendly.32 It contains a 1H-imidazole-4-ylmethyl group,
which can be used as the maternal structure to fabricate ionic
liquids. As far as we know, few reports have been found focus on
the synthesis of L-histidine based ionic liquid (LHIL) and its
application for corrosion inhibition. Herein, a novel LHIL was
developed. The inhibitive performance of the LHIL on mild
steel in 1 M HCl was evaluated by electrochemical measure-
ments. The interaction and adsorption process of LHIL on steel
surface were also proposed based on the experimental and
RSC Adv., 2022, 12, 2947–2958 | 2947
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theoretical investigations. Our efforts might shed new light on
the design of novel chemical structures as corrosion inhibitors.

2. Experimental
2.1 Materials

L-Histidine, di-tert-butyl dicarbonate, 1-bromohexane, and 1,4-
dioxane were provided by Shanghai Aladdin Biochemical
Technology Co., Ltd (Shanghai, China). Methanol and hydro-
chloric acid (38%) were obtained from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China).

2.2 Synthesis of LHIL

The LHIL was synthesized through a two-step reaction, as
shown in Fig. 1a. First, the amino-group in L-histidine molec-
ular was protected by di-tert-butyl dicarbonate (step 1). Speci-
cally, L-histidine was dissolved in deionized water with
ultrasonic treatment. Then, the 1,4-dioxane solution containing
Fig. 1 (a) The synthesis route of LHIL. (b) FTIR, (c) UV-vis spectra and (d) X
C 1s profiles of (e) L-histidine, (f) L-histidine-Boc and (g) LHIL.

2948 | RSC Adv., 2022, 12, 2947–2958
equimolar di-tert-butyl dicarbonate was added drop by drop
into the L-histidine aqueous solution under ice bath condition
and stirred for 12 h. Aer removing the solvents, the product
was puried by extraction with the mixture solution of ethyl
acetate and deionized water. Then, the di-tert-butyl dicarbonate
protected L-histidine (L-histidine-Boc) was obtained by
removing the solvents.

For the synthesis of LHIL, the obtained L-histidine-Boc and
1-bromohexane were dissolved in methanol to receive a homo-
geneous solution. This reaction was carried out on an oil bath
(363 K) with magnetic stirring for 24 h (step 2). The unreacted
raw materials were removed by adding ethyl acetate. Finally, the
LHIL was synthesized.

2.3 Electrode and solutions preparation

The testing substrate in this study was acted by Q235 mild steel.
Before experiment, 400 and 800 SiC sand papers were employed
to polish the steel to obtain a smooth surface. The corrosive
PS survey of L-histidine, L-histidine-Boc and LHIL; XPS high-resolution

© 2022 The Author(s). Published by the Royal Society of Chemistry
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medium was 1 M HCl without and containing different amount
(0.5, 1, and 2 mM) of the LHIL. For comparison, the 1 M HCl
solutions with different concentrations (0.5, 1, and 2 mM) of L-
histidine were also prepared.
2.4 Characterization of LHIL

The molecular structure of the prepared LHIL was investigated
by Fourier-transform infrared (Thermo Electron Scientic
Instruments Corp., Nicolet 5700) spectroscopy. LHIL was also
characterized by 1H-NMR spectroscopy (JEOL Ltd, JNM-
ECZ400S) in DMSO-d6. The mass spectra of LHIL was evalu-
ated by the high-resolution mass spectrometry (Thermo Fisher
Scientic Inc., Thermo Scientic Q Exactive). Besides, UV
absorption spectra were performed on Lambda 950 UV spec-
trophotometer. In addition, the chemical composition and
bonding status were determined through X-ray photoelectron
spectroscopy (XPS, AXIS ULTRA DLD).
2.5 Electrochemical investigations

A CHI660E electrochemical workstation was used to obtain the
electrochemical measurements. The mild steel (1 � 1 cm2),
saturated calomel electrode (SCE), and a platinum plate (2 � 2
cm2) were used as the working, reference, and counter elec-
trode, respectively. The test temperature was controlled at 298 K
and the test solutions were opened to the atmosphere. Before
testing, the working electrode was placed in the studied solu-
tion for 1 h to achieve a stable Open Circuit Potential (OCP)
value. EIS measurements were performed from 100 kHz to 100
mHz with a 5 mV sinusoidal perturbation. The EIS results were
tted with ZSimpWin soware by plausible equivalent circuits.
Tafel plots were recorded in the potential range from �250 mV
to +250 mV versus OCP with a scan rate of 1 mV s�1. In addition,
the inhibition behavior of LHIL on localized corrosion of the
mild steel was studied by scanning vibrating electrode tech-
nique (SVET). The current density values were collected on an
area of 5 � 5 mm2 with 26 � 26 scanning positions.
2.6 Surface analysis

Before and aer immersion in the prepared corrosive solutions
for 1 h, the surface morphologies and chemical compositions of
the steels were observed by scanning electron microscopy (SEM,
JEOL Ltd, 7001F) and energy dispersive spectroscopy (EDS). In
addition, laser scanning confocal microscope (LSCM, LSM700)
was used to examine the roughness of electrodes.
2.7 Calculation studies

L-Histidine and LHIL molecules were optimized at density
functional theory (DFT) level to obtain the quantum chemical
parameters by using DMol3 module. In addition, the inhibition
mechanism was also indicated by calculating the adsorption
strength of inhibitor on steel, which was investigated by
molecular dynamics (MD) method in Forcite module. In MD
simulation, a simulation box consisting of ve layers of Fe (110),
one inhibitor molecule, 500 H2O molecules, and 30 Å vacuum
© 2022 The Author(s). Published by the Royal Society of Chemistry
layer was established. The bonding energy between an inhibitor
molecule and Fe (110) surface was calculated.

3. Results and discussion
3.1 Characterization of LHIL

The molecular structure of the synthesized LHIL was charac-
terized by FTIR spectra, as shown in Fig. 1b. In case of L-histi-
dine, the N–H stretching is at 3454 cm�1. Besides, the evident
absorption peaks locates at 1636, 1557 and 1074 cm�1 attribute
to C]O anionic nature, imidazole ring vibrations of histidine
and NH symmetrical stretching, respectively.33 The typical peak
of carboxylate anion (COO�) stretching in the histidine molec-
ular occurs at 1154 cm�1 and the NH2 wagging vibration is at
833 cm�1.34 Compared with L-histidine, a prominent peak
exhibits at 1650 cm�1 for L-histidine-Boc and LHIL, corre-
sponding to amide bond (N–C]O).35Notably, the appearance of
N–C]O proves that the amino group in L-histidine has been
protected. It can be observed from the spectrum of LHIL the
C–H bond deformation at 2959 cm�1 clearly enhanced.36 This
can be ascribed to the grated hexane chain, improving the C–H
proportion in LHIL molecular structure and proving increased
absorption intensity. UV-vis absorption spectra were also
measured to analyze the synthesized LHIL. As observed in
Fig. 1c, the characteristic absorption peak of L-histidine displays
at about 208 nm, can be assigned to the p–p transition that
originates from the C]C bond of the imidazole ring.37,38 In
terms of LHIL, the peak at 208 nm shied to 212 nm, whichmay
derive from the electronic conjugation in imidazole ring. The
alkyl chain, as electron donating group, can alter the electron
cloud density of conjugate structure aer been chemically
graed on imidazole ring.

The bonds information (valence states and chemical
compositions) of the samples during the synthesis process was
analyzed by XPS measurements and the full XPS spectra of L-
histidine, L-histidine-Boc and IL were presented in Fig. 1d. It
can be found that their main element compositions are the
same, C, O and N, while the proportion of these elements
displays difference. Notably, the conspicuous peak of Br
exhibits in the spectrum of LHIL compared with L-histidine, L-
histidine-Boc, indicating the chemical graing of 1-bromohex-
ane. Accordingly, the high resolution of XPS spectra of C 1s of L-
histidine, L-histidine-Boc and LHIL are presented in Fig. 1e–g.
The C 1s spectrum of L-histidine presents three peaks at 284.6,
285.5 and 287.7 eV, relating to C–C/C]C, C–N and C]O
bonds,39 respectively. As can be seen, a new peak centered at
289 eV appears for L-histidine-Boc and LHIL, associating to
O]C–N bond.35 The presence of characteristic peak of O]C–N
derives from the amide reaction between L-histidine and di-tert-
butyl dicarbonate, which illustrates that the amine has been
protected. Aer graing 1-bromohexane, the content of C–C
bond increases as compared with L-histidine-Boc, proving the
successful synthesis of LHIL.

The successful prepared of LHIL was also conrmed by 1H-
NMR and high-resolution mass spectroscopy (HRMS) (Fig. S1
and S2†). In the 1H-NMR, the characteristic H of amido bond
appears at 7.7 ppm. The pentatomic ring of amino acid are in
RSC Adv., 2022, 12, 2947–2958 | 2949
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the range of 6.5–7.0 ppm. The H in the Boc protecting group can
be shown at 1.3 ppm. The methyl and methylene on the long
chain are in the range of 1.0–1.5 ppm. HRMS spectrum of LHIL
was given in Fig. S2.† The spectrum of LHIL is dominated by
a M+ ion at m/z 340.22. This peak is obtained by removing
bromide ion.
3.2 Electrochemical studies

Polarization test was conducted to investigate the inhibition
ability of synthesized LHIL for steel corrosion, presented in
Fig. 2. Correspondingly, the related electrochemical elements
are listed in Table 1, consisting of corrosion potential (Ecorr),
corrosion current density (icorr), anodic Tafel slope (ba) and
cathodic Tafel slope (bc). Besides, the inhibition efficiency (h)
and the surface coverage (q) are deduced according to the
equations:

h ð%Þ ¼ i0corr � i
0
corr

i0corr
� 100 (1)

q ¼ i0corr � i
0
corr

i0corr
(2)
Fig. 2 Potentiodynamic polarization curves for Q235 steel in 1 M HCl sol
LHIL. Nyquist and Bode plots for the steel samples immersed in 1 M HCl s
LHIL. (i) Equivalent circuit used to fit the EIS data.

2950 | RSC Adv., 2022, 12, 2947–2958
where i0corr and i0corr represent the corrosion current densities of
Q235 steel in the absence and presence of the inhibitors,40,41

respectively.
In Fig. 2a, the addition of L-histidine results little decrease in

the current density value, which reveals that the L-histidine
molecular has little corrosion inhibition function on steel in
this condition. However, with the introduction of LHIL, as
exhibited in Fig. 2b, the cathodic current density is signicantly
reduced. In addition, the cathodic branches of the polarization
plots change to low current density range as the LHIL content
increases, while little change is observed in the anodic
branches. It is noted that the corrosion current density
decreases from 2070 mA cm�2 (blank solution) to 22.91 mA cm�2

within the LHIL containing solution (2 mM), demonstrating
their efficient corrosion inhibition function. Moreover, a nega-
tive trend in corrosion potential presents along with the addi-
tion of LHIL. In Table 1, the steel in HCl solution with 2 mM
LHIL presents the lowest corrosion potential value (�445 mV)
among samples, which indicates that the synthesized LHIL can
be dened as a moderate cathodic-type corrosion inhibitor.
These observations clearly demonstrate that the LHIL molec-
ular can serve as a high efficient inhibitor by suppressing the
cathodic oxygen reduction process.42,43
ution without and with different concentrations of (a) L-histidine and (b)
olution containing different concentration of (c–e) L-histidine and (f–h)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Potentiodynamic polarization parameters of mild steel in 1 M HCl solution without and with different concentrations of L-histidine and
LHIL

C (mM) Ecorr (mV) icorr (mA cm�2) ba (mV dec�1) bc (mV dec�1) h q

Blank �382 2070 108 �138 — —

L-Histidine
0.5 �379 1550 103 �135 25.0 0.25
1 �377 1310 97 �132 36.5 0.365
2 �385 1010 95 �133 51.1 0.511

LHIL
0.5 �386 977.2 104 �136 52.8 0.528
1 �421 426.4 116 �135 79.4 0.794
2 �445 22.91 64 �143 98.8 0.988

Table 2 Impedance parameters and inhibition efficiency of mild steel
in 1 M HCl in the absence and presence of studied inhibitors after 1 h
immersion

C (mM) Rs (U cm2)
CPE
(mF cm�2) n Rp (U cm2) h

Blank 1.20 664 0.82 8.77 —

L-Histidine
0.5 1.16 523 0.83 10.88 19.4
1 1.43 432 0.85 12.88 31.9
2 1.24 328 0.83 17.01 48.4

LHIL
0.5 1.21 310 0.87 12.28 28.6
1 1.06 73.6 0.83 233 96.2
2 1.34 58.3 0.81 755 98.8
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Generally, polarization curves can be separate into two
branches: anodic and cathodic. The anodic branch is relates to
the metal dissolution, whereas the cathodic branch corre-
sponds to the reduction process of oxidizing species (oxygen
and hydrogen ion).44 As shown in Table 1, the cathodic slopes
remain basically steady with the addition of LHIL, which illus-
trates that themechanism of cathodic reaction is not inuenced
by introducing LHIL. On the contrary, an obvious impact on the
anodic slop value presents when the concentration of LHIL
reached 2 mM. Therefore, the inhibition behavior of LHIL on
steel is mainly rely on lowering the current density. These
ndings prove that a relative stable LHIL-adsorption layer on
steel can be formed, thus exhibiting a barrier against aggressive
mediums to provide efficient inhibitive capability for steel in
HCl condition.45

To investigate the surface process of the electrode, EIS test
was performed on steel aer 1 h immersion and the results were
presented in Fig. 2c–h. It is clear that all the collected plots show
the similar appearance whether there is inhibitors. This reveals
that the electrochemical behavior of the tested solution does
not been changed, which may ascribed to the relative loose
property of the adsorbed LHIL lm. As can be seen from the
Nyquist plots in Fig. 2c and f, a decreased capacitive semicircle
at high frequency (HF) accompanied with a small inductive loop
in low frequency (LF) present. Usually, the HF capacitive loop is
owing to the double layer properties, and the LF inductive loop
is associated with the relaxation process of aggressive ions at
the steel surface.4,46 The addition of L-histidine into HCl solu-
tion slightly increases the capacitive loop, indicating the limited
corrosion inhibitive function of pure L-histidine for mild steel in
this conditions. Interestingly, an obvious enlarge in the diam-
eter of high-frequency loop exhibits with introducing synthe-
sized LHIL inhibitors (Fig. 2f). This phenomenon becomes
more apparent when the concentration of LHIL is increased to
2 mM. These results demonstrate that the LHIL molecular can
form protective layer on the steel surface to inhibit the charge
transfer process.

The protective performance of LHIL on steel can also be re-
ected from the Bode plots, as shown in Fig. 2g. In general, the
impedance value at low frequency can be considered as an index
to weigh the protective performance of inhibitors. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
impedance values at low frequency improve with increase of
LHIL content. When the LHIL concentration is 2 mM, their
impedance value is greatly increased. In addition, the expan-
sion of LHIL content induces a larger frequency range with the
maximum phase angle. These observations proves that the
LHIL effectively inhibited the corrosion reaction of steel.

The electrochemical results was also analyzed using the
corresponding equivalent circuit in Fig. 2i. As for equivalent
circuit, Rs is the solution resistance. Rp (polarization resistance)
is used to stand for all kinds of resistances between the metal
and solution. L and RL correspond to the inductance and related
resistance. Due to the non-ideal frequency responsive property,
constant phase element (CPE) is selected to indicate the
frequency dispersion characteristic instead of pure capac-
itor.47,48 Accordingly, the impedance vale of CPE is determined
below:

ZCPE ¼ Y0
�1(jw)�n (3)

where Y0 stands for the modulus of CPE, while the exponent n is
to indicate the deviation degree. The can represent resistor,
capacitor and inductor when the value of n is equal to 0, 1 and
�1, respectively. Besides, j is the imaginary part and w is the
angular frequency.49
RSC Adv., 2022, 12, 2947–2958 | 2951
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Table 3 Comparison of the inhibition efficiency of LHIL with the literature data as corrosion inhibitors for mild steel in 1 M HCl

Inhibitor Concentration
Efficiency at room
temperature (%) References

Iminium surfactant 0.5 mM 90.6 52
Isoxazolidine derivatives 100 mg L�1 80.5 53
4-(Pyridin-4-yl)thiazol-2-amine 0.2 mM 96.6 54
Aniline trimer-including b-cyclodextrin 200 mg L�1 98.5 55
Vanillin Schiff bases 1 mM 94.0 56
Chromeno-carbonitriles 1 mM 95.3 57
Sugarcane purple rind extract 800 mg L�1 94.1 58
Castor oil-based inhibitor 140 mM 82.0 59
LHIL 2 mM 98.8 Present study
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The tted results were summarized in Table 2. Thus, the
corrosion inhibition efficiency (h) of LHIL for steel can be ob-
tained from charge transfer parameters based on the following
equation:

h ð%Þ ¼ R
0
p � R0

p

R0
p

� 100 (4)

where R0
p and R0

p indicate the polarization resistance without
and with inhibitors, respectively. Obviously, the introduction of
LHIL results in the decrease in CPE values. The decrease of CPE
can be attributed to the adsorption of LHIL molecular, which
could cover the electrode surface and increase the electric
Fig. 3 SVET results of steel in different solutions: (a) blank-1 h, (b) blank-
surface roughness (Ra) of steel electrodes after 3 h immersion in 1 MHCl s

2952 | RSC Adv., 2022, 12, 2947–2958
double-layer thickness.50,51 On the other hand, the presence of
LHIL increases the Rp values and especially prominent in LHIL
2 mM (increased by nearly two order of magnitude compared
with blank sample). It can be speculated that LHIL molecules
interact with steel electrode to form protective layers and thus
the water molecules and other adsorbed ions were displaced by
the LHIL lms. These observations indicate that the LHIL could
provide effective corrosion inhibition function for steel by
formation adsorption layer to retard the electrochemical
transfer process. The compare of LHIL with earlier studied
inhibitors52–59 on the inhibition efficiency was shown in Table 3.
LHIL exhibites better corrosion inhibition behaviors.
3 h, (c) L-histidine-1 h, (d) L-histidine-3 h, (e) LHIL-1 h, (f) LHIL-3 h. The
olution without (g) and with 2mMof L-histidine (h) and 2mMof LHIL (i).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.3 Localized corrosion analysis and surface investigations

The integrity of formed lms on the steel plays a key role in their
corrosion inhibition activity. SVET test was carried out to
determine the localized corrosion of mild steel by mapping the
current density within a dened area, as shown in Fig. 3. The
potential signals among the selected area were obtained and
then transferred into the local current density. For blank HCl
solution, positive current density presents at the tested range
(Fig. 3a), which can be ascribed to severe anodic corrosion. Aer
3 h immersion, higher current density detected with uneven
distribution property, exhibiting the typical localized corrosion.
The addition of L-histidine causes the reduction of anodic
current density to a certain extent, whereas their current values
also maintained at a high reactivity degree (Fig. 3d). On the
contrary, a distinct decrease in the anodic current density is
observed for the steel electrode in LHIL containing HCl solution
Fig. 4 Morphology and corresponding EDS spectra of the polished mild
without (b) and with 2 mM of L-histidine (c) and 2 mM of LHIL (d).

© 2022 The Author(s). Published by the Royal Society of Chemistry
(Fig. 3e). Even aer 3 h immersion, no obvious variation in
anodic corrosion reaction detected, revealing the suppression
of electrochemical reaction. These ndings prove the superior
corrosion inhibitive function of LHIL for mild steel from in-suit
and localized electrochemical process, and prove the strong
adsorption capability of LHIL on steel surface.

The surface roughness (Ra) of samples aer SVET test was
determined through LSCM to reveal the corrosion inhibition
ability the LHIL. As can be seen in Fig. 3g, the polished steel
presents a high Ra value (1.174 mm) aer 3 h immersion, indi-
cating the sever corrosion. In terms of the HCl solution con-
taining L-histidine, some decrease in the Ra (0.895 mm) value is
appeared, compared with pure HCl solution. On the contrary,
a relative neat surface with small Ra value (0.568 mm) is
observed. These results demonstrate that the synthesized LHIL
can effectively protect steel in HCl by forming protective layers
on the steel.
steel (a) and steel electrodes after 1 h immersion in 1 M HCl solution

RSC Adv., 2022, 12, 2947–2958 | 2953
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In addition, the surface morphology of steel in pure HCl and
LHIL containing solutions was explored by SEM examination,
as observed in Fig. 4. From Fig. 4a, the steel surface is smooth
with clear scratches derived from polishing process. As is shown
in Fig. 4b, the unprotected steel specimen is covered by many
corrosion products with clear pits aer immersed for 1 h, which
indicates that the Q235 steel is seriously corroded. Although the
amount of corrosion byproducts on the steel decreases with the
addition of L-histidine, the cluster, pits and cracks are also
formed (Fig. 4c). This illustrates the limited corrosion inhibitive
function of L-histidine. In the presence of LHIL, on the contrary,
the steel surface is effectively protected without obvious corro-
sion products (Fig. 4d). In addition, the steel surface is
smoother than other samples. Therefore, it can be concluded
that the corrosion attack is effectively suppressed by LHIL
adsorbed layers.

To examine the inhibitive lm on the mild steel, the surface
composition of the electrodes aer 1 h immersion under
Fig. 5 Langmuir adsorption isotherms and the corresponding thermodyn
in 1 M HCl solution. Equilibrium adsorption configurations of inhibitor m
structures and frontier orbital density distributions for (e) L-histidine and

2954 | RSC Adv., 2022, 12, 2947–2958
different conditions was obtained by EDS spectra. In addition,
the corresponding surface composition was collected as dis-
played in Fig. S3.† The main components of the studied steel is
C (8.29 wt%) and Fe (91.71 wt%). For electrode immersed in 1 M
HCl (Fig. S3†), the intensity of Fe element decreases to
75.23 wt%, which indicates the oxidation and dissolution of Fe.
The characteristic peaks for Cl and O appear at the spectrum of
steel for blank solution. The high content of Cl and O elements
reveals the steel is seriously corroded by the aggressive solution.
As for the sample immersed in LHIL containing solution
(Fig. S3†), the EDS spectrum and elemental composition are
different. The appearance of N element, derived from the
adsorbed LHIL molecules, provides the evidence for the
formation of inhibitive lms. In addition, an increase in the C
content (11.07 wt%) is also detected, which can be ascribed to
the formation of LHIL lm on steel surface. The synthesized
LHIL inhibitor with imidazole ring and alkyl chain, which
obviously changes the surface composition of steel surface.
amic parameters of L-histidine (a) and LHIL (b) on the mild steel surface
olecule on Fe (110) surface (c) L-histidine and (d) LHIL. The optimized
(f) LHIL.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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From these ndings, it can be speculated that the LHIL serves
as high performance corrosion inhibitor to prevent the steel
from HCl attack by formation protective lm, leading to the
decrease in the steel degradation.
3.4 Adsorption isotherm and theoretical studies

To further analyze the protective mechanism of the LHIL for
mild steel, the adsorption isotherms were calculated through
matching the surface coverage to LHIL concentration. It is
found that the results of potentiodynamic polarization
measurements are well accord to Langmuir isotherm with
linear regression coefficients (R2) close to 1, which deducts
based on the eqn (5):

q

1� q
¼ KadsC (5)

where q is the degree of the coverage, C is the concentration of
inhibitor. Kads represents the equilibrium constant of the
adsorption process.60

Fig. 5a and b displays a straight line plotted by C versus C/q.
The Kads value can be achieved from the reciprocal of intercept.
The standard adsorption free energy DGads can be calculated as
follows:

Kads ¼ 1

55:5
exp

�DG0
ads

RT
(6)

R is the molar gas constant and T is the tested temperature.61

The calculated Kads and DG0
ads are presented. It is considered

that the high Kads value and low DG0
ads value imply a better

adsorption ability of compounds on steel. The modes of
adsorption of inhibitors can be differentiated based on the
DG0

ads values. When the DG0
ads value is more than �20 kJ mol�1,

the adsorption can be dened as physisorption resulted from
electrostatic interaction. The DG0

ads value of chemisorption is
around �40 kJ mol�1 or more negative, which corresponds to
the electronic bond between the surface and the adsorbate.62 In
our study, the DG0

ads values of L-histidine and LHIL are ranging
from �26 to �29 kJ mol�1, which indicates that LHIL adsorb by
both chemisorption and physisorption.

To further illustrate the interfacial interaction of inhibitors
on metal surface and reveal the inhibition mechanism, MD
simulations were performed to provide the equilibrium
adsorption congurations on Fe (110) surface. As is shown in
Fig. 5c and d, both L-histidine and LHIL are tightly adsorbed on
the steel surface with a parallel orientation. As a result, a coor-
dination bond could form, which is derived from the electrons
transfer from imidazole ring to the empty orbit of steel
surface.63 Simultaneously, the parallel arranged inhibitors can
cover the steel surface asmuch as possible, reducing the contact
area of steel with electrolytes. Moreover, the adsorption
strength of inhibitor on metal can be determined from the
binding energy (Ebinding). Form the calculation, the Ebinding of
LHIL is 303.47 kcal mol�1, while the Ebinding of L-histidine is
115.71 kcal mol�1. The higher Ebinding value implies a superior
inhibition efficiency. These results conrm the strong inhibi-
tion ability of prepared LHIL, providing theoretical evidence for
above results.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The inuence of electronic structure of molecules on their
inhibitive performance was analyzed through quantum chem-
ical study. Fig. 5e and f present the optimized structures, the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) for L-histidine and LHIL,
respectively. Generally, the HOMOs of LHIL spread mainly on
the alkyl chain. It is considered that the EHOMO presents the
electron donating ability, whereas the ELOMO value reveals the
electron absorption ability.64 Besides, the reactivity of molecule
can be reected from the energy gap (DE ¼ EHOMO � ELOMO).65

Usually, a lower value denotes a higher inhibition effect. As
expected, the as-prepared LHIL exhibits lower DE value (0.0522
eV) than that of L-histidine (0.1451 eV), demonstrating its
higher inhibitive property. These results are in good agreement
with the electrochemical results.
4. Conclusion

In summary, a novel LHIL has been successfully synthesized,
which acts as a high efficient sustainable corrosion inhibitor for
steel in acid. Comprehensive investigations were performed to
evaluate the inhibitive capability and protection mechanism of
LHIL for mild steel. Electrochemical results indicates that the
LHIL serves as a modest cathodic-type inhibitor and provides
effective inhibition function for steel in 1 M HCl solution. The h
obtained from Tafel curves improves with the increase of LHIL
content, and the h value reaches to 98.8% for 2 mM LHIL aer
1 h. The adsorption of studied LHIL on steel surface obeys the
Langmuir adsorption isotherm, consisting of chemisorption
and physisorption. The imidazole cations interact with the pre-
adsorbed anions (Br� and Cl�) to arrive the steel surface and
then result in the chemical interaction with substrate, which
contributing to the formation of compact protective lm.
Surface evaluation combined with EDS and Raman spectra
analysis persuasively support the speculated mechanism, which
proves that the superior protection performance of LHIL is
achieved by forming a dense and barrier lm. Theoretical
results indicate that the prepared LHIL possesses low DE and
high Ebinding, revealing its strong absorption and superior
inhibition properties.
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