
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 8
:0

0:
29

 P
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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The developmen
aSchool of Material and Chemical Engineeri

Zhengzhou, Henan Province 450007, People

edu.cn
bDepartment of Pharmacy, Logistics Universi

Key Laboratory for Prevention and Contr

Hazard, Tianjin, 300309, China
cZhejiang Sugar Energy Technology Co., Ltd.

A1-6, High-tech Zone, East District, Ningbo,

† Electronic supplementary informa
https://doi.org/10.1039/d3ra08240g

‡ These authors contributed equally to th

Cite this: RSC Adv., 2024, 14, 6848

Received 2nd December 2023
Accepted 18th February 2024

DOI: 10.1039/d3ra08240g

rsc.li/rsc-advances

6848 | RSC Adv., 2024, 14, 6848–68
t of a novel bio-based corrosion
inhibitor: using biomass-derived 5-
hydroxymethylfurfural (5-HMF) as a starting
material†

Kexin Liu,‡a Ping Li,‡a Xia Li,b Wei Zhang,c Jiawei Zou,a Yuan Liu,a Pengyu Li,a

Haitao Cui,a Yu Yang*a and Wenying Ai *a

An environmentally friendly corrosion inhibitor was prepared from the bio-based platform 5-

hydroxymethylfurfural. This corrosion inhibitor was confirmed to be an efficient mixed-type corrosion

inhibitor through a weight loss experiment and electrochemical experiment. Both thermodynamic and

kinetic parameters were calculated and discussed, indicating that the adsorption of this bio-based

inhibitor on a steel surface is a chemisorption process. Moreover, quantum chemical calculations were

performed and further confirmed the formation of an effective productive film of this bio-based inhibitor

on the metal surface. It is worth noting that the synthesis route of this bio-based corrosion inhibitor is

green and environmentally friendly, and does not involve toxic chemical reagents.
Introduction

Biomass is considered to be a unique renewable carbon resource,
which can be generated directly from crop wastes, plant raw
materials, and industrial residues.1 Utilization of biomass sour-
ces for the production of value-added bio-based fuels, chemicals
and polymer precursors has attracted much attention due to its
carbon-neutral properties, and the abundant reserves.2 5-
Hydroxymethylfurfural (5-HMF) is a promising bio-based plat-
form, which is synthesized from biomass, and considered as
a bridge between biomass resources and petrochemical
resources.3 5-HMF has been applied to the formation of various
chemical products,4 such as fuels, perfumes, pharmaceuticals,
agrochemicals, and polymers. In addition, 5-HMF is an excellent
precursor for many valuable monomers (e.g. FDCA, etc.).
Although there have been a lot of reports on the value-added
conversion of 5-HMF, the utilization of 5-HMF in the eld of
metal corrosion protection has not been fully researched.
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Mild steel is widely used in various elds of industry, such as
chemical processing, petroleum production, and marine
applications, due to its excellent mechanical properties.5 Metal
corrosion can result in serious economic losses and safety
hazards to the production, because of the effect of acid picking
and other processes.6 Many strategies have been employed in
these processes to protect metals against corrosion and control
the corrosion rate.7 Among these strategies, the corrosion
inhibitor is considered to be a convenient, green and
environment-friendly method.6

Corrosion inhibitors can be divided into inorganic inhibitors
and organic inhibitors.8 The inorganic inhibitors are usually
displayed high toxicity and harmful to the environment, such as
mercury salt, nitrite,9 and phosphate.10 Compared with inor-
ganic corrosion inhibitors, the organic inhibitors are usually
eco-friendly to the natural environment. Most organic inhibi-
tors contain heteroatoms (nitrogen, oxygen, sulfur and phos-
phorus) with lone pair of electrons and/or aromatic rings with p

electrons.11–13 And these inhibitors are adsorbed on the metallic
surface through interaction to block the active corrosion sites.
Nevertheless, the complex synthetic methods, by-products and
high cost severely limited the application of organic corrosion
inhibitors. Therefore, the development of an environmental
and ecological conscious corrosion inhibitor has become the
research direction in this eld recently.14

Herein, we developed a novel bio-based corrosion inhibitor
(furylalkonium chlorid, compound 1b) originating from 5-HMF
via two steps of organic transformations (Schemes 1 and 2). The
structure skeleton of this bio-based inhibitor contains a quater-
nary ammonium salt substituent, aldehyde, and furyl group,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of this work.

Scheme 2 The synthetic method and structural formula of fur-
ylalkonium chlorid.
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which can adsorb on the metal surface through (1) the electro-
static attraction between the N+ terminal in quaternary ammo-
nium salt and the negative charged metal originating from the
adsorption of chloride anions; (2) unshared electron pairs of the
O atom in furyl ring and aldehyde group with the vacant 3d-
orbital of the Fe atom which leads coordination adsorption of
the bio-based corrosion inhibitor, ultimately forming a dense
hydrophobic lm on the metal surface; (3) the interaction
between the p-electrons of furyl and the vacant d-orbital of iron
atom in the metal. Besides, the long carbon chains of inhibitor
molecules can effectively hinder the corrosion of carbon steel by
corrosive ions due to the hydrophobicity of the long carbon
chains. Corrosion experiments and polarization measurements
on mild steel in 0.5 M HCl solution indicate that the corrosion
inhibitor is an efficient mixed corrosion inhibitor. The polariza-
tion resistance increases with increasing concentration of
corrosion inhibitor furylalkonium chlorid.

Experimental
The synthetic procedure of 5-CMF

The important intermediate 5-CMF was prepared from 5-HMF
(1 g, 8 mmol) through a substitution step. To the solution of 5-
HMF in 1,2-dichloroethane (35 mL), was added con. HCl (20
mL) dropwise at 0 °C. And then the solution was stirred at room
temperature for 12 h. The reaction was quenched by water (100
mL). The organic phase was dried by Na2SO4, and then
concentrated in vacuum to give the crude product 1a, which can
be used directly in the next step.

The synthetic procedure of target product furylalkonium
chlorid

To the solution of 1a (1 g, 772 ml, 7 mmol) in acetonitrile, was
added N,N-dimethylhexadecan-1-amine at room temperature,
© 2024 The Author(s). Published by the Royal Society of Chemistry
and then the reaction was stirred at 80 °C for 1 h. Aer that, the
solution was concentrated directly to generate the crude
product, which was subjected to column chromatography to
give the target bio-based corrosion inhibitor furylalkonium
chlorid (the yield of these two steps is 85%).

Mild steel samples with dimensions 50 mm × 25 mm ×

2 mm were polished with different grades of emery papers
(grade 400-1000-2000). Then the samples were washed with
double-distilled water and anhydrous ethanol. Aer that, the
specimens were dried and weighed before being immersed in
corrosive solutions with different concentrations of corrosion
inhibitor (0 ppm, 1 ppm, 3 ppm, 5 ppm, and 10 ppm) at 303 K,
313 K and 323 K for 4 hours, respectively. Aerwards, the mild
steel samples were washed with distilled water and ethanol.
Finally, the samples were weighed again and dried at room
temperature. We repeated each experiment three times and
then afforded the average value of mass loss before and aer
immersing the mild steel in the corrosive media.
Electrochemical experiment

All the electrochemical experiments described in this paper
were recorded using CHI660E electrochemical instrumentation.
Potentiodynamic polarization measurement and electro-
chemical impedance spectroscopy (EIS) were performed using
a conventional three-electrode system assembly in which
a calomel electrode was used as the reference electrode, a mild
steel electrode covered with epoxy resin (steel with an exposed
area of 0.5 cm2) was used as the working electrode, and a plat-
inum plate was used as the counter electrode. We rst
immersed the working electrodes in the test solution for 3 hours
to produce a stable open-circuit potential. Electrochemical
impedance spectroscopy (EIS) was then performed at the open-
circuit potential (EOCP) using a 10 mv signal across the
frequency range of 100 Hz to 0.01 Hz. Next, potentiodynamic
polarization measurements were performed in the potential
range of ±250 mV vs. EOCP at the scan rate of 1 mV s−1.

The cyclic voltammetry experiments were performed using
a three electrode cell (volume 15 mL) with a Pt plate counter
electrode, glassy carbon working electrode (diameter 5 mm),
and Ag/AgNO3 (0.1 M AgNO3 in CH3CN solution) reference
electrode. In all cases, the CV experiments were conducted in
DMSO containing 0.1 M Bu4NClO4 as supporting electrolyte.
Sample concentration was 10 mM, scan speed 0.1 V s−1. Before
every measurement cycle, the measurement solution was
purged with nitrogen gas for 5 min to remove O2. For each
sample, two CV cycles were collected, and to keep consistency,
only the rst CV cycle was used for further analysis.
Quantum chemical calculation

Quantum chemical calculations were carried out by using
Gaussian 09 and the optimized molecular structure of the bio-
based corrosion inhibitor was generated based on density
functional theory by using a B3LYP-D3 with 6-311 ++ G(d, p). In
addition, we calculated quantum chemical parameters, such as,
EHOMO, ELUMO, and m, which represent the highest occupied
RSC Adv., 2024, 14, 6848–6855 | 6849
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molecular orbital energy, the lowest unoccupied molecular
orbital energy, and the dipole moment, respectively.
Results and discussion
Weight loss experiment

Weight loss experiments were conducted to determine the
corrosion inhibition capacity of the bio-based corrosion inhib-
itor furylalkonium chlorid. The results for mild steel samples in
the 0.5 M HCl solution with and without inhibitor at different
temperatures were displayed in Fig. 1, respectively. The corro-
sion rate (V) and the corrosion inhibition efficiency (h%) of the
mild steel specimens were calculated as follow:

V ¼ 8:76� 104 � DW

s� t� r
(1)

h% ¼ V0 � V

V0

� 100% (2)

where DW denotes the weight loss of the samples before and
aer soaking; s means the total surface area; r represents the
density of the sample (7.85 g cm−3); t is the immersing time;
and V0 and V are the corrosion rates of the specimen in the
corrosive solution without and with inhibitor, respectively.

As depicted in the Fig. 1, the corrosion inhibition efficiency
(h%) of the bio-based corrosion inhibitor decreased with rising
temperature, which could be ascribed to the desorption of
initially adsorbed bio-based inhibitor molecules. And the
corrosion rate of the samples in the inhibited solutions was
slower than that observed in the blank solution, which sug-
gested that the furylalkonium chlorid showed high corrosion
inhibition capacity. Besides, the weight loss experiments of
furylalkonium chlorid were conducted in higher concentration
of corrosive media (1 M HCl) at 303 K for 4 h to determine the
corrosion inhibition capacity again. Evident from these values,
only a very low concentration of compound furylalkonium
chlorid is required to give high efficiency (Table S1†).
Fig. 1 The corrosion inhibition efficiency for the mild steel in 0.5 M
HCl containing different concentrations of inhibitor furylalkonium
chlorid with at 303 K, 313 K and 323 K, respectively.

6850 | RSC Adv., 2024, 14, 6848–6855
Potentiodynamic polarization measurement

The corrosion inhibition ability of the bio-based corrosion
inhibitor furylalkonium chlorid was further investigated by
potentiodynamic polarization measurement. Fig. 2a showed the
potentiodynamic polarization curves of mild steel in 0.5 M HCl
solutions containing different concentrations of inhibitor fur-
ylalkonium chlorid at 303 K. Parameters generated from the
potentiodynamic polarization curves, such as, corrosion poten-
tial (Ecorr), corrosion current density (Icorr), cathodic Tafel slope
(bc), anodic Tafel slope (ba), and corrosion inhibition efficiency
(hTafel%), are listed in Table 1. The corrosion inhibition efficiency
(hTafel%) is calculated by the following expression:

hTafel% ¼ Icorr
0 � Icorr

Icorr
0

� 100% (3)

where I0corr and Icorr represent corrosion current densities
without and with corrosion inhibitor, respectively.

As depicted in Fig. 2a, the addition of bio-based corrosion
inhibitor furylalkonium chlorid caused the decrease of the corro-
sion current density (Icorr), which indicated that the inhibitor fur-
ylalkonium chlorid reduced the corrosion rate of the steel samples
efficiently. This result was attributed to the formation of
a complete and stable adsorption lm on the surface of steel
samples, and the lm hinders the reaction between the corrosive
ions in the acid solution and the surface of mild steel. In addition,
a small positive shi (28.9 mV, less than 85 mV) was observed in
the measurement of the corrosion potential for inhibitor fur-
ylalkonium chlorid. When the shi value of corrosion potential is
greater than 85 mV, the corrosion inhibitor could be classied as
an anode or cathode type inhibitor; and when the value of the
maximum shi in corrosion potential is less than 85 mV,15 the
inhibitor could be considered as amixed-type corrosion inhibitor.15
EIS measurement

Fig. 2b–d give the Nyquist and Bode plots of the tested mild steel
in 0.5 M HCl solution in the absence and presence of corrosion
inhibitor furylalkonium chlorid at 303 K, respectively. As dis-
played in Fig. 2b, the Nyquist plot shows a capacitive loop at high
frequencies (HFs), and the diameter of the HF capacitive loop
increases with the addition of inhibitor concentration, which
indicates that the high inhibition ability of the bio-based corro-
sion inhibitor furylalkonium chlorid. The capacitive loop is
typically related to the charge transfer resistance and the double
layer capacitance.16 The capacitive loops showed as depressed
semicircles, which may be attributed to the frequency dispersion
because of the nonhomogeneity and roughness of the working
electrode surface.17 According to Fig. 2c, the impedance modulus
increased with the inhibitor concentration increasing.

As presented in Fig. 3, the electrical equivalent circuit was
employed to simulate the impedance data of furylalkonium
chlorid. In the circuit, Rs is the solution resistance, Rct is the
charge transfer resistance, and Qdl represents the constant
phase element and can be described as follows:

ZQdl
¼ 1

Y0ðjuÞn (4)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Potentiodynamic polarization curves (a), Nyquist plots (b), and Bode plots (c and d) for mild steel in 0.5 M HCl solution with different
concentrations of furylalkonium chlorid at 303 K.

Table 1 Electrochemical parameters for steel specimens in the 0.5 M HCl solution containing different concentrations of furylalkonium chlorid

C (ppm) Ecorr (V) Icorr (mA cm−2) −bc (mV dec−1) ba (mV dec−1) hTafel (%)

0 −0.5990 1.590 187.8640 203.3347 —
1 −0.5905 0.7513 136.7802 93.6768 52.7
3 −0.5803 0.2569 153.8462 176.5225 83.8
5 −0.5907 0.0806 150.1276 136.3884 94.9
10 −0.5701 0.0451 146.8644 137.5327 99.7
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where Y0 denotes the Qdl constant, j denotes the imaginary
number, u denotes the angular frequency, and n denotes the
phase shi that can be considered as a degree of surface
inhomogeneity.

In addition, the suppression efficiency (hRct%) obtained from
the EIS measurements were calculated as follow:

hRct
% ¼ Rct � Rct

0

Rct

� 100% (5)
Fig. 3 Simulated equivalent circuit.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Herein, Rctand R0
ct are the charge transfer resistance with and

without corrosion inhibitor furylalkonium chlorid
respectively.

Table 2 represents the impedance parameters generated
from electrical equivalent circuits. The results showed that the
addition of inhibitor furylalkonium chlorid increased the values
of Rct compared with the blank solution. And the corrosion
inhibition efficiency (hRct

%) of furylalkonium chlorid at 10 ppm
reaches 99.2%, which suggested that increasing the inhibitor
concentration could promote the formation of productive lms
on metal sample surfaces, thus improving inhibition efficiency.

Surface analysis and water contact angle (WCA)

Fig. 4a and b gives the surface morphologies of mild steel
samples aer corrosion in 0.5 M HCl solution with and without
10 ppm inhibitor furylalkonium chlorid for 4 h at 303 K. The
RSC Adv., 2024, 14, 6848–6855 | 6851
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Table 2 The EIS parameters for mild steel in 0.5 M HCl solution with
different concentration of furylalkonium chlorid at 303 K

C (ppm) Rs (U cm2)

Qdl

Rct (U cm2) hRct (%)Y0 (mF cm−2) n

0 7.679 13.23 × 10−4 0.6940 4.962 —
1 17.91 0.1508 × 10−4 0.6203 13.53 63.3
3 12.79 4.308 × 10−4 0.5478 138.2 96.4
5 6.602 4.038 × 10−4 0.4827 459.3 98.9
10 7.375 5.353 × 10−4 0.4697 658.9 99.2

Fig. 4 SEM images of the sample surface after corrosion in 0.5 M HCl
solution with 10 ppm furylalkonium chlorid (a), and without inhibitor
for 4 h at 303 K (b); WCA images of glass surface (immersed in water)
without inhibitor (c), and with 0.75 M inhibitor (d).
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morphology in Fig. 4b shows a highly damaged surface, char-
acteristic of the corrosion of metal sample in 0.5 M HCl solu-
tion. In the presence of inhibitor furylalkonium chlorid,
a smoother surface is observed, which indicated that the surface
was protected by compound furylalkonium chlorid. In addition,
contact angle measurements were conducted to determine the
degree of wettability of compound furylalkonium chlorid.
According to Fig. 4c and d, the glass substrate that was exposed
to water without inhibitor was observed aWCA of 38.2°. And the
WCA was observed to rise by 80.1° when the glass surface
contained 0.75 M inhibitor furylalkonium chlorid, suggesting
that the glass surface became extremely hydrophobic. This was
caused by the formation of the absorption lm of furylalkonium
chlorid.
Fig. 5 (a) Langmuir adsorption isotherm plots of the inhibitor fur-
ylalkonium chlorid on metal steel surface; (b) curves of DG0

ads/T versus
1/T.
Adsorption isotherms

The adsorption isotherm can provide signicant information
about the inhibition mechanism between the corrosion inhib-
itor molecules and the metal surface. In order to model the
adsorption of corrosion inhibitor furylalkonium chlorid on the
mild steel surface, the Langmuir isotherm equation was used to
t the experimental results of the surface coverage measured by
loss weight experiments. The following equation was used to
calculate the Langmuir isotherm:

C

q
¼ 1

K
þ C (6)
6852 | RSC Adv., 2024, 14, 6848–6855
Herein, C represents the concentration of the corrosion inhib-
itor, q represents the surface coverage of the corrosion inhibitor
molecules and the value of q is equal to the weight loss corro-
sion inhibition efficiency (h%), K represents the adsorption
isotherm constant.

In addition, the corresponding standard free energy
(DG0

ads), enthalpies (DH
0
ads), and entropies (DS0ads) for adsorption

of furylalkonium chlorid on metal surfaces can be generated by
the following expressions, respectively:

DG0
ads = −RT ln (55.5K) (7)

DGads
0

T
¼ DHads

0

T
þ k (8)

DSads
0 ¼ DHads

0 � DGads
0

T
(9)

Herein, T stands for the absolute temperature, the value 55.5 is
the molar concentration of water in the solution, and R stands
for the molar gas constant. The Langmuir isothermogram and
the corresponding thermodynamic parameters are shown in
Fig. 5 and Table 3

The plots of C with C/q show a good linear relationship at
different temperatures as shown in Fig. 5a, indicating that the
adsorption of inhibitor furylalkonium chlorid on mild steel
follows the Langmuir isothermal model. In addition, the
adsorption parameters, including K, DG0

ads, DH
0
ads and DS0ads are

shown in Table 3. The values of K decrease with increasing the
temperature, which indicates that adsorption of inhibitor fur-
ylalkonium chlorid on the metal surface is unfavorable at
higher temperature, and could explain the decrease in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Thermodynamic parameters for the adsorption of furylalkonium chlorid on metal steel

T (K) K (mol−1L) DG0
ads (kJ mol−1) DH0

ads (kJ mol−1) DS0ads (J mol−1 K−1)

303 4.1506 × 106 −48.5064 −63.0584 −48.0262
313 1.1008 × 106 −46.6534 −52.4119
323 0.8911 × 106 −47.5764 −47.9318

Fig. 6 Arrhenius plots (a) and transition state plots (b) for metal steel in
0.5 M HCl solution with different concentrations of furylalkonium
chlorid.

Table 4 Activation parameters for mild steel in 0.5 MHCl solutionwith
different concentrations of furylalkonium chlorid

C (ppm) Ea (kJ mol−1) DHs (kJ mol−1) DSs (kJ mol−1 K−1)

0 43.4002 40.80013 −174.75397
1 87.6674 85.06732 −41.96085
3 73.9497 71.34965 −92.14341
5 56.5101 53.91 −156.27137
10 65.0541 62.45407 −130.42564
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corrosion inhibition efficiency with the increase of temperature.
It is noted the values of DG0

ads are less than −40 kJ mol−1, which
indicated that the adsorption of the corrosion inhibitor fur-
ylalkonium chlorid on themetal surface is chemisorption.18 The
plot ofDG0

ads/T versus 1/T yields a straight line has been depicted
in Fig. 5b. According to eqn (8), the value of DH0

ads is equal to the
slope of the straight line (DG0

ads/T vs. 1/T) and it is less than zero,
which suggested the adsorption of furylalkonium chlorid on the
metal surface is an exothermic process. The values of DS0ads for
inhibitor furylalkonium chlorid are negative, which can be
explained by a decrease of adsorbed molecule's translation
freedom.11

Activation parameters

In order to further investigate the inhibition mechanism of
corrosion inhibitor furylalkonium chlorid, the effect of
temperature on the metal corrosion rate in 0.5 M HCl solutions
with and without inhibitor furylalkonium chlorid was investi-
gated by utilizing the Arrhenius and transition state equations,
respectively:

lnV ¼ � Ea

RT
þ lnA (10)

V ¼
�
RT

Nh

�
exp

�
DSs

R

�
exp

��DHs

RT

�
(11)

where Ea is the apparent activation energy, R is the universal gas
constant, A is the pre-exponential factor, h stands for the
Planck's constant, N is Avogadro's number, V is the corrosion
rate, DSs is the apparent entropy of activation, and DHs is the
apparent enthalpy of activation.

Fig. 6a and b give Arrhenius and transition state plots for
steel samples immersed in 0.5 M HCl solution with and without
inhibitor furylalkonium chlorid, respectively. The obtained
plots are straight lines, therefore, the kinetic parameters, such
as, Ea, DH

s and DSs are calculated based on the slopes and
intercepts of these straight lines, and these results are listed in
Table 4. Obviously, the values of Ea and DHs follow the same
trend in the tested solutions and the values of them in the
inhibited solutions are greater than the values obtained from
blank solution. This result can be explained by the known
thermodynamic equation DHs = Ea − RT. And the values of Ea
in the inhibited solutions are higher than in blank solution,
which suggested that the dissolution of metal samples is slow in
inhibited solution because of the adsorption of inhibitor
molecules.19 In addition, the values of DSs in the inhibited
solutions are greater than blank solution, which indicated that
an increase in disorder occurs during the transition from the
reactant to activated complex in the corrosion process.20
© 2024 The Author(s). Published by the Royal Society of Chemistry
Quantum chemical calculations

Quantum chemical calculations were performed to further
understand the inhibition mechanism of bio-based corrosion
inhibitor furylalkonium chlorid. To evaluate the effect of
solvation, we calculate the HOMO and LUMO energies of fur-
ylalkonium chlorid theoretically in DMSO (PCM model). The
optimized geometric structure and the electron density distri-
bution of HOMO and LUMO for furylalkonium chlorid are
depicted in Fig. 7. The quantum chemical parameters, such as,
EHOMO, ELUMO, and the HOMO–LUMO gap (DE), are given in
Table 5. Based on the frontier molecular orbital theory, the
foundation of the transition state is attributed to a HOMO–
RSC Adv., 2024, 14, 6848–6855 | 6853
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Fig. 7 Optimized geometric structure (a) and the distributions of
HOMO (b) and LUMO (c) for inhibitor furylalkonium chlorid.

Table 5 The HOMO and LUMO energies of furylalkonium chlorid
obtained from CV experiments and DFT quantum chemical
calculations

Method EHOMO (eV) ELUMO (eV) DE (eV)

DFT −6.82 −2.53 4.29
CV −5.32 −3.33 1.99

Fig. 8 Mulliken and NPA charge distribution on bio-based inhibitor
furylalkonium chlorid.
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LUMO interaction of reactants.21,22 As depicted in Fig. 7b and c,
the electron density distribution of HOMO for furylalkonium
chlorid is mainly located on the chloride anion, and that of
LUMO for furylalkonium chlorid is mainly located on the
aldehyde group. Besides, we use cyclic voltammetry experi-
ments to get the real ELUMO and EHOMO to compare with the
theoretical value (Table 5). As the processes involved being
irreversible, the anodic and cathodic peak potential of
compound furylalkonium chlorid were measured separately.
Calculation of HOMO and LUMO energy levels is carried out
according to the oxidation potential and reduction potential
presented in Fig. S10† by using the following equations:23,24

EHOMO = −Eox + E1/2(Fc/Fc
+) − IP(Fc) (12)

ELUMO = −Ered + E1/2(Fc/Fc
+) − IP(Fc) (13)

where Eox is the oxidation onset, Ered is the reduction onset and
E1/2(Fc/Fc

+) is the half-wave potential of ferrocene (0.0555 V).
The energy value of the Fc/Fc+ redox system is assumed to be
IP(Fc) = 4.8 eV below the vacuum level.

As presented in Table 5, there is some deviation in the energy
values of the HOMO and LUMO of inhibitor furylalkonium
chlorid obtained from CV and quantum chemical calculations.
This result may be caused by the cationic feature of inhibitor
furylalkonium chlorid.25 Generally, EHOMO is always associated
with the electron-donating ability of the molecule, and a high
EHOMO value indicates a strong electron-donating ability.26

ELUMO is related to the electron-accepting ability of the mole-
cule, and a low the value of ELUMO signies a high electron-
6854 | RSC Adv., 2024, 14, 6848–6855
accepting ability. And it is studied previously that the low
value of HOMO–LUMO gap DE is responsible for the high
inhibition efficiency.26 Therefore, the most probable adsorption
mode of furylalkonium chlorid, is that, chloride ions are rst
adsorbed on the metal surface, then, the quaternary ammo-
nium salt cation part of furylalkonium chlorid adsorbs on the
steel surface via the electrostatic interaction. The lone pair
electrons of O atoms in furyl ring and aldehyde group might be
transferred to the vacant 3d-orbital of Fe atom to form a coor-
dinate bond. Moreover, the p-electrons of furyl group could also
interact with the vacant 3d-orbital of Fe atom in the mild steel.

This adsorption process can be further conrmed by the
Mulliken and NPA charge distribution of inhibitor fur-
ylalkonium chlorid.27 To evaluate the effect of solvation, the
charge distribution of furylalkonium chlorid was also calcu-
lated theoretically in DMSO (PCM model). In Fig. 8, red part
stands for the negative regions in molecule furylalkonium
chlorid, and green part represents the positive regions. Obvi-
ously, the 5O and 10O atoms of furyl ring and aldehyde groups
in furylalkonium chlorid are negatively charged, which further
proved that the negatively charged 5O and 10O atoms serve as
the electron donors to give their lone pair electrons to the vacant
3d-orbital of Fe atom forming a coordinate bond with the metal
surface. In addition, the NPA charge density of 27Cl atom was
over−0.3 eV, too. Hence, chloride ions of furylalkonium chlorid
are rst adsorbed on the steel surface, and then the absorption
lm could be formed by the electrostatic interaction between
chloride ions and quaternary ammonium salt cation of fur-
ylalkonium chlorid.

Conclusions

Herein, we report the design and synthesis of an environment-
friendly and novel corrosion inhibitor from the bio-based
platform compound 5-hydroxymethylfurfural in this manu-
script. This may become a new research direction for the value-
added utilization of 5-HMF in the eld of energy and green
chemistry. The weight loss experiments, electrochemical
experiments indicated this corrosion inhibitor an efficient
© 2024 The Author(s). Published by the Royal Society of Chemistry
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mixed-type corrosion inhibitor.The adsorption of this bio-based
inhibitor on steel surface was conrmed to be a chemisorption
progress by calculating the thermodynamic and kinetic
parameters. In addition, the quantum chemical calculations
were used to investigate the probable inhibition mechanism of
the bio-based corrosion inhibitor. Notably, the synthetic
method of this bio-based corrosion inhibitor is environment-
friendly, and doesn't involve the use of toxic chemical reagents.
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