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Corrosion Inhibition of Eco-Friendly Agricultural Waste-based
Prinsepia utilis Royle Meal Extract for Cold-Rolled Steel in Acidic
Media: Experimental and Simulation

Liqging Tang,"* Min Tang,"* Ping Zhu,>* Xianghong Li,"** Yun Gao,'? Yi Zhang,"? Yingju Miao>"and Juan Xu'>"*

Abstract

Utilizing agricultural and forestry waste as plant-derived corrosion inhibitors can alleviate resource scarcity and environmental
pollution. In this study, Prinsepia utilis Royle meal extract (PURME) was extracted via 60% ethanol reflux, and its corrosion
inhibition on cold-rolled steel (CRS) in 0.5 M H,S04 and 1.0 M HCl was evaluated through weight loss, electrochemical tests,
FTIR (Fourier Transform Infrared Spectroscopy), LC-MS (Liquid Chromatography-Mass Spectrometry), UV-vis (Ultraviolet-
Visible Spectroscopy), and conductivity measurements. Surface analysis employed XPS (X-ray Photoelectron Spectroscopy),
AFM (Atomic Force Microscopy), contact angle, and TOF-SIMS (Time-of-Flight Secondary lon Mass Spectrometry). The results
demonstrated that PURME achieved inhibition efficiencies of 89.25% in H,SO4 and 91.28% in HCl at 20°C, conforming to the
Langmuir adsorption model. Electrochemical tests revealed PURME as a mixed-type inhibitor with predominant cathodic
inhibition. LC-MS identified key active components, such as chenodeoxycholic acid and linolenic acid, while FTIR, XPS, and
TOF-SIMS confirmed the adsorption of functional groups (-C-N, -C-O, -OH) onto CRS surfaces. AFM and contact angle
measurements further validated PURME's corrosion inhibition efficacy. Computational analyses (QC (quantum chemical)
calculations and MD (molecular dynamics) simulations) revealed that reactive sites were primarily localized on -COOH, -OH,
and C=C groups, elucidating the adsorption mechanism. These findings systematically highlight PURME's potential as an eco-
friendly corrosion inhibitor in acidic environments.
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1. Introduction corrosiveness of acids, the cleaning process often results in the

One of the most widely used and abundant metals in the world
is steel.l'l According to reliable estimates, global steel demand
will reach approximately 1.8 billion tons by 2025.0
Immersion treatment of uncorroded steel in passivation
solution is a common means of corrosion prevention. As for
the corroded steel, if not addressed in time, the corrosion will
further corrode the substrate and cause more serious damage.
Pickling is the key method of rust removal.) HSO4 and HCI,
which are stable and affordable, are still the most widely used
pickling solutions in industry.>*! However, due to the inherent
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undesirable "over-etching" of the metal substrate while
removing surface rust. Adding corrosion inhibitors can
effectively mitigate this issue, preventing the metal material
from being excessively corroded during the pickling process.!”!

Traditional inorganic inhibitors demonstrate remarkable
effectiveness in protecting various metallic materials.
However, these substances typically contain heavy metals,
rendering them highly toxic and poorly biodegradable. For
example, chromate-based inhibitors exhibit outstanding
corrosion inhibition performance and broad applicability.
However, their high water solubility and strong mobility result
in persistent environmental retention after discharge, posing
severe threats to ecosystems, human health, and animal
welfare. Notably, hexavalent chromium (Cr¢"), classified as a
Group 1 carcinogen by the International Agency for Research
on Cancer (IARC), may induce lung cancer, sinus cancer, and
other malignancies upon chronic exposure.®! As societal
awareness of environmental protection grows, regulatory
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agencies have imposed strict limits on the use and emissions
of such inhibitors, significantly restricting their applications.
Plant-extracted inhibitors demonstrate unique advantages over
synthetic counterparts in organic corrosion inhibitor systems.
Their extraction processes typically follow green chemistry
principles, utilizing mild physical methods such as room-
temperature maceration, solvothermal reflux, and ultrasound-
assisted extraction for efficient active component enrichment.
This preparation strategy avoids the harsh reaction conditions
and high energy consumption of complex organic synthesis
while significantly reducing material and equipment costs. [*!7]
From a sustainability perspective, plant extracts exhibit
exceptional diversity and renewability. Various plant biomass
organs-including stems, leaves, fruits, and peels-can serve as
extraction sources.

Many of them have been recognized as effective, including
Mikania micranth,""V  Eupatorium Adenophora (Spreng.)
leaves,'?l White turnip bark,['3 spinach,'"¥ maple leaves,!']
reed leaves,!'%! Sunflower head pectin,!'” blackberry leaves,!'®!
Rheum ribes leaves,!' Combined clove,?” Dendrocalamus
brandisii leaves,?'! Locust Bean Gum,*? etc. among others.
This "whole-plant utilization" approach significantly expands
the range of potential raw materials while providing a viable
pathway for the value-added utilization of agricultural
byproducts. Amino acids, tannins, phenolics, glycosides and
others in extracts play a critical role in corrosion inhibition.!?*!
These phytochemicals exhibit strong adsorption onto metal
surfaces via electron-rich sites, heterocyclic structures. Their
polar functional groups contribute significantly to stable
adsorption on metal surfaces, providing effective and
sustainable corrosion protection.?* Current research primarily
focuses on employing agricultural and forestry waste as
feedstock for plant-based corrosion inhibitors. This strategy
not only adds economic value to waste materials but also
mitigates environmental pollution associated with waste
disposal.

Prinsepia utilis Royle is a perennial shrub of the Rosaceae
family that has been used in China for thousands of years. It is
mainly found at high altitudes.?’! It is a valuable oil plant and
Printespia utilis Royle oil is widely used in medicine, food,
skin care and health care products. A by-product of the
Prinsepia utilis Royle oil extraction process is meal, but so far
it has not been effectively utilized.?! With 0.8 kg of the oil
meal obtained for every 1 kg of Prinsepia utilis Royle that is
pressed for oil.?”’ However, for a long time, this by-product
was either returned to the soil as fertilizer or discarded,
resulting in a serious waste of valuable resources. It contains
a large number of fatty acids and other substances containing
unsaturated polar groups, and it can be assumed that it has a
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good corrosion inhibition effect.?$]

To systematically manage this abundant oil meal resource,
we propose for the first time the use of PURME as a novel
corrosion inhibitor in acidic media (H.SOs and HCI),
investigating its protective effects on cold-rolled steel. The
active constituents of PURME were characterized by LC-MS
and FTIR techniques. Preliminary evaluation of its corrosion
inhibition performance was conducted through weight loss
measurements and electrochemical analyses, with further
validation via advanced characterization methods including
AFM, XPS, TOF-SIMS and contact angle measurements. By
subjecting the active ingredients to QC calculations and MD
simulations, and synergistically combining experimental
characterization with theoretical calculations, we have
systematically elucidated the mechanistic basis of the
corrosion inhibition behavior of PURME.

2. Experimental process

2.1 Materials and solutions

CRS (0.8 mm thickness, Panzhihua Steel Plant) samples were
sequentially polished using 60 to 2000-mesh abrasive paper
and sectioned into 25 mm x 20 mm specimens prior to testing.

2.2 Preparation and compositional analysis of PURME

The preparation procedure is shown in Fig. 1. After drying and
crushing PURM, ultrasonic assisted extraction was performed
twice with 60% ethanol solution at 50 °C for 30 min each time.
The filtrate was filtered and combined, then concentrated and
lyophilized to obtain PURME, which is brownish green in
color and viscous, easily soluble in water. The extraction yield

of PURME was 20.2 %.
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Fig. 1: PURME extraction flowchart.

LC-MS (WatersADC, USA) was used to analyzed the main
components of PURME. FTIR (AVATAR-FTIR-360, USA)
was employed to identify the functional groups. For FTIR
analysis, the samples were homogenously mixed with KBr
powder at a ratio of 1:100.

2.3 Analysis of solution properties

The conductivity and UV-vis absorption curves were tested by
conductivity meter (PE38, Shanghai) and ultraviolet-visible
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spectrometer (UNICO UV-2800A, Shanghai). The reference
solution was prepared using distilled water as the solvent, and
UV-Vis spectral measurements were performed across the
wavelength range of 190-400 nm.

2.4 Surface test of CRS

XPS (K-Alphat) and AFM (Bruker Dimension Icon,
Germany), contact angle (Dataphysics OCA20, Germany),
and TOF-SIMS (PHI nano TOFII, Japan) were used for
surface analysis.

2.5 Weight loss method

At a certain temperature, the precisely weighed CRS was
immersed in 0.5 M H2SO4 or 1 M HCI media containing
various concentrations of PURME. After 6 hours, the CRS was
taken out, the surface corrosion products were removed, the
specimen was dried and weighed. The results were replicated
three times to minimize experimental errors.

2.6 Electrochemical test

Electrochemical tests were carried out at 20 °C (CHI760E,
Shanghai). First, the open-circuit potentials (OCP) were
measured for 30 min to ensure potential stability.
Electrochemical impedance spectroscopy (EIS) was measured
in the frequency range from 102 to 10° Hz. Tafel polarization
measurements were carried out within a potential window of
+250 mV relative to the OCP.

2.7 Theoretical calculation

A systematic molecular optimization of chenodeoxycholic
acid, linolenic acid, and their respective protonated forms was
carried out using the DMol3 module of Materials Studio 7.0
software. Subsequently, the frontier molecular orbitals and
Fukui functions were calculated, and the local reaction sites of
these molecules were analyzed. MD simulations were
performed in the Discover module of the software. The
adsorption of the aforementioned molecules on the Fe(110)
surface was studied with water as the solvent at a reaction
temperature of 298 K. The entire simulation was conducted
under the COMPASS 11 force field and NVT ensemble, with a
time step of 1.0 fs and a total simulation time of 1000 ps.123

3. Results and discussion

3.1 Component analysis

Plants contain many chemical components, and clarification
of their active ingredients facilitates in-depth discussion of
corrosion inhibition properties and mechanisms.

Fig. 2(a) presents the positive and negative ion scans
obtained from the LC-MS analysis of PURME. Comparative
database analysis identified the presence of significant
quantities of sanleng acid, chenodeoxycholic acid,
procyanidin B3, ganoderic acid H, linolenic acid, citric acid,
dibutyl sebacate, and malvalic acid in the extract and the
molecular structures are illustrated in Fig. 2(b).

Fig. 2(c) displays the FTIR spectra of PURME. The
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prominent absorption band observed at 3356 cm™! is attributed
to the stretching vibrations of N-H/O-H groups. The sharp
absorption band at 2927 cm! arises from the C-H stretching
vibrations. Additionally, the absorption band at 1605 cm™! is
likely associated with the stretching vibrations of C=0 or C=C
functional groups.B! The stretching vibration at 1405 cm™! is
caused by -CHj3. There is a distinct absorption band at 1035
cm™! which can be attributed to the stretching vibration of the
-C-O- bond.? The absorption bands observed below 1000 cm
I are attributed to the substitution fingerprint regions of
benzene or heteroaromatic rings. These functional groups
suggest that the compounds in PURME contain polar groups
with a significant number of lone pair electrons.

3.2 Properties of corrosion inhibition solution and UV
analysis

The conductivity was measured under different experimental
conditions. Conductivity reflects a solution's ability to transfer
electric current, where a higher degree of ion dissociation
corresponds to increased conductivity and improved charge
transfer properties. Fig. 2(d) shows the conductivity values of
the corrosion inhibitor solution under various conditions,
following the trend of x (PURME+HCI)> «
(PURME+HCHCRS) > «x (PURME+H,SO4) > «
(PURME+H2SO4+CRS) > ¥ (PURME). The plant-derived
PURME extract is inherently difficult to ionize, exhibiting
near-zero conductivity. However, PURME can combine with
H* ions in solution to form positively charged PURMEH**
cations, which subsequently associate with anions such as
SO4*/Cl. Weight loss measurements demonstrate that
hydrochloric acid exhibits weaker corrosivity toward cold-
rolled steel (CRS) than sulfuric acid, while PURME shows
comparable inhibition efficiency in both acidic media. This
observation indicates preferential interaction between
PURMEH*" and SO4*, which satisfactorily explains why «
(PURME+HCI)>x (PURME+H,S04). Post-corrosion, the
generated FeSO4 and FeCl, adsorb onto the CRS surface,
reducing their concentrations in the liquid phase. At the same
time, the adsorption of PURME on the metal surface further
suppresses corrosion reactions. Consequently, the solution
conductivity shows a slight decrease after reaction and
remains virtually unchanged with increasing PURME
concentration.

Fig. 2(e) presents the UV-Vis spectral curves under
different conditions. Without PURME addition, comparison of
the spectra before and after the CRS corrosion reveals a
significant red shift in the maximum absorption peak along
with increased absorbance. Upon PURME addition, distinct
absorption peaks emerge at 318 nm (in H>SO4) and 310 nm (in
HCI), corresponding to the n-n* transition of C=N bonds. The
red shift phenomenon becomes markedly enhanced following
PURME addition and subsequent reaction with CRS. This
pronounced spectral shift, accompanied by elevated
absorbance, is principally attributed to intermolecular
interactions and steric hindrance effects arising from molecu-
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Fig. 2: Total ion current diagram of PURME by LC-MS (a) and the main chemical compounds in PURME (b), FTIR spectra of
PURME(c), the relationships between electrical conductivity with PURME concentration at 20 °C (d) and UV-vis absorption curves

(e).

lar-level structural modifications. These experimental
observations demonstrate that specific PURME-CRS
interactions  significantly influence optical properties,
reflecting substantial alterations in both electronic

environment and molecular configuration.

3.3 Weight loss method
The corresponding corrosion rate (v) and inhibition efficiency
(nw) were calculated according to Eq. (1) and (2),B"
respectively.
_ (D
VTS xt
where W is the difference in quality of CRS before and after
reaction (g), S is the reaction area (m?), and t is the immersion
time (h).
Vo
Vo

Z X 100% 2)

Nw =

where vy and v are corrosion rates (g-m2-h’") in both acidic
environments without and with PURME.

As shown in Fig. 3(a) and 3(b), the corrosion rate and
inhibition efficiency were measured in 0.5 M H2SOa4 and 1.0
M HCI solutions containing different concentrations of
PURME. The corrosion rate in both acidic media increases
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significantly with temperature elevation from 20 to 50°C,
reaching maximum values of 76.61 and 52.99 g-m?2-h',
respectively. This temperature-dependent acceleration of
corrosion can be attributed to enhanced molecular thermal
motion, which promotes metal dissolution. With PURME
addition, the corrosion rate decreases progressively, showing
a concentration-dependent inhibition effect. The maximum
inhibition efficiencies of 89.25% (H2SO4) and 91.28% (HCI)

were achieved at 20°C with 200 mg L' PURME
concentration.

3.4 Adsorption isotherm

The Langmuir,” Freundlich® and Temkin®* adsorption

isotherms were employed to fit the adsorption behavior of
PURME on the surface of CRS in two solutions, and the
empirical equations are shown in Eq. (3-5), respectively. The
relevant values obtained are listed in Table 1.

The Langmuir adsorption models are presented in Fig. 4(al)
and 4(b1), respectively. In the H2SO4 medium, both the slopes
of the linear correlation coefficients and the fitted regression
lines approach unity more closely at lower temperatures,
indicating enhanced PURME adsorption under
conditions. With increasing temperature, the intermolecular

these
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Fig. 3: Corrosion rate and inhibition efficiency in 0.5 M H,SO4 (a) and 1 M HCI (b) containing different concentrations of PURME.

repulsive forces on the CRS surface intensify, causing the
slopes of both the correlation coefficients and regression lines
approach unity more closely at lower temperatures, indicating
enhanced PURME adsorption under these conditions. With
increasing temperature, the intermolecular repulsive forces on
the CRS surface intensify, causing the slopes of both the
correlation coefficients and regression lines to deviate
progressively from unity.l**! However, Fig. 4(b1) shows that in
HCI, PURME adsorption follows the Langmuir adsorption
isotherm at any temperature The Freundlich adsorption
models are shown in Fig. 4(a2) and 4(b2), respectively. When
0<n<1, corrosion inhibitors can be adsorbed on metal surfaces
more readily. When »>1, adsorption is more difficult.*®) The
values of n are less than 1 except at 50 °C in sulfuric acid,
which indicates that the low temperature can be favorable for
adsorption. The Temkin adsorption models are shown in Fig.
4(a3) and (b3), respectively, in which fis greater than 0, which
indicates that the corrosion inhibitor molecules are repulsive
to each other.”

Whether in H>SOs or HCI solution, the adsorption
equilibrium constants (K), obtained from these three
adsorption models, show a tendency of decreasing gradually
with increasing temperature, indicating that PURME can
adsorb better at low temperatures and show better corrosion
inhibition performance.”
1
=—=+cC

¢ 3
7 % (3)

In6 = InK + ninc

o= (B + (B

3.5 Corrosion kinetic of PURME on CRS's surface

The corrosion behavior can be effectively described by both
the Arrhenius equation and transition state theory, with the
corresponding mathematical expressions presented as follows

“)

®)
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Eq. (6-7)38%:

v = —2 4 1A
nv—ﬁ n

v R AS, AH,
In(7) = In (Nh) TR TRT
Ea is the apparent activation energy (kJ-mol'), 4 is the index
factor (g-(m?-h)'"). AH, is activation enthalpy (kJ-mol'), AS,
is activation entropy (J:(mol-K)™), N is Avogadro's constant
(6.02x10%* mol ™), and # is Planck's constant (6.626x10-3 J-s).
Fig. 4 (a4, a5) and 4 (b4, b5) show the fitted plots of the
two. The fitted equations demonstrate excellent linear
correlations in both acidic media, as evidenced by correlation
coefficients approaching 1. The resulting variation curves for
the corrosion kinetic parameters (Ea-c, Ind-c, AHa-c, ASa-c)
are presented in Fig. 4a(6) and 4b(6). The observed Fa values
increase first, which suggests that PURME adsorbs first on the
surface of the steel sheet by electrostatic action, i.e., physical
adsorption.?*) Subsequent decrease in Fa value indicates
chemisorption at the metal-solution interface.

A is related to the number of active sites, the greater the
density of active sites, the higher the frequency of collisions.
In both acidic media, In4 maintains near-constant values,
demonstrating that 4 remains essentially unchanged. This
observation suggests that the surface density of active sites on
CRS remains largely unaffected following the introduction of
PURME, indicating that the inhibitor's primary mechanism
does not involve significant alteration of the surface active site
distribution® AH, confirms the endothermic nature of the
corrosion process, demonstrating that significant thermal
energy absorption from the surrounding environment is
required for the reaction to proceed. Notably, AS, exhibits a
characteristic transition: initially negative, gradually
increasing to positive values, and subsequently returning to
negative values. This behavior reflects the system's initial low
degree of freedom, followed by increased disorder as PURME
molecules compete with corrosion species for surface active
sites. As the adsorption process progresses, the system reaches

(6)

0
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Fig. 4: The Langmuir (1), Freundlich (2) and Temkin adsorption isotherm (3), corrosion rate related Arrhenius (4) and transition state
(5) fitting lines and curves of the corrosion kinetic parameters (6) in 0.5 M H,SO4 (a)and in 1 M HCI (b).

Table 1: The parameters of the fitted straight line.

Langmuir Freundlich Temkin
Acid T (°C)
slope K n K f K

20 1.029 0.055 0.243 0.456 1.073 12.141

30 0.818 0.013 0.599 0.153 0.999 0.985
H2S04

40 0.871 0.010 0.554 0.145 0.997 0.944

50 -0.088 0.004 1.049 0.034 0.929 0.450

20 1.053 0.110 0.133 0.632 1.610 1.982

30 1.014 0.053 0.264 0.438 2.508 1.637
HCl

40 0.969 0.032 0.355 0.330 3.880 1.387

50 0.806 0.017 0.520 0.205 19.531 1.073
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surface saturation, resulting in decreased disorder, as
evidenced by the final negative AS, values.

3.6 Analysis of kinetic potential polarization curves

In order to clarify the electrochemical mechanism, kinetic
potential polarization curves were systematically analyzed.
Fig. 5a(1) and 5b(1) illustrate the kinetic potential polarization
curves obtained for various concentrations of PURME in
acidic solutions at 20 °C. Tafel curves indicate that the
corrosion current density gradually decreases as the
concentration of PURME increases, and this decrease is more
significant in the cathodic region under both acidic
environments. In addition, the cathodic polarization curves
remain basically parallel to those of the blank solution, with
their slopes remaining essentially unchanged, and there is
clearly a well-defined Tafel region, indicating that the
corrosion mechanism has not been altered.*’!

It is noteworthy that in HCI solution, the anodic Tafel curve
exhibits a distinct morphological change at elevated
concentrations of the corrosion inhibitor. Generally, this curve
can be divided between adsorption part, adsorption plateau
part and desorption part,[*? but the concentration of PURME
is larger, so the adsorption plateau part is not very obvious. In
the adsorption part, as the electrode potential and corrosion
current density increase, a substantial number of PURME
molecules adsorb onto the electrode surface, thereby impeding
the anodic dissolution process of the CRS electrode. Upon
reaching a critical corrosion potential of -0.26 V, complete
desorption of PURME molecules from the electrode surface
occurs. Beyond this threshold potential, the anodic
polarization curve exhibits near-complete overlap with the
blank solution, demonstrating the absence of corrosion
inhibition effects. In contrast, when PURME's concentration
is 20 mg'L!, no distinct characteristic sections appear,
suggesting that at lower concentrations, the adsorption
equilibrium of PURME in HCl solution is not disrupted by the
adsorption-desorption process. As summarized in Table 2, icorr
shows a concentration-dependent decrease, declining from
401 to 19 pA-cm? in HoSO4 and from 741 to 60 pA-cm™ in
HCI solutions with increasing PURME concentration. The
inhibition efficiency (7,) derived from polarization curve
analysis, calculated using Eq. (8),1* yields values of 95.3%
and 91.9% in the respective acidic media. These quantitative
results demonstrate that PURME exhibits enhanced corrosion
inhibition performance at elevated concentrations. In both
acidic environments, the absolute value of the corrosion
potential difference E is less than 85mv, this suggests that
PURME is a hybrid corrosion inhibitor that mainly inhibits
cathodic reactions.*

Some scholars have proposed to use the anodic reaction
coefficient (f;) and the cathodic reaction coefficient (f)** to
express the effect of corrosion inhibitors on the cathodic and
anodic reactions of the corrosion process, and these two
coefficients are calculated by Eq. (9,10).14 In H>SO4 solution,
at PURME concentrations of 0, 20, and 100 mg-L™!, both f;
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and f; < 1, suggesting that the electrochemical mechanism at
this time was activity blocking at PURME concentrations of
200 mg-L!, o >1 and f; <1 indicate that the cathodic
mechanism remains unchanged, but the anodic mechanism is
mainly electrocatalytic, which means that the corrosion
inhibitor promotes the cathodic reaction at this potential. At f,
and f; <I in HCI solution, the electrochemical mechanism is
active site blocking.!*”

The polarization resistance (Rp) was calculated according
to Eq. (11).441 In both acidic environments, the Rp
demonstrated a progressive increase. It is demonstrated that as
the concentration of PURME increases, the surface adsorption
film layer will become thicker, and the protection of the metal
will be more thorough.

i —i i
np = corr(O? corr(inh) % 100% (8)
1corlr(o)
_ iicrtl)ll!r E:(c)orr — Eicrtl)lllr )
f, = = exp b
leorr a
£ = <iicrc1)111r> Eicrcl)}l}r — Eé)orr (10)
c=\| ex
leorr b,
Ro = bab. (11)
P 2303100, (by + bo)

Where icor0) and icorginnyare the corrosion current densities
without and with PURME, respectively.

3.7 EIS analysis

Fig. 5(a2) and Fig. (b2) show the EIS measurements for two
acidic solutions containing different concentrations of
PURME. The Nyquist plots in both systems consistently
display a single capacitive semicircle, with their characteristic
shapes remaining essentially unaltered. This indicates that the
electrochemical corrosion process in both acidic media is
primarily dictated by the charge-transfer at the electrode-
electrolyte interface. Even with the incorporation of PURME,
the fundamental corrosion mechanism remains unaltered,
indicating that the inhibitor primarily functions through
surface adsorption rather than altering the intrinsic corrosion
pathway.

The capacitance arc is not a perfect semicircle, can be
attributed to several factors including surface roughness-
induced diffusion effects, non-uniform  adsorption
distribution.® and heterogeneous diffusion processes
occurring during the progressive metal corrosion.’!l In the
absence of PURME, the Nyquist plot in H>SOj4 solution
exhibits a significantly smaller radius compared to that
observed in HCIl solution, indicating that the working
electrode undergoes more severe corrosion in H2SOj4 solution.
Fig. 5(a3) and Fig. 5(b3) present the Bode plots. From these
plots, it is evident that as the PURME concentration increases,
the absolute modulus values in the low-frequency region also
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Fig. 5: Potential dynamic polarization curves (1) Nyquist plots (2) Bode plots (3) for CRS in 0.5 M H2SO4 (a)and in 1 M HCI (b)
with different concentrations of PURME at 20 °C. The corresponding equivalent circuit graphs (c), inhibition efficiency (d).

Table 2: Potential dynamic polarization parameters.

PURME  Eeor corr -be ba Ry o Sl
Acid

(mg'L) (mVvs.SCE) (pA-cm?) (mV-dec!) (mV-dec!) Qem? - - - (%)

0 -504 401 134 171 81.4 - - - -

20 -492 155 161 172 233.0 036 0.83 229 613
H2SO04

100 -480 47 131 62 388.8  0.08 0.97 1224 883

200 -480 19 125 52 8393 0.03 1.02 3427 953

0 -420 741 115 101 31.5 - - - -

20 -403 430 139 94 56.6 037 0.77 2.11 41.9
nd 100 -400 88 109 68 206.6  0.05 0.99 2099 88.1

200 -397 60 109 67 3003  0.03 0.99 32.70 919
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increase, suggesting that the corrosion inhibition effect of
PURME improves with concentration. The phase angle plots
show a distinct phase peak in the mid-frequency range (log =
2-4), indicating that there is a time constant in the EIS.[*?

The equivalent circuit diagram Ry(QR«(LRv)),1>! (Fig. 5(c1))
was used to fit the EIS data for the 200 mg-L-! PURME
concentration in sulfuric acid, while (Rs(QR)"** (Fig. 5(c2))
was used for the other concentrations. R;is solution resistance,
R: is charge-transfer resistance, Q is constant phase angle
element, and L is inductor, which is related to the inductive
behavior in the circuit. The relevant data are presented in
Table 3. The fitted chi-square (¥?) value is small,’) which
indicates that the chosen fitted circuit diagram fits the
experimental data very well. R{'s value increases gradually
with PURME's concentration. R; increases from 7.4 Q-cm? to
56.7 Q-cm? in H,SO4 and 47.8 Q-cm? to 302.8 Q-cm? in HC],
showing that the charge transfer process is effectively impeded.
Calculated from Eq. (12),59 the corrosion inhibition
efficiency(#r) is the highest among these two acids at 86.1%
and 90.8%, respectively.

_ Reinn) — R

'® » 100%

R
Ri(inn)

(12)

Ry0) and Ryinn) are the charge transfer resistances without and
with PURME, respectively.

Using Eq. (13)57 to calculate the double-layer capacitance
(Car). According to Eq. (14),59 Cq is related to the protective
film thickness.

Cq=Q X (znfmax)n_l (13)
fmax denotes the maximum eigenfrequency (Hz) on the
imaginary axis of the Nyquist spectrum.

g%

PR

Ca (14)
where € is vacuum dielectric constant,?” ¢ is double layer
dielectric constant, d is the protective film thickness, and S is
the effective surface area of the electrode. The results
indicated that Cgq decreases with increasing PURME
concentration. With the addition of PURME, a protective film
forms on the surface of CRS, replacing adsorbed water
molecules. With the increase of the concentration of PURME,
the growth of the protective film will correspondingly reduce
the surface area of the working electrode exposed to the
corrosive medium, thus significantly inhibiting corrosion.

3.8 XPS surface analysis
The XPS profile of CRS in H,SO4 and HCI media is shown in
Fig. 6. The presence of O 1s, N 1s, and C Is peaks from
PURME in the full spectrum proves it is adsorbed on CRS's
surface.

Fig. 6(a2) and 6(b2) presents the Fe 2p spectrum. Two
distinct peaks were observed in both acid media, one peak
corresponding to the 2p*? XPS energy spectrum of iron at
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711.0 eV and the other to the 2p"? XPS energy spectrum of
iron at 724.7 eV. But in the sulfuric acid, the peaks with
binding energies of 710.6, 712.3, 718.8, and 725.1 eV
correspond to Fe)Os, FeSOs4, FeO, and Fe(H,0),5¥
respectively. And in HCl medium, The peaks with binding
energies of 711.4, 713.8, 724.3, and 726.2 eV correspond to
Fe,0s, FeCl;, FeOOH, and Fe(H20), respectively. Among
them, Fe;Os3, FeO, FeOOH, and Fe(H,O) may be the
substances generated from the combination of CRS surface
with water and oxygen, and FeSO4 and FeCls are the corrosion
products in acid medium, respectively.

The spectra of C 1s and O 1s are shown in Fig. 6(a3, b3)
and (a4, b4), respectively. The spectra of C 1s and O 1s in these
two acidic media appeared almost the same results. In the
carbon spectra, the peaks with binding energies of 284.8,
286.2, and 288.4 eV corresponded to C-C/C-H, C-OH/C-O-C,
and C-0,*? respectively. In the oxygen spectra, the peaks with
binding energies of 529, and 531 eV corresponded to the
substances of metal oxides and oxygen in adsorbed water.>¢01,

The spectra of N 1s are shown in Fig. 6(a5, b5). As can
be seen from the figure, the peaks with binding energies of
399.8 and 400.4 eV in H>SO4 medium correspond to C-N and
C-N7, respectively; the peak with binding energy of 399.9 eV
in HCI medium corresponds to C-N.1'l From the above XPS
spectra. There are functional groups such as C-C/C-H, C-
OH/C-O-C, C-0O, C-N on CRS.

3.9 Contact angle, AFM and TOF-SIMS analysis
The upper left corner of Fig. 7 (al-e1) shows the contact angle
plots obtained by testing CRS under different conditions The
freshly polished steel sheet exhibits a contact angle of 79.61°,
indicating good hydrophilicity and ease of wettability. Upon
immersion in pure acids, the contact angle decreases to 61.58°
and 75.46°, respectively. This reduction signifies enhanced
hydrophilicity of the surface, making it more susceptible to
further corrosion in the acidic medium. However, when 200
mg' L' PURME is added, the contact angle increases
significantly to 105.39° and 125.20°, respectively. The notable
increase in contact angle values unambiguously demonstrates
that PURME efficiently establishes a physical barrier. This
barrier enhances the hydrophobicity of the surface while
preventing corrosive liquids from coming into direct contact
with the CRS.[®

AFM, as a powerful surface characterization technique,
has been extensively employed for microstructural analysis
and surface roughness quantification of various materials. Fig.
7(a) presents the 3D-AFM topography of the CRS surface
immediately following the polishing process, demonstrating a
relatively uniform surface morphology with characteristic
polishing-induced striations. Fig. 7(b) and (c), as well as (d)
and (e), depict the 3D-AFM images of CRS immersed in
H,SO4 and HCI media, with and without 200 mg L' PURME
at 20 °C respectively. The images illustrate significant surface
corrosion in both acid media, characterized by pronounced
undulations. However, after the addition of PURME, the CRS
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Table 3: EIS fitted parameters.

PURME Rs Rt 0 finax L RL Cal 1R
Acid n X2
(mg/L) (Q-cm?) (Qem?) (uQ'S*cm?) (Hz) H (Q-em?)  (uF/cm?) (%)
0 2.3 0.9043 7.4 446 98 - - 241.3 5.7x1073 -
20 2.0 0.8913 14.6 310 68 - - 160.5 3.2x1073 49.2
H2S04
100 2.0 0.9026 27.6 209 46 - - 120.3 2.8x1073 73.1
200 2.1 0.8936 56.7 124 38 1998 855.7 69.2 1.8x1073 86.1
0 1.12 0.8330 279 355 38 - - 142.3 1.1x1072 -
20 1.16 0.8262 49.6 347 21 - - 148.5 9.9x1073 43.7
HC1
100 1.01 0.8270 178.4 186 10 - - 90.9 1.6x1072 84.3
200 1.07 0.8240 302.8 175 6 - - 92.4 1.2x1072 90.8
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Fig. 6: XPS analysis for CRS surface exposed to in 0.5 M H,SO; (a)and in 1 M HCI (b) with 200 mg-L'"PURME at 20 °C.
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Polished

H,S0,

H,S0,+PURME

HCl

HCIHPURME

Fig. 7: AFM 3D micrographs and contact angle (1) (2) of CRS specimens: (a) Polished; (b) after immersion in 0.5M H,SOj4 solution;
(c) after immersion in 0.5M H>SOy4 solution with 200 mg L' PURME; (d) after immersion in 1M HCI solution; (¢) after immersion

in 1M HCI solution with 200 mg L' PURME;

Table 4: The AFM roughness parameters of CRS surface.

R¢/nm Ra/nm Rmax/nm
Before immersion 19.5 15.1 180
H2S04 189 152 1411
H2SO4+PURME 118 97.1 750
HCl 91.6 71.6 832
HCI+PURME 40.4 31.8 302
surface immediately following the polishing process,

demonstrating a relatively uniform surface morphology with
characteristic polishing-induced striations. Fig. 7(b) and (c),
as well as (d) and (e), depict the 3D-AFM images of CRS
immersed in H>SO4 and HCI media, with and without 200 mg
L' PURME at 20 °C respectively. The images illustrate
significant surface corrosion in both acid media, characterized
by pronounced undulations. However, after the addition of
PURME, the CRS surface became noticeably smoother, with
reduced undulations, demonstrating the effective corrosion
inhibition provided by PURME.[*)] Table 4 presents surface
roughness parameters obtained from AFM measurements
These parameters serve as important indicators for assessing
the degree of corrosion on metal surfaces. A smaller surface
roughness value suggests a more even and smoother surface.
After the addition of PURME, all surface roughness
parameters are significantly reduced, indicating that PURME
effectively inhibits corrosion on the CRS surface.

Fig. 8 shows the mass spectra and corresponding images of
CRS surface fragments in both H>SO4 and HCI, respectively.
As can be seen from the test results, a large number of O, N, P
heteroatoms were detected in these fragments, indicating that
PURME can combine with Fe to form complexes adsorbed on
the surface. Ionic fragments such as -CHs, -C,Hs, -CsHs, -
C4Hs, -C4Ho, -CsHs were also detected, suggesting that there
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are unsaturated functional groups such as alkyl, olefinic and
aromatic groups in PURME®S! The presence of these
heteroatoms and unsaturated functional groups further
confirms that PURME can inhibit corrosion by adsorbing
uniformly and in large quantities to form adsorbent films on
surfaces.[3

3.10 Quantum chemical calculations of chenodeoxycholic
acid and linolenic acid

QC is used to further calculate and analyze the adsorption
mechanism of these two substances. Combined with the
literature and LC-MS results, chenodeoxycholic acid and
linolenic acid are selected to carry out QC and molecular
dynamics simulation studies on these two substances. Given
that both H>SO; and HCI represent strongly acidic
environments, it is essential to consider the protonation effects
on corrosion inhibitor molecules and their subsequent
influence on inhibition efficiency. Fig. 9 is a plot of the results
of QC calculations for chenodeoxycholic acid and linolenic
acids and their protonated molecules. Chenodeoxycholic acid
before and after the protonation of HOMO are in the ring,
while LUMO is in the carboxyl group in the tail of the
molecule. Linolenic acid before and after the protonation of
HOMO are in the C = C, while LUMO is in the -COOH,
indicating that the C-C, C = C, -COOH can accept Fe's
electrons to form a metal feedback bond.l**l As a result, it
adsorbs better to the surface. Eq. (15-18) are used to calculate
the y (overall hardness), s (overall softness), f (absolute
electronegativity) and AN (Number of electrons transferred
from the corrosion inhibitor to the metal surface).[°°] The
relevant values obtained are listed in Table 5. The subversive
difference between the Fe surface and the corrosion inhibitor
molecules will result in the transfer of electrons to the
electronegative one until the chemical potentials are the same.
When AN > 0, electrons are transferred from the corrosion
inhibitor molecules to the Fe surface and vice
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Fig. 8: TOF-SIMS of negative and positive ion spectrogram and the corresponding fragments for CRS after immersing in 0.5M
H2SO4(a) and 1.0 M HCI(b) solution with 200 mg L' PURME for 6 h in 20 °C.
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versa.lo! If AN < 3.6, it indicates that corrosion inhibition
increases with the ability of the molecule to give electrons on
the metal surface.*” The calculated values of AN are all greater
than 0 and less than 3.6, which indicate that the molecules are
combined with Fe in the form of ligand bonding. The above
data indicate that the protonated corrosion inhibitor molecules
can be better combined with Fe, which will show better
corrosion inhibition performance.

AE
Y= (15)
1 y
=3 (16)
E +E
p = — —HOMO - LUMO a7
_ Bre—Pinn
AN = Z(VFe_Yinh) (18)
fi* =N +1) —q; (V) (19)
fir)”=qi(N) —q; (N — 1) (20)

Pre and yre values of 7 eV and 0 Ev,/" respectively.

The Fukui index enables a better observation of local site
selectivity. A(r)* and f{r) functions are given by Eq.
(19,20).1¢8%1 Higher f(r)*values indicate that the atoms are
accepts more electrons, while higher f{r)” values indicate that
the atom loses more electrons, the electrophilic/nucleophilic
centers of chenodeoxycholic acid and its protonated molecules
are at -COOH and -OH, respectively and the
electrophilic/nucleophilic centers of linolenic acid in and its
protonated molecules are at C=C and -COOH, respectively. It
is through these sites that the corrosion inhibitor adsorbs and
binds better to the metal surface. The tighter the adsorption,
the better the corrosion inhibition.

3.11 MD simulations

Adsorption properties of chenodeoxycholic acid, linolenic
acid and their corresponding protonated forms on Fe (110)
surfaces studied by MD simulation. (in Fig. 10). These
molecules adsorb through multiple different adsorption sites
and can effectively cover, exhibiting good corrosion inhibition
performance.

By calculating the binding energy Ein, the adsorption
capacity and inhibition of different molecules can be judged.
when the value of Eiy is negative, it results that the molecular
adsorption on the Fe (110) surface occurs spontaneously,
where a more negative adsorption energy value corresponds to
greater system stability and enhanced corrosion inhibition
efficiency.l’!! The adsorption capacity of different molecules
can be determined from the simulated Ei, values of
chenodeoxycholic acid and linolenic acid and their protonated
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molecules in different acidic environments. It can be seen that
the absolute Ein values of phenol deoxycholic acid and its
protonated molecules are greater, suggesting that their
adsorption on the Fe(110) surface is more stable and firmer.

The radial distribution function (RDF) can be used to
determine the bonding information of molecules in the plane
of Fe(110). When the distance between two particles(r) is
greater than 3.5 A, it indicates physical bonding, involving
only Coulombic and van der Waals forces, and when r is less
than 3.5 A, covalent bonding. If the g(r) value peaks within
3.5 A, it indicates the presence of chemical adsorption, with
an excellent chemisorption ability.[” It is clear that the g(r)
values of Fe-O for individual molecules peaked within 3.5 A
and still peaked after 3.5 A. This is strong evidence that the
adsorption of molecules of chenodeoxycholic acid and
linolenic acid and their protonated molecules on the Fe(110)'s
surface in different acidic environments is a combination of
both chemical adsorption and physisorption. The synergistic
effect between chemical adsorption and physisorption
enhances the binding strength and packing density of these
molecules on the steel surface, thereby achieving highly
efficient inhibition.

3.12 Corrosion protection mechanism of PURME in
sulfuric and hydrochloric acid media

H»SO4 and HCI are strong acid, which are intensely corrosive,
and both can be completely ionized in aqueous solution to
produce H® and SO4* or CIl. The cathode of iron in
H>SO4/HCI solution produces a large number of bubbles and
hydrogen precipitation reaction occurs as follows Eq. (21)7374:

2H™+2e—H, 21
Iron undergoes a corrosion reaction at the anode in a

sulfuric/hydrochloric acid solution by the following process
Eq. (22-24):

Fet+H"—(FeH")ads (22)
(FeH")agste—>(FeH )uds (23)
(FeH)qastH ™ +e—Fe+H, (24)
Total process Eq. (25):
Fe—Fe?'+2e (25)
The adsorption process of SO4> on Fe Eq. (26-29):
Fe+S04>—(FeS04%)ads (26)
(FeS04?)as—(FeSO4)agst2e” 27)
(FeSO4)aas—FeSO4 (28)
FeSO4—Fe?+80,> (29)

The adsorption process of Cl- on Fe Eq. (30-33):
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Fig. 10: The stabilized adsorption configurations on Fe (110)'s surface and the RDF in H,SO4 and HCI: (a) chenodeoxycholic acid;(b)
p-chenodeoxycholic acid; (c) linolenic acid; (d) p-linolenic acid.

Table 5: QC parameters.

Molecule Enomo(eV)  Erumo(eV) AE (eV) vy s s AN

chenodeoxycholic acid -5.864 -0.852 5.012 2.506 0.399 3358 0.727
p-chenodeoxycholic acid ~ -5.908 -3.266 2.642 1.321  0.757 4.587 0913
linolenic acid -5.543 -1.210 4.333 2.166 0462 3376 0.836
p-linolenic acid -5.559 -3.336 2223 1.111  0.900 4.447 1.148
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Fet Cl'— (FeCl)ags (30)
(FeCl)ags— (FeCl)agste (31)
(FeCl)qgs—FeCl+e (32)
FeCl*—Fe*+Cl (33)

PURME undergoes protonation and is able to adsorb well on
the CRS surface in the following process Eq. (34):

PURME+xH"'—PURMEHx** (34)

H*+2e—H,

o +xH*— -ﬁ
9 l phy *i“”l’“"“j chemisorption
QB 23905

Fig. 11: Adsorption schematic diagram.

Generally speaking, the effect of corrosion prevention can
be achieved by both physical isolation and chemical
passivation (e.g., formation of dense oxide film, etc.).”” As
evident from the aforementioned reaction, the acidic medium
dissociates in water to form H* and SO4*/Cl- ions, which
adsorb onto the CRS surface, thereby inducing corrosion. The
positively charged PURMEH*" cations -electrostatically
interact with the pre-adsorbed SO4*/Cl- anions on the CRS
surface, forming a physical adsorption layer. PURME is a
mixture that contain a large number of polar functional groups
(e.g., -COOH, -C=0, -C-N, etc.) and heteroatoms (e.g., O, N,
P, etc.). They have many lone pairs of electrons, which can
combine with the empty orbitals on Fe 3d to form an insoluble
complex, which can be well adsorbed on the surface of the
steel sheet, which is chemisorption. The synergistic interaction
between physical adsorption and chemical adsorption
promotes the formation of a compact protective film on the
surface of CRS. The mechanism of action of PURME can be
referenced in Fig. 11. This film effectively mitigates the
corrosive effects induced by H' ions and SO42/Cl- anions,
leading to a substantial improvement in corrosion inhibition
efficiency.

4. Conclusion
The following conclusions are drawn from this study:

(1) The best performance was achieved at 20 °C and a
PURME concentration of 200 mg' L', with corrosion
inhibition efficiencies of 89.25% and 91.28% in H,SO4 and
HCI acids, respectively. The adsorption behavior of PURME

Engineered Science Publisher

on the CRS surface follows Langmuir, Freundlich, and
Temkin adsorption isotherm models.

(2) PURME functions as a mixed-type corrosion inhibitor
with predominant cathodic inhibition characteristics. As the
concentration of PURME increases, the charge transfer
process at the metal-liquid interface is effectively hindered,
resulting in efficient inhibition properties.

(3) FTIR and LC-MS indicate that PURME contains polar
functional groups such as N-H/O-H, C-H, C=0/C=C, -CH3, -
C-O-. AFM, contact angle all indicate that PURME can
effectively prevent the corrosion. TOF-SIMS and XPS results
are able to show that these polar functional groups can form
adsorption films on the CRS surface and thus inhibit corrosion.

(4) QC shows that the active sites of goose deoxycholic and
linolenic acid molecules and their protonated molecules are
mainly distributed on -COOH, -OH and C=C. The results of
MD simulation show that these molecules can be stably
adsorbed in parallel on the Fe(110) surface through the active
sites, resulting in better corrosion inhibition.
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