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ABSTRACT
A liquid mixture was developed from waste peony leaves through a zero-waste chemical/biological
process. The inhibition effect of different concentrations of peony leaves derived solution (0–
3 vol.%, PLS0-3) on C1010 carbon steel in 3.5 wt.% NaCl was investigated over time using
electrochemical measurements. Chemical analyses were performed to reveal the main
compounds of this inhibitor. Surface analyses together with water contact angle measurements
were employed to study the characteristics of the steel surface affected. Semi-empirical
calculations with PM3 method were used to find the relationship between molecular structure
and inhibiting effect of PLS. The inhibitor was stable over time and its main active ingredients
were C19H27N4O10P and C17H16N3O9P that adsorb onto the steel surface, block cathodic active
sites, make the surface hydrophobic, decrease the surface free energy, and facilitate the
formation of a passive layer. A good correlation was found between experimentally determined
inhibition efficiency and theoretically calculated properties of PLS.
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1. Introduction

Chlorides are the most common freezing point depress-
ants found in road salts (a.k.a., deicers), which induce sig-
nificant environmental footprint while providing benefits
to society and traveling public (1–3). In the U.S. alone,
about 20 million tons of chloride-based salts are used
annually to keep roadways free of snow and ice (4).
These salts are highly soluble, very mobile, difficult to
remove, and inherently corrosive. They may pose short-
term and long-term risks towater (5–8), soil (9), vegetation
(10), wildlife (11), and transportation assets (12). For
instance, Siegel tested toxicity thresholds of chloride for

21 aquatic species and found fathead minnow being
the most sensitive species with an acute toxicity level of
874 mg Cl−/L and chronic exposure of 252 mg Cl−/L (13).

Corrosion of transportation infrastructure and motor
vehicles can also induce significant environmental foot-
print, due to the increased need of maintenance and
repair activities, associated traffic congestion, and the
release of metallic elements caused by corrosion. For
instance, iron which is the main component of steels
can pose toxicological risk toward aquatic species (14,
15). It can also complex with toxic substances and
increase their toxicity. A recent study reveals that Fe(III)
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may induce oxidation of antibiotics in water, causing a
stronger toxicity than parent antibiotics (16). Zinc is
another metal of concern due to its bioavailability and
toxicity to aquatic species such as early-life-stage white
sturgeon (17), and it is commonly used in galvanized
steels seen in motor vehicles and guardrails.

Corrosion inhibitors are proven to be effective in redu-
cing the metallic corrosion and thus preserving the
service life and performance of assets (18). Furthermore,
a recent study revealed that some agro-based inhibitors
can offer additional benefits as “cryoprotectants,” i.e., sig-
nificantly lowering the freezing point of salt brine (19),
which may translate to reduced salt application rates
needed under cold weather scenarios. In place of pet-
roleum-derived inhibitors, inhibitors from renewable
resources (a.k.a., green inhibitors) are highly desirable
as they are less toxic, readily available and bio-degrad-
able, and more cost-effective (20–22).

Plant extracts have been disclosed to contain effec-
tive, user-friendly, and environmentally friendly ingredi-
ents for corrosion inhibition (20, 21, 23–25). Such green
inhibitors feature organic compounds containing het-
eroatoms such as P, S, N, and O which can adsorb onto
the metallic surface and form a protective layer (23–27).
The adsorption of these polar atoms is made possible by
the co-ordination between their non-bonded (lone pair)
or π-electron cloud and the metal surface. This is known
as chemical adsorption or adsorption due to electrostatic
interaction between the organic molecules and the met-
allic surface (26, 28–31). The inhibition efficiency of these
polar atoms usually obeys the following sequence (28):

P . S . N . O. (1)

Many plant extracts have been studied for their
potential as green corrosion inhibitors for carbon steel
in NaCl solution. The most updated articles have used
Theobroma cacao (32), Kudingcha (33), Origanum major-
ana (34),Morinda citrifolia (35), Neem leave (36), andMyr-
mecodia pendans (37). Yetri et al. (32) evaluated the
corrosion inhibition behavior of T. cacao peels extract
on mild steel in 1.5 M NaCl. The inhibition efficiency
increased with increasing the concentration of extract
with a maximum efficiency of 91.93% at 2.5 vol.% of
extract, based on weight loss test. The efficiency
decreased slightly with increasing the temperature. The
extract contained phenolic and alkaloid compounds as
main components and there was chemical bonding
between the extract molecules and the steel surface.
The inhibitor obeyed Langmuir isotherm adsorption
and acted as mixed inhibitor with dominant cathodic
inhibition. Chen et al. (33) evaluated Kudingcha C.J.
Tseng extract as a green inhibitor for J55 steel in
3.5 wt.% NaCl solution. They tested 0–4 vol.% of the

extract and found that this extract has its best corrosion
inhibition efficiency (92.65%) at 4 vol.% based on polariz-
ation curves. Kudingcha extract behaved as a mixed type
of inhibitor and adsorbed onto the steel surface follow-
ing the Langmuir isotherm. Challouf et al. (34) used O.
majorana extract as a green inhibitor for mild steel in
0.5 M NaCl solution. They optimized the extraction par-
ameters using chemiometric approach method and
reached 90% inhibition efficiency according to the polar-
ization curves (the concentration of inhibitor was not
given in the manuscript). An increase in the activation
energy was observed in the presence of the O. majorana
extract that could be related to the physical adsorption
process. Based on thermodynamic adsorption par-
ameters the extract adsorbed on the surface of steel by
an exothermic process. The molecule responsible for
the inhibition action was determined using quantum
chemical calculations. Kusumastuti et al. (35) evaluated
M. citrifolia as a green corrosion inhibitor for mild steel
in 3.5% NaCl solution. The inhibition efficiency reached
its maximum (68.08%) at 3 ppm, based on polarization
curves, and then decreased in the presence of further
inhibitor. The adsorption isotherm followed the Lang-
muir adsorption model and showed the behavior of a
mixed type inhibitor that formed a monolayer protective
film. Tuaweri et al. (36) used Neem leave extract as a cor-
rosion inhibitor for mild steel in natural sea water. The
corrosion rate was least with 5 vol.% extract and
increased with increase in extract concentration based
on weight loss test. Pradityana et al. (37) used M.
pendans extract as a green corrosion inhibitor for
carbon steel in 3.5% NaCl Solution. The highest inhibition
efficiency occurred in the presence of 400 mg/L extract.
The mechanism of inhibition was formation of a protec-
tive film due to the adsorption of extract molecules onto
the metal surface, following the Langmuir isotherm. This
film was formed from complex compounds, supported
by new bonds such as Fe–N–H and Fe–O.

This work explores an innovative process to derive
green inhibitor from waste peony leaves, consisting of
rapid dissolution of the leaves (chemical degradation) fol-
lowed by biological degradation. This is the first effort to
derive corrosion inhibitor from peony leaves. In the State
of Alaska alone, there are 58 peony farms that can
produce about 200,000 peonies annually (38), which
after the flower season generate a substantial amount
of peony leaves as waste. The up-cycling of this waste
can benefit the environment and the economy. The use
of urea for dissolution of flower leaves in alkaline solution
is a new method, which has been previously reported to
fabricate fibers from cellulose (39). Furthermore, this is the
first report of a process of deriving corrosion inhibitor
from plants, enabled by the biological approach. Usually

360 M. HONARVAR NAZARI ET AL.



only chemical approach has been adopted for deriving
corrosion inhibitors from plants, using methanol (40,
41), ethanol (23, 24, 27), water (42, 43), hexane (44), and
other solvents, which often still produce liquid waste
from the process.

In this laboratory study, the corrosion inhibition per-
formance and mechanism of peony leaves derived sol-
ution were investigated using C1010 carbon steel
coupons continuously immersed in 3.5 wt.% NaCl sol-
utions over 16 days. Methods employed include chemi-
cal analyses, electrochemical measurements, surface
analyses, and water contact angle measurement. The
findings will contribute to the search for a sustainable
approach to mitigating the environmental impacts of
chlorides and steel corrosion.

2. Experimental procedure

2.1. Materials

Test coupons were made of C1010 carbon steel pur-
chased with the nominal composition shown in Table
1. To fabricate the coupons, the material was cut from
larger sheets into small size of about 1 cm × 1 cm. The
unexposed side of each coupon was then electrically
connected to a copper wire by soldering, followed by
sealing with marine epoxy resin (Hawk Epoxy R1 Resin).
After the curing of the epoxy sealer, the coupons were
polished to provide a specific level of uniform surface
roughness. They were wet-polished using 60–1500 grit
silicon carbide papers, respectively. After polishing at
each grit size, the coupons were rinsed with running
tap water to remove any remaining grit. The last step
was washing the coupons by deionized water and then
cleaning with a clean paper tissue.

The experiments were carried out in a glass cell filled
with 120 mL of simulated seawater (3.5% NaCl, which is
known to be a highly corrosive concentration) at atmos-
pheric pressure and room temperature for 16 days
(384 h). Three concentrations of peony leaves derived
solution as 1.0, 2.0, and 3.0 vol.% were used. For reprodu-
cibility of the results from each experiment, at least two
duplicate coupons were used. The code names of brine
and steel samples are provided in Table 2.

For preparation of the liquid extract, the peony leaves
were collected from Alaska, U.S.A, dried, frozen, and then
milled into powder. Thirty grams of this powder was

chosen for further degradation. For chemical degra-
dation of the leaves, 120 g urea and 0.5 g Ca(OH)2 were
added to 200 mL deionized water. Then the aforemen-
tioned powder was added to this solution, and 4 g
NaOH was subsequently added to obtain a solution pH
of 11.6. This solution was stirred at the speed of
500 rpm for 30 min and then placed in the refrigerator
at −13°C. Once the freezing process started, the solution
was brought out and 500 mL deionized water was slowly
added into it with simultaneous stirring at 150 rpm for
30 min. This is followed by the biological degradation
procedure: first, the pH of prepared solution was
adjusted to 8.5 by adding 15 mL HNO3 and 6.5 g
NaOH. Then, a mixture of 1.274 g KH2PO4, 1.952 g NaH2-

PO4·H2O, and 0.182 g MgSO4·7H2O was added to the sol-
ution to create a medium suitable for the growth of
bacteria. Next, 100 mL of Bacillus Megaterium bacteria
(NRRL B-14308) was added to the solution, which was
subsequently placed in a shaker for 14 days. Finally,
the resulting mixture was used as the corrosion inhibitor
without further treatment or purification. For studying
the effect of peony leaves on the behavior of solution,
a solution without peony leaves (SWPL) according to
the above-mentioned process was prepared. Note that
all the chemicals used in this work were of analytical
grade purity and purchased from J.T. Baker or Sigma–
Aldrich and the aforementioned process has been pro-
tected by a patent application.

2.2. Chemical analyses

The chemical functional groups of the dried peony
leaves extract were studied using Fourier transformed
− infrared (FT-IR) spectroscopy technique via a Nicolet
6700 FT-IR Spectrometer (Thermo Fisher Scientific,
Madison, WI). The IR spectra of the samples were col-
lected over the wave number range of 4000–400 cm−1.

Detection of metabolites in the peony leaves liquid
extract was performed via liquid chromatography–mass
spectrometry (LC–MS) technique. First, the extracts
were diluted 1:1 with methanol, then the debris was
removed by centrifugation for 10 min, and the resulting
supernatant was filtered through a 0.2-μm Acrodisc filter.
Of the resulting extracts, 2 μL were loaded onto a 50 ×
2.1 mm Acquity BEH C18 column (Waters) and eluted

Table 1. Chemical composition of C1010 steel.

Alloy

Element (wt.%)

C Mn P S Fe

C1010 0.08–0.13 0.30–0.60 ≤0.04 ≤0.05 Balance

Table 2. The code names of brine and steel samples used in this
research.

Definition

Coupons immersed in 3.5 wt.% NaCl
with different concentrations of peony
leaves derived solution (green inhibitor)

Inhibitor concentration (vol.%) 0 1 2 3
Sample PLS0 PLS1 PLS2 PLS3
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using a linear gradient of acetonitrile-water containing
0.1% formic acid at a flow rate of 0.4 mL/min. The analy-
sis was conducted in positive ion mode using Synapt G2-
S (Waters), a quadrupole time-of-flight mass spec-
trometer. The capillary was at 3 kV, the source tempera-
ture at 120°C, desolvation gas flow at 850 L/h. The data
collected were corrected using the signal of the co-
infused reference compound leucine enkephalin.

2.3. Electrochemical measurements

The electrochemical tests were carried out using a three-
electrode cell and a PARSTAT MC multichannel Potentio-
stat, with Ag/AgCl as reference electrode and platinum
mesh as counter electrode. The linear polarization resist-
ance (LPR) measurements were periodically conducted
by polarizing the steel coupon (working electrode)
±20 mV vs. the open-circuit potential (OCP) at a rate of
0.167 mV/s. The electrochemical impedance spec-
troscopy (EIS) measurements were conducted in a fre-
quency range of 100 kHz to 0.005 Hz with an applied
alternating current (AC) signal of ±10 mV around the
OCP. Potentiodynamic polarization (PDP) tests were
carried out at a potential sweep rate of 0.167 mV/s in
the range of −250 mV to +400 mV relative to OCP. The
VersaStudio software was employed to perform all of
the electrochemical measurements. The interpretation
of the EIS data was performed using the ZSimpWin
3.60 software.

2.4. Surface analyses

The phase analysis of corrosion product scale was con-
ducted via the grazing incidence X-ray diffraction
(GIXD) method with a SCINTAG X1 diffraction system
using Cu-Kα radiation. GIXRD is a very useful technique
for investigating thin films (45). The morphology of the
corrosion product layers was studied via a field emission
scanning microscopy (FESEM) instrumentation model
Zeiss SUPRA 55VP coupled with the energy dispersive
X-ray analyzer. For in-depth investigation of corrosion
product layers in the presence of green inhibitor, the
X-ray photoelectron spectroscopy (XPS) analysis was
conducted on a Physical Electronics 5600ci XPS system
equipped with monochromatized Al K alpha X-rays.
The analysis area of the steel samples was 0.8 mm in
diameter. Electron emissions were collected at 45
degrees to the normal surface, and the spherical-
sector-analyzer pass energy was selected as 23.45 eV
for high resolution and 46.95 eV for a survey to achieve
optimum energy resolution and count rate. The data
acquisition and data analysis were performed using the
RBD AugerScan 3 software.

2.5. Contact angle measurement

Hydrophilicity of the steel coupons was assessed by
measuring the contact angle between a water drop
and the steel surface using a VCA-2500XE contact
angle system (ASC products). The drops of nanopore
water were mounted on the surface of carbon steel
sample using a micro-syringe with needle diameter of
0.4 mm. The reported contact angles were an average
of at least three measurements on different areas of
the surface. Photos of water drops were obtained using
a high-resolution video camera and the related software,
both of which were provided by the vendor.

2.6. Quantum chemical calculations

All molecular structures of suggested inhibitors were
fully optimized by using PM3 semi-empirical method
(46) as implemented in the program package
HyperChem 7.52 with default gradient methods. No
frozen core approximation was used throughout the cal-
culations. All calculations were carried out in gas phase at
25°C.

3. Results and discussion

3.1. Chemical composition

3.1.1. FT-IR spectroscopy
The FT-IR results reveal that the peony leaves extract
contains O, N, and P in the functional groups of
alcohol, amine, aromatic ring, alkene, carbonyl, and
phosphine oxide along with some alkane and alkyl
halide. This is consistent with the typical chemistry of
green inhibitors featuring organic compounds that
contain heteroatoms which can adsorb onto the metallic
surface and form a protective layer (23–27).

The FT-IR spectrum of the peony leaves extract is pre-
sented in Figure 1. A strong broad peak in the frequency
of 3200–3500 cm−1 together with a pair of medium
peaks at 3427 and 3329 cm−1 indicate the O–H stretch
of alcohols and N–H stretch of amines. The small peak
at 2914 cm−1 could be attributed to the C–H stretch of
alkane groups or =C–H stretch of alkenes. The peak at
1674 cm−1 indicates the presence of C=O stretch (carbo-
nyls) or –C=C– stretch (alkenes).

The adsorption band observed at 1595 cm−1 was due
to C–C stretch (in-ring) of aromatic compounds, whereas
the peak at 1456 cm−1 was attributed to C–H bend of
alkanes or C–C stretch (in-ring) of aromatics. The peaks
at 1149 and 1032 cm−1 were due to P=O bond of phos-
phine oxides and C–N stretch of aliphatic amines,
respectively. In addition, a band at 1362–1394 cm−1
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could be assigned to the C–H rock of alkane compounds.
This is a special feature within the wagging band region
of phospholipids (47, 48). Finally, the peaks at 787 and
706 cm−1 were related to C–Cl stretch of alkyl halides,
the source of which could be attributed to the protein
used in the bacterial culture media (49).

3.1.2. Liquid chromatography–mass spectroscopy
(LC–MS)
Liquid chromatography–mass spectrometry (LC–MS)
results for the peony leaves extract are presented in
Figure 2 and Table 3. According to the LC–MS results,

peony leaves extract contains O, N, and P. As mentioned
earlier, the organic compounds that contain these
elements have a polar function. Therefore, they can be
adsorbed on the surface of metal and form a protective
layer.

3.2. Electrochemical characterization

3.2.1. LPR results
The temporal evolution of corrosion rate of the carbon
steel in various inhibitor/NaCl solutions is shown in
Figure 3. The corrosion current density was calculated
following the Stern-Geary equation (50).

icorr = babc

2.3(ba + bc)
1
Rp

, (2)

where βa and βc are anodic and cathodic Tafel slopes,
respectively, both assumed to be 100 mV/decade, a
typical value for β. Polarization resistance (Rp, Ω) is
equal to the slope of the polarization curve (ΔE/Δi)
obtained using the LPR method. In this method, the
sample is polarized, on the order of ±20 mV, relative to
the OCP. The corrosion current density was then used
directly to calculate the corrosion rate (in mpy or milli-

Figure 1. FT-IR spectrum of the peony leaves extract.
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Figure 2. LC–MS chromatogram of peony leaves extract.
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inch per year), following the equation derived from the
Faraday’s law (51).

Corrosion rate (mpy) = 0.13× icorr × E.W.

r
, (3)

where E.W. is the equivalent weight of carbon steel
(27.92 g), icorr is the corrosion current density (in
μA cm−2) and ρ is the density of steel (7.87 g cm−3).

Figure 3 clearly illustrates that the presence of peony
leaves extract solution (PLS) decreased the corrosion rate
and therefore exhibited an inhibitory effect. This effect
was particularly significant for the NaCl solutions with
PLS at 2 or 3 vol.%. The inhibition effect was still out-
standing even after 16 days of steel immersion. Such sus-
tained inhibition is highly desirable, making this green
inhibitor a promising candidate for formulating long-
lasting inhibitor packages.

3.2.2. PDP results
The PDP curves of the C1010 carbon steel coupons after
16 days of immersion in various inhibitor/NaCl solutions
are shown in Figure 4. The steel coupons in the control
group (PLS0, no inhibitor) exhibited the highest cathodic
current density. There was no limiting diffusion current
density observed in the cathodic curve and the anodic
curve suggests that the steel was in the status of active
dissolution. Note that the proposed anodic reactions

for steel corrosion induced by chloride in near-neutral
pH solutions are as follows (52).

Fe2+ + 2Cl− � FeCl2, (4)

FeCl2 + 2H2O � Fe(OH)2 + 2H+ + 2Cl−, (5)

6FeCl2 + O2 + 6H2O � 2Fe3O4 + 12H+ + 12Cl−. (6)

The main cathodic reaction in the presence of sufficient dissolved
oxygen is as follows (53).

O2 + 2H2O+ 4e− � 4OH−. (7)

Figure 4 illustrates the beneficial effect of PLS on the
corrosion behavior of the carbon steel in 3.5 wt.% NaCl.
The addition of PLS at 1 vol.% shifted the cathodic
current density to the passive direction and the corrosion
potential (Ecorr) to a more negative value. This is likely
due to the adsorption of organic molecules on the catho-
dic active sites of steel surface (54, 55). By increasing the
PLS concentration to 2 vol.%, the cathodic and anodic
current densities further decreased, with more pro-
nounced shift seen on the cathodic side. These trends
continued when the PLS concentration was further
increased to 3 vol.%. In the NaCl solutions containing
PLS at various concentrations, the anodic branch of the
polarization curve featured a current plateau, which is
ascribed to desorption of strongly adsorbed inhibitor
from the metallic surface (56, 57).

The electrochemical parameters obtained from the
PDP curves are presented in Table 4. Corrosion current
density (icorr) decreased as the PLS concentration was
increased up to 3 vol.%, where the lowest icorr was
obtained. The addition of PLS changed the anodic Tafel
slope (βa) slightly, but it changed the cathodic Tafel
slope (βc) considerably. This shows that PLS inhibits cor-
rosion by mostly blocking the cathodic active sites (58).
In fact, PLS is oxidized and acts as the anodic compared
to steel (37). The increase in the cathodic Tafel slope also
indicates that the addition of PLS changes the mechan-
ism of the reduction reaction (59). The corrosion

Table 3. Summary of the chemical constituents detected for
peony leaves extract using LC–MS technique.
Formula Retention time (min) m/z

C4H10O6 0.39 155.0555
C21H22N6O9 2.38 503.1481
C15H10O6 2.58 287.0562
C19H27N4O10P 3.24 503.1481
C16H11F7N4O3 3.59 441.0770
C17H16N3O9P 3.88 441.0770
C16H11F7N4O3 4.02 441.0770
C29H22N10O6 4.09 607.1798
C27H46N2O7 5.46 511.3374
C18H28O2 6.37 277.2171
C29H48O15 8.60 637.3067
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Figure 3. Corrosion rate (from LPR) versus time for C1010 steel in
NaCl solutions containing 0–3 vol.% PLS.

Figure 4. PDP curves for C1010 steel after 16-day immersion in
NaCl solution containing 0–3 vol.% PLS.
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potential (Ecorr) shifted to more negative potentials with
the PLS concentration. Since the amount of this shift
was less than 85 mV, this inhibitor is considered as a
mixed type inhibitor with a predominating cathodic
character (60).

In general, adsorption of a corrosion inhibitor on the
surface of metal affects the corrosion process by decreas-
ing the available area for corrosion reactions (geometric
blocking effect) and/or by modifying the activation
energy of the electrochemical reactions happening in
the corrosion process (52). It is difficult to conclude
which aspects of the inhibition mechanism are attributed
to the geometric blocking effect and which ones are
related to the energy effect. When there is a negligible
change in the corrosion potential after addition of inhibi-
tor, the geometric blocking effect is the main mechanism
of inhibition. Since there is a considerable change in the
corrosion potential values upon addition of PLS (Table 4),
therefore the energy effect is the main inhibition mech-
anism, although the geometric blocking effect cannot be
ignored.

3.2.3. EIS results
The impedance Nyquist plots of C1010 carbon steel in
uninhibited and inhibited 3.5% NaCl solutions with
different concentrations of PLS are shown in Figure 5. It
is clear that the protection response of carbon steel
was modified by the presence of different concen-
trations of the PLS and the increase in time. The real
part of the surface impedance increases with the inhibi-
tor concentration and time, reaching a maximum value
with 3 vol.% of PLS inhibitor at day 16. This indicates
that by increasing the concentration of PLS and over
time, the density of the protective layer formed on the
surface of metal is increased (61). Similar shape of the
capacitive loops suggests that the corrosion inhibition
process followed the same mechanism and is controlled
by charge transfer process, regardless of the inhibitor
concentration and immersion time. These loops are not
perfect semi-circles and such deviation is attributed to
frequency dispersion by the roughness or non-hom-
ogeneity of the working electrode surface caused by cor-
rosion attack (28). Adsorption of the protective organic
layer on the metal surface can also cause induce

surface heterogeneity and modify its impedance charac-
teristics (62, 63).

The impedance modulus diagrams, Figure 6, show the
rising trend of low frequency impedance value |Z|5mHz

with increasing the concentrations of PLS and time.
Therefore, it can be inferred that there is an increase in
protection with increasing the concentrations of PLS
and over immersion time (64). This might indicate that
peony leaves extract exhibits an active protection.
These results are in good agreement with LPR and
Tafel polarization results.

The impedance Bode phase plots (Figure 6) show that
the more time-of-exposure and PLS concentration results
in the higher maximum phase angles, which reflects a
capacitive behavior due to the increase of polarization
resistance with increasing the concentrations of PLS
and time. The control sample (PLS0) after 12 days of
immersion and all of the samples exposed to the sol-
utions with PLS showed two time constants at different
frequency ranges which can be attributed to the
change in surface morphology (65). This change may
be related to the formation of a layer on the surface of
steel. According to Cao (55), when the geometric block-
ing effect is the main mechanism of corrosion inhibition
by the adsorbed inhibitive species on the metallic
surface, one time constant is distinguished in the EIS
plots. If the inhibition is not controlled by the geometric
blocking effect, the EIS plot will possess two time con-
stants. Therefore, according to the EIS results it can be
concluded that the inhibition is not controlled by the
geometric blocking effect. This is in good agreement
with the PDP results and confirms that the inhibition is
mainly caused by the energy effect.

Figure 7 presents the equivalent electrical circuit
employed to investigate the impedance spectra at day
16 of the test. In this figure, Rs is the uncompensated sol-
ution resistance, Rf is the corrosion product film resist-
ance which is the electrical resistance due to the
formation of ionically conducting paths in the film, Qf

is the constant phase element (CPE) of the corrosion
product film, Rct is the charge transfer resistance indica-
tive of the corrosion resistance of the metal, and Qdl is
the CPE of double layer at the metal/electrolyte interface.
The CPEs represent non-ideal capacitors in the EIS data,

Table 4. Electrochemical parameters fitted from polarization plots.
Tafel slopes (mV/decade)

Sample name βa βc Ecorr (mV) icorr (μA/cm
2) IE%*

PLS0 68.0 ± 10.0 401.3 ± 72.6 −635.1 ± 22.5 7.2 ± 0.7 –
PLS1 79.3 ± 0.1 298.1 ± 4.8 −706.5 ± 2.4 5.7 ± 0.3 20.2
PLS2 103.7 ± 8.3 218.9 ± 75.8 −704.8 ± 28.0 4.0 ± 2.5 43.9
PLS3 97.4 ± 4.2 241.5 ± 5.1 −708.3 ± 3.8 2.5 ± 0.3 65.3

*IE% = (1− icorr (uninhibited)/icorr (inhibited)) × 100.
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Figure 5. Nyquist plots for C1010 steel vs. time (left column) and vs. PLS concentration (right column) in NaCl solution containing 0–
3 vol.% PLS.
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and their impedance is expressed as follows (66).

ZCPE = 1
Y0(jw)

n , (8)

where Y0 is the magnitude of the CPE, and −1 ≤ n ≤ 1.
The higher frequency range loops have depressed semi-
circular appearance, 0.5 ≤ n ≤ 1, which is often referred
to the frequency dispersion as a result of the non-hom-
ogeneity or the roughness of the solid surface (67, 68).

The Cdl values were calculated as follows (69).

Cdl = (Y0R1−n
ct )1/n. (9)

Figure 8 shows the Nyquist plot, the impedance modulus
diagram, the impedance Bode phase plot and the fitted
data for PLS3 sample. There is a good agreement
between the experimental results and the fitted data.

Table 5 summarizes the values of the fitted par-
ameters. The value of Cdl decreased with the increase

Figure 6. Impedance Bode modulus plots for C1010 steel vs. time (left column) and vs. PLS concentration (right column) in NaCl sol-
ution containing 0–3 vol.% PLS.
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in the concentration of PLS, revealing that the organic
inhibitor molecules interfered the metal/electrolyte
interface. The decrease in Cdl value can be attributed to
the decrease of dielectric constant (ε) or the increase of
thickness (δ) of the double layer, according to the follow-
ing equation (40).

Cdl = 110A
d

, (10)

where ε0 is the vacuum permittivity and A, is the elec-
trode surface area exposed to the electrolyte.

Table 5 also illustrates that Rct value increased while
Cdl value decreased with the increase in the concen-
tration of PLS, suggesting that the inhibitor performance
was due to the adsorption of inhibitor molecules on the
metal surface (70). Usually, the higher Rct values are
associated with slower rate of corrosion process (71).
As such, the Rct values confirm that the PLS inhibition
efficiency increased with its concentration (at day 16).
The decrease of Cdl value can be attributed to the

decrease in the local dielectric constant and the increase
in the thickness of electric double layer (61). This shows
that the water molecules and other ions on the surface
of metal have been displaced by peony leaves extract
molecules through adsorption at the metal/solution
interface (72).

The Nyquist plots of the C1010 steel samples in 3.5%
NaCl solutions containing different concentrations of the
SWPL are shown in Figure 9. It is obviously seen that
increasing the concentration of SWPL does not have
any significant effect on the corrosion behavior of the
C1010 carbon steel samples. This shows that the protec-
tion obtained by PLS is due to the peony leaves.

3.3. Adsorption isotherm

The interaction between the organic compounds and
metal surfaces can be explained from the basic infor-
mation of adsorption isotherm. To clarify the adsorption
type of peony leaves extract on C1010 carbon steel, the
degree of surface coverage (θ) were assumed to be
equivalent of inhibition efficiency (IE) obtained by PDP
results. The experimental results of IE (at day 16) versus
peony leaves extract concentration (C, in g/L, dry mass
per volume of corresponding green solution) were
fitted to a variety of different adsorption isotherms.
Among them, the Frumkin isotherm showed the best
correlation coefficient of 0.995 (Figure 10), which is gov-
erned by the following equation (73).

log
uC

1− u

( )
= 2au+ 2.303logK , (11)

where K is the adsorption–desorption constant and α is
the lateral interaction term. The calculated values for α

Figure 7. Equivalent circuit model used to analyse the EIS results.

Figure 8. Nyquist plot (left column) and impedance Bode phase plot (right column) with the fitted curves for C1010 steel immersed in
NaCl solution containing 3 vol.% PLS after 16 days.
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and logK are 1.4980 and −0.4075, respectively. The
Frumkin isotherm is an extension of the Langmuir iso-
therm in describing certain adsorption phenomena. Clas-
sical isotherms of adsorption (Frumkin, Langmuir, Henry)
are based on the model of non-penetrable interface,

where an adsorbate can substitute only molecules of
one solvent. The Frumkin model is the main model
that accounts for non-ideal interactions of both insolu-
ble-soluble (1–2) and/or soluble-soluble (2–2) com-
ponents (74).

Subsequently, the Gibbs free energy of adsorption
(ΔG0

ads) was calculated as follows (73, 75).

DG0
ads = −2.303RTlog(CsolventK), (12)

where R is the gas constant (8.314 J K−1 mol−1), T is the
absolute temperature (room temperature 298 K), Csolvent
is the concentration of water which is approximately
1000 g/L, and K is the adsorption constant (L/g). By sub-
stituting the value of logK in Equation 12, ΔG0

ads was esti-
mated to be −14.79 kJ mol−1. The negative value of
Gibbs free energy indicates that the adsorption process
occurred spontaneously. Since the absolute value of
ΔG0

ads is less than 20 kJ mol−1, this suggests physical
adsorption in which electrostatic interaction occurs
between inhibitor molecules and metal surface (26).

3.4. Surface analyses

3.4.1. Digital photo
The surface morphology of steel coupons after 16-day
continuous exposure to various inhibitor/NaCl solutions
is depicted in Figure 11. The surface layer in the
3.5 wt.% NaCl with higher inhibitor concentrations (e.g.
PLS at 3 vol.%) was more uniform and complete. The
steel coupon exposed to uninhibited salt brine (PLS0)
was partially covered by orange rust. The brown color
of the layer formed on the PLS1 coupon shows that
this layer was partially composed of rust. The color of
the adsorbed layers on the surface of PLS2 and PLS3

Table 5. Electrochemical impedance parameters obtained by fitting EIS data to equivalent circuit in Figure 7.

Sample name Rs (Ω cm2) Rf (Ω cm2)

Qf

Rct (Ω cm2)

Qdl

Cdl (F cm
−2) × 10−4 IE%*

Y0f
(Ω−1 cm−2 snf) × 10−5 nf

Y0dl
(Ω−1 cm−2 sndl) × 10−4 ndl

PLS0 2.2 ± 0.1 4.5 ± 1.7 6.1 ± 5.9 0.96 ± 0.04 2610.3 ± 464.3 13.7 ± 2.4 0.67 ± 0.01 25.6 –
PLS1 2.8 ± 0.4 388.3 ± 104.0 29.1 ± 0.8 0.85 ± 0.01 3739 ± 694.3 6.9 ± 1.6 0.62 ± 0.08 12.3 30.2
PLS2 2.9 ± 0.1 103.5 ± 151.5 9.3 ± 8.5 0.94 ± 0.06 4780.3 ± 626.1 4.4 ± 4.0 0.58 ± 0.11 7.6 45.4
PLS3 2.6 ± 0.3 454.9 ± 628.5 8.2 ± 5.6 0.95 ± 0.07 7627.5 ± 675.3 2.5 ± 1.4 0.61 ± 0.11 3.8 65.8

*IE% = (1− Rct (uninhibited)/Rct (inhibited)) × 100.
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Figure 9. Nyquist plots for C1010 steel after 16-day immersion in
NaCl solution containing 1–3 vol.% of solution without peony
leaves (SWPL1-3).

Figure 10. Adsorption isotherm for the peony leaves extract on
C1010 carbon steel after 16-day immersion in NaCl solution con-
taining 0–3 vol.% PLS.

PLS0       PLS1     PLS2      PLS3

Figure 11. Digital photo of steel coupons after 16-day immersion
in NaCl solution containing 0–3 vol.% PLS.
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coupons was black, implying that the chemical compo-
sition of the surface layers on these samples differed
from that on the PLS0 coupon.

3.4.2. FESEM micrographs of rust layer
The microstructural level morphology of steel rust layer
after 16-day continuous exposure to various inhibitor/
NaCl solutions was further examined by FESEM, as
shown in Figure 12. The micrographs confirm that
more porous rust layers formed on the steel surfaces
exposed to salt brine with no inhibitor (PLS0) or low
inhibitor concentration (PLS1). In contrast, a relatively
dense layer with submicron pores formed on the steel
surface in the presence of higher inhibitor concen-
trations (PLS2 and PLS3). It is known that more
compact corrosion product layer is attributed to less cor-
rosion rate (76, 77). Therefore, these data are in good
agreement with electrochemical measurements, which
revealed lower corrosion rates of PLS2 and PLS3 steel
coupons.

3.4.3. XRD results
The crystalline phases in the surface layer of the afore-
mentioned steel coupons were examined by XRD, as
shown in Figure 13. On the steel surface exposed to unin-
hibited 3.5 wt.% NaCl (PLS0), the peaks associated with
NaCl, Fe, γ-FeOOH, and Fe3O4 can be observed. The

number and intensity of the peaks associated with γ-
FeOOH were more than those of Fe3O4, suggesting
that γ-FeOOH was the dominant iron oxide/hydroxide
phase (78, 79). For the steel surface exposed to inhibited
3.5 wt.% NaCl (PLS1, PLS2, and PLS3), only NaCl was
detected, implying that either the surface consisted of
mainly NaCl crystals or the thickness of the surface
layer is less than the resolution of XRD method.

3.4.4. XPS results
For more in-depth analysis of the corrosion surface layer
on PLS3 steel coupon, XPS analysis was employed, which
enables simultaneous detection of different elements.

Figure 12. FESEM micrographs of steel coupons after 16-day immersion in NaCl solution containing 0 to 3 vol.% PLS. The length of scale
bar is 1 μm in all samples.

Figure 13. XRD patterns of the corrosion product layer on C1010
carbon steel in NaCl solution containing 0 to 3 vol.% PLS.
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The presence of P in the corrosion product layer is
obviously detected. This, along with the LC–MS results,
reveal that C19H27N4O10P and C17H16N3O9P are the
main active ingredients in the PLS. Phosphate-based
compounds have a higher negative charge density
than amine based ones (80) which were observed in
LC–MS and FT-IR results; as such, phosphate-based com-
pounds can form stronger and more stable bonds with
the metallic surface. The XPS results reveal that the
iron oxide phase in the corrosion surface layer is made
of two phases, γ-Fe2O3 and γ-FeOOH, as shown in
Figure 14. From the combination of XRD and XPS
results, it can be concluded that in the presence of
peony leaves extract, all of the Fe3O4 phase and some
of the γ-FeOOH were converted to γ-Fe2O3. Fe2O3 can
adhere to the surface of steel as a passive layer and
provide a barrier against further corrosion attack by
chlorides. This shows that the organic molecules acted
as the catalyst (81). It is known that phosphate-based
compounds can act as catalyst at neutral pH and cause
oxygen evolution reaction (82). In this study, C19H27N4-

O10P and C17H16N3O9P acted as catalysts in converting
Fe3O4 and γ-FeOOH to γ-Fe2O3.

3.4.5. SEM micrographs of as-washed samples
The SEM micrographs of the surface of carbon steel
samples after removing the rust layer are shown in

Figure 15. Uniform corrosion was observed on the
control sample (PLS0, uninhibited) and on the samples
immersed in the 3.5 wt.% NaCl solutions containing
higher inhibitor concentrations (PLS2 and PLS3). Pitting
corrosion was recognized on the sample tested in the
3.5 wt.% NaCl containing 1 vol.% of peony leaves
extract solution (PLS1), suggesting inadequate protec-
tion by the inhibitor despite the reduction in average
corrosion rate (indicated by the electrochemical
measurements). This finding is consistent with the
surface coverage by adsorbed organic layer presented
in Figure 11.

3.5. Contact angle and surface free energy

Water contact angle was measured to determine the
degree of surface hydrophilicity of the carbon steel
samples in the presence or absence of the PLS. Then
the surface free energy (γsv) was calculated using the fol-
lowing formula (83, 84).

WA = glv(1+ cosu), (13)

WA = 2(glvgsv)
1/2exp[−b(glv − gsv)

2], (14)

where WA is the work of adhesion, γlv is the surface
tension of water which is 71.97 mJ/m2 at 25°C, θ is
water contact angle, and β is a constant equal to
0.0001247 (mJ/m2)−2.

The addition of the peony leaves extract liquid to
3.5 wt.% NaCl increased the contact angle and decreased
the surface free energy, as depicted in Figure 16. These
changes can be attributed to an adsorbed hydrophobic
layer on the surface of carbon steel (83, 85), further vali-
dating the findings from electrochemical and surface
analyses. In summary, the adsorption mechanism of
peony leaves derivatives displaced water molecules
from the carbon steel surface. The decrease in the
surface free energy indicates the aggregation of inhibitor
molecules on the surface of carbon steel and formation
of a protective adsorbed layer (86).

3.6. Quantum chemical calculations

Quantum chemical calculations were run on C19H27N4-

O10P and C17H16N3O9P molecules which were deter-
mined as the main active ingredients in the PLS. Their
molecular modeling was calculated after the geometries
were fully relaxed. The stable geometries of the mol-
ecules were obtained using the PM3 method that
implemented in Hyperchem package, as shown in
Figure 17. Non-flat conformations of C19H27N4O10P and
C17H16N3O9P were the most stable geometries for
these compounds due to the minimum angle and

Figure 14. XPS results for PLS3 steel coupon.
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torsional strains. Although non-planar conformations of
C19H27N4O10P and C17H16N3O9P was used, the intra H-
bonding could not be achieved between the hydrogen
atom of N or the oxygen atom with closed atoms of N
or O. For C19H27N4O10P, the calculations showed H-
bonding between NH3 moiety and HO-group of amido-
phosphate moiety.

The calculations for C19H27N4O10P predicted that the
formal charges on nitrogen, oxygen, and phosphorus
atoms were (−0.558 to +0.047), (−0.682 to −0.36) and
(+2.090) e/atom, respectively. The formal charges on
carbon atoms were found to be (−0.265 to +0.298) e/
atom. The average formal charge from the hydrogen

Figure 15. SEM micrographs of as-washed steel surface after 16-day immersion in 3.5% NaCl solution with PLS at (a) 0 vol.%, (b)
1 vol.%, (c) 2 vol.%, and (d) 3 vol.%. The scale in all images represents 100 μm.

Figure 16. Measured water contact angle and surface energy for
different samples.

Figure 17. Conformation structure for C19H27N4O10P and C17H16-
N3O9P molecules obtained using PM3 method.
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atoms was about (+0.110) e/atom. The difference in the
electronic density distribution on full molecular model-
ing system of C19H27N4O10P leads to a dipole moment
(μ) value of 8.07 D (Debye) for this compound. The calcu-
lations for C17H16N3O9P predicted that the formal
charges on nitrogen, oxygen and phosphorus atoms
were (+1.318 to −0.018), (−0.352 to −0.833), and
(+2.187) e/atom, respectively. The formal charges on
carbon atoms were found to be (+0.305 to −0.469) e/
atom. The average formal charge from the hydrogen
atoms was about (+1.135) e/atom. The difference in the
electronic density distribution on full molecular model-
ing gives a μ value of 5.44 D for C17H16N3O9P. Higher

values of the dipole moment will improve corrosion inhi-
bition efficiency (87). The calculations show that C19H27-

N4O10P and C17H16N3O9P molecules have high dipole
moment values, which exhibits their good corrosion
inhibitory efficacy.

Figure 18 shows the electrostatic potential energy
maps of the molecular modeling systems of C19H27N4-

O10P and C17H16N3O9P. It illustrates the charge distri-
butions of three-dimensional molecules. These maps
assist in visualization of the variable charged regions of
these molecules. There is a difference in the distribution
of electronic density and energy levels which gives
EHOMO =−9.5630 eV and ELUMO =−0.4155 eV for

Figure 18. Electrostatic potential maps for C19H27N4O10P and C17H16N3O9P molecules obtained using PM3 method.
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C19H27N4O10P and EHOMO =−9.5077 eV and ELUMO =
−1.0518 eV for C17H16N3O9P. Such differences could
lead to the interaction with other reactive sites.

Figures 19 and 20 show the frontier molecular orbitals
(HOMO and LUMO) respectively for C19H27N4O10P and
C17H16N3O9P. The calculated HOMO-LUMO gap energies
(ΔE = ELUMO− EHOMO) were 9.1475 and 8.4559 eV for C19-
H27N4O10P and C17H16N3O9P, respectively. The energy

gap has high value in both molecules due to the
absence of contribution of conjugated system of aro-
matic ring. The isosurfaces of the orbital HOMO are loca-
lized in the molecule of C19H27N4O10P through
amidophosphate moiety, whereas the side chain (ester
group and benzene ring) made with a slightly contri-
bution to the electronic distribution of the HOMO in mol-
ecular modeling. The amidophosphate moiety and ester
group with benzene ring are the reactive site (donor) of
molecular modeling system C19H27N4O10P to achieve
adsorption processes on the metal surface by N and O
atoms. The isosurfaces of the orbital HOMO are localized
in the molecule C17H16N3O9P through the pyrimidine
ring. Pyrimidine ring is the reactive site (donor) of mol-
ecular modeling system C17H16N3O9P to achieve adsorp-
tion processes on the metal surface by N and O atoms. In
contrast, LUMO as an acceptor, where the electronic dis-
tribution is localized in the N, O, and P atoms of pyrimi-
dine moiety and nitrobenzene moiety in the molecular
modeling systems of C19H27N4O10P and C17H16N3O9P,
respectively. The acceptor moiety has an important role
to coordinate with negatively ions in the environments.

This theoretical study showed that the methyl and
aromatic groups attached to the molecular modeling
system of C19H27N4O10P, and alkyl and olefin groups
attached to the molecular modeling system of C17H16N3-

O9P had no effect on either the HOMO or the LUMO dis-
tributions, but they could work as hydrophobic
fragments. Calculation of quantum chemical parameters
for C19H27N4O10P and C17H16N3O9P indicates that these
compounds are efficient corrosion inhibitors, which cor-
responds to the experimental results.

Finally, we suggest that C19H27N4O10P and C17H16N3-

O9P have inhibition effects due to the interaction of
the lone pair of electrons on the heteroatoms (N, O)
and those on the heteroatoms of the pyrimidine ring
with the metal surface, respectively. These interactions
form a kind of valuable co-ordination with the metal
surface through the spontaneous adsorption processes.
Figure 21 shows suggested physisorption mechanism
for the molecules of C19H27N4O10P and C17H16N3O9P on
the surface of metal.

3.7. Mechanism of corrosion inhibition

The mechanism of inhibition was formation of a protec-
tive layer due to the adsorption of peony leaves extract
molecules onto the steel surface. The adsorption mech-
anism followed the Frumkin adsorption isotherm
through the physical adsorption in which electrostatic
interaction occurs between inhibitor molecules and
metal surface. The Frumkin model is the main model
that accounts for non-ideal interactions of both

Figure 19. The isosurfaces of frontier molecular orbital density
distributions for C19H27N4O10P molecule obtained using PM3
method.
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insoluble-soluble and/or soluble-soluble components.
The corrosion inhibition was mainly due to the adsorp-
tion of C19H27N4O10P and C17H16N3O9P molecules, as
active ingredients, which also induce the formation of
γ-Fe2O3 as a passive layer on the steel. The adsorption
of these molecules was attributed to the interaction of
the lone pair of electrons on the heteroatoms (N, O)
with the metal surface.

The adsorption process caused an increase in the
hydrophobicity of the surface and a decrease in the
surface free energy. Higher PLS concentration resulted
in a larger charge transfer resistance (Rct) and a lower

double-layer capacitance (Cdl). The former is related to
the corrosion inhibition and the latter is attributed to
the decrease in the local dielectric constant and increase
in the thickness of electric double layer. This showed that
the water molecules and other ions on the surface of
steel have been displaced by PLS molecules through
the adsorption at the steel/solution interface.

The corrosion inhibition increases with the concen-
tration of the PLS and over immersion time, which
shows that this inhibitor exhibits an active protection.
It inhibits corrosion by blocking the cathodic active
sites and is oxidized compared to steel. Addition of PLS
changes the mechanism of the reduction reaction and
shifts the corrosion potential to more negative values.
The amount of this shift is less than 85 mV, therefore,
this inhibitor is considered as a mixed type inhibitor
with a predominating cathodic character.

4. Conclusions

This work describes the corrosion inhibition behavior of a
novel liquid “green inhibitor” derived from peony leaves
using a novel chemical and biological degradation
process. The corrosion inhibition of C1010 carbon steel
in 3.5% NaCl was studied by electrochemical measure-
ments and surface analyses and the key findings are
summarized as follows.

(1) The inhibition efficiency increased with increasing
the concentration of peony leaves extract, from 0%
to 3 vol.%. Used at 3 vol.%, this green inhibitor exhib-
ited a good inhibition efficiency of 65.8% after 16
days of steel immersion time, based on PDP test.

Figure 20. The isosurfaces of frontier molecular orbital density
distributions for C17H16N3O9P molecule obtained using PM3
method.

Figure 21. Suggested physisorption mechanism for C19H27N4O10P and C17H16N3O9P molecules.
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(2) The adsorption of PLS molecules follows the Frumkin
adsorption isotherm through the physical adsorption
in which electrostatic interaction occurs between
inhibitor molecules and metal surface.

(3) The peony leaves extract is a mixed type inhibitor
with a predominating cathodic character that
blocks the cathodic active sites on the surface of
carbon steel, while acting as a catalyst in converting
Fe3O4 and γ-FeOOH to γ-Fe2O3.

(4) Addition of the extract increases the hydrophobicity
of the steel surface and decreases the surface free
energy.

(5) The corrosion inhibition by peony leaves extract was
mainly due to the adsorption of C19H27N4O10P and
C17H16N3O9P molecules, as active ingredients which
induce the formation of γ-Fe2O3 as a passive layer
on the steel.

(6) A good correlation was found between experimen-
tally determined inhibition efficiency and theoreti-
cally calculated properties of PLS using semi-
empirical calculations with PM3 method.

(7) It is highly recommended to study the synergistic
effect of a cation and PLS on the corrosion inhibition
properties in the future researches.

(8) Further studies are highly recommended to optimize
the novel chemical/biological process of extracting
green inhibitors introduced in this research.
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