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A peony-leaves-derived liquid 
corrosion inhibitor for protecting 
carbon steel from chlorides. 
Provisional Patent 62/374,466 
filed on 08/12/2016.

Elizabeth Beks/North Pole Peonies



Highlights 
• Chloride induced corrosion of metals 

results in significant cost and 
environmental footprint.

• A novel chemical/biological process for 
deriving “green” inhibitors was 
developed.

• The main active ingredient of the inhibitor 
was determined.

• A mixture of an adsorbed organic layer 
and a passive iron oxide layer induced by 
the organic materials significantly 
mitigated the corrosion of steel.



The Big Picture

• 25-30% of these costs are preventable 

• Corrosion mitigating strategies are much needed!

• 20 million tons of 

deicing salt per year in 

the U.S.

• Corrosive for metallic 

component of vehicles

• Annual costs: $2.8 B



Why did we do this exploratory study?
• Corrosion inhibitors are proven to be effective in reducing 

the metallic corrosion and thus preserving the service life 
and performance of assets. 

• Some agro-based inhibitors can offer additional benefits 
as ‘cryoprotectants’: reducing the freezing point!

• In place of petroleum-derived inhibitors, inhibitors from 
renewable resources are highly desirable: less toxic, 
readily available, bio-degradable, more cost-effective.

• Green inhibitors feature organic compounds containing 
heteroatoms such as P, S, N and O which can adsorb onto 
the metallic surface and form a protective layer.



Peony leaves derived solution
• In the State of Alaska alone, there are 58 peony farms that 

can produce about 200,000 peonies annually 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.

Flower pictures are free for non-profit organization.
Copyright © 2009 www.freeflowerpictures.NET

• This work explores an 
innovative process to 
derive “green” chemicals 
from waste peony 
leaves (and stalks).



 Materials
 Carbon steel (C1010)
 3.5% NaCl solution
 Peony leaves extract: using a zero-waste process

 Methods
 Chemical analyses
 Electrochemical Measurements
 Surface analyses
 Water contact angle

EXPERIMENTAL

Definition Different concentrations of peony leaves derived solution

Concentration 0 vol.% 1 vol.% 2 vol.% 3 vol.%

Sample PLS0 PLS1 PLS2 PLS3



Preparation of peony leaves extract
Urea + Ca(OH)2 + NaOH + ground peony leaves powder + DI water

Adjusting pH above 11.5

Partially frozen solution stirred again and 
simultaneously 500 mL DI water was added into it.  

pH adjusted to 8.5 by adding HNO3 and NaOH. Then, a 
mixture of KH2PO4, NaH2PO4.H2O and MgSO4.7H2O 

was added to the solution to create a medium suitable 
for the growth of bacteria.

Bacillus Megaterium bacteria (NRRL B-14308) was added to the solution, 
which was subsequently placed in a shaker for 14 days.

Fast stirring then freezing at -13 °C



RESULTS AND DISCUSSION
FT-IR spectroscopy 

Presenter
Presentation Notes
The FT-IR spectroscopy sheds light on the chemical groups present in the peony leaves extract.



FT-IR spectroscopy 

Wave number (cm-1) Functional group Bond Frequency range 
(cm-1) 

Broad peak alcohols O–H stretch 3500 to 3200
3427 and 3329 1°, 2° amines N–H Stretch 3400–3250

2914 alkanes C–H stretch 3000–2850

1674 carbonyls or alkenes C=O stretch or –
C=C– stretch

1760–1665 or 
1680–1640

1595 aromatics C–C stretch (in–
ring) 1600–1585

1456 alkanes C–H bend 1470–1450
1362 alkanes C–H rock 1370–1350
1149 phosphine oxides P=O bond 1210–1140
1032 aliphatic amines C–N stretch 1250–1020

787 and 706 alkyl halides C–Cl stretch 850–550

Presenter
Presentation Notes
The FT-IR results reveal that the peony leaves extract contains O, N, P, and C in the mentioned functional groups. 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



Liquid chromatography -
mass spectroscopy (LC-MS)

Presenter
Presentation Notes
According to the LC-MS results, the peony leaves extract mainly consisted of the following components: Demethoxyisogemichalcone C, Ganodermic acid TQ and 1-docosanoyl-glycero-3-phosphate with the molecular weights of ([M+H]+) of 503.156, 511.345, and 495.348 m/z, respectively. The molecular structures of these compounds are provided in this Figure. These results show that amines, even though detected in the FT-IR analysis, were not the main compounds of the peony leaves extract. This is consistent with the pH of the liquid extract, which was near 6.5.



Linear polarization resistance (LPR)

𝒊𝒊𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 =
𝜷𝜷𝒂𝒂𝜷𝜷𝒄𝒄

𝟐𝟐.𝟑𝟑 𝜷𝜷𝒂𝒂 + 𝜷𝜷𝒄𝒄
𝟏𝟏
𝑹𝑹𝒑𝒑

𝑪𝑪𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝑪𝑪𝒊𝒊𝒄𝒄𝑪𝑪 𝒄𝒄𝒂𝒂𝒓𝒓𝒓𝒓 𝒎𝒎𝒑𝒑𝒎𝒎 =
𝟎𝟎.𝟏𝟏𝟑𝟑 × 𝒊𝒊𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 × 𝑬𝑬.𝑾𝑾.

𝝆𝝆

𝟎𝟎,𝟏𝟏,𝟐𝟐,𝟑𝟑 𝒗𝒗𝒄𝒄𝒗𝒗. % 𝒊𝒊𝑪𝑪𝒓𝒓𝒄𝒄
𝟑𝟑.𝟓𝟓 𝒘𝒘𝒓𝒓. % 𝑵𝑵𝒂𝒂𝑪𝑪𝒗𝒗

Presenter
Presentation Notes
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. 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). The inhibition effect was still outstanding in the presence of 2 and 3 vol.% PLS  even after 16 days of steel immersion. Such sustained inhibition is highly desirable, making this green inhibitor a promising candidate for formulating long-lasting inhibitor packages.



LPR measurements 
reveal great potential

• The inhibition effect was still outstanding in the 
presence of 2 and 3 vol.% PLS  even after 16 days of 
steel immersion. 

• Such sustained inhibition is highly desirable, making 
this green inhibitor a promising candidate for 
formulating long-lasting inhibitor packages.



Potentiodynamic polarization (PDP)

C1010 steel after 16-d immersion in NaCl solution containing 0 to 3 vol.% PLS



Fe2+ + 2Cl− → FeCl2

FeCl2 + 2H2O → Fe (OH)2 + 2H+ + 2Cl−

6FeCl2 + O2 + 6H2O → 2Fe3O4 + 12H+ + 12Cl−

• Anodic reactions for steel corrosion induced by chloride in near-
neutral pH solutions:

• The main cathodic reaction in the presence of sufficient
dissolved oxygen:

O2 + 2H2O + 4e− → 4OH−



PDP measurements 
reveal probable 
mechanism of 
corrosion inhibition

• The addition of PLS 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 cathodic active sites of steel 
surface. 

• 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. 



Electrochemical impedance spectroscopy (EIS)

Nyquist plots for C1010 steel after 16-d immersion in NaCl solution containing 0 
to 3 vol.% PLS.



EIS measurements 
confirm great potential

• The protection response of carbon steel was modified 
by the presence of different concentrations of PLS, 
and the surface impedance increased with the 
inhibitor concentration. 

• These loops are not perfect semi-circles and such 
deviation is attributable to frequency dispersion by the 
roughness or non-homogeneity of the working 
electrode surface caused by corrosion attack. 



Sample 

Name

Rs

(Ω 

cm2)

Rf

(Ω 

cm2)

Qf

Rct

(Ω cm2)

Qdl Cdl, 

× 10-4 

(F 

cm-2)

IE

%*
Y0f

(Ω-1 cm-2 snf) 
nf

Y0dl, × 10-4 

(Ω-1 cm-2

sndl)

ndl

PLS0 2.2 4.5 6.1 × 10-5 0.96 2610 13.7 0.67 25.6 -----

PLS1 2.8 388.3 29.1 × 10-5 0.85 3739 6.9 0.62 12.3 30.2

PLS2 2.9 103.5 9.3 × 10-5 0.94 4780 4.4 0.58 7.6 45.4

PLS3 2.5 454.9 8.2 × 10-5 0.95 7628 2.5 0.61 3.8 65.8

* IE% = [1 - Rct (uninhibited) / Rct (inhibited)] × 100

𝑪𝑪𝒅𝒅𝒗𝒗 = (𝒀𝒀𝟎𝟎𝑹𝑹𝒄𝒄𝒓𝒓
𝟏𝟏−𝑪𝑪 ) ⁄𝟏𝟏 𝑪𝑪

𝒁𝒁𝑪𝑪𝑪𝑪𝑬𝑬 =
𝟏𝟏

𝒀𝒀𝟎𝟎 𝒋𝒋𝒘𝒘 𝑪𝑪

Presenter
Presentation Notes
Electrochemical impedance parameters obtained by fitting EIS data to equivalent circuitRct value increased while Cdl value decreased with the increase in the concentration of PLS, suggesting that the inhibitor performance was due to the adsorption of inhibitor molecules on the metal surface 



Adsorption isotherm

𝒗𝒗𝒄𝒄𝒍𝒍
𝜽𝜽𝑪𝑪
𝟏𝟏 − 𝜽𝜽

= 𝟐𝟐𝜶𝜶𝜽𝜽 + 𝟐𝟐.𝟑𝟑𝟎𝟎𝟑𝟑𝒗𝒗𝒄𝒄𝒍𝒍𝒍𝒍 ∆𝑮𝑮𝒂𝒂𝒅𝒅𝑪𝑪𝟎𝟎 = −𝟐𝟐.𝟑𝟑𝟎𝟎𝟑𝟑𝑹𝑹𝑹𝑹𝒗𝒗𝒄𝒄𝒍𝒍 𝑪𝑪𝑪𝑪𝒄𝒄𝒗𝒗𝒗𝒗𝒓𝒓𝑪𝑪𝒓𝒓𝒍𝒍

Frumkin isotherm 

Inhibition Efficiency
Inhibitor Concentration, C

Presenter
Presentation Notes
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 0.9886 which is governed by the first equation from left.Where K is the adsorption-desorption constant and α is the lateral interaction term. The calculated values for α and logK are 1.5662 and -0.4485, respectively. 



Adsorption isotherm 
reveal the type of 
adsorption

• The Frumkin isotherm is an extension of the Langmuir 
isotherm in describing certain adsorption phenomena. It 
accounts for non-ideal interactions of both insoluble-soluble 
(1-2) and/or soluble-soluble (2-2) components.

• ΔG0
ads was estimated to be -14.56 kJ mol-1. This negative 

value 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.



Digital Photos 

The surface morphology of steel coupons after 16-d continuous 
exposure to various inhibitor/NaCl solutions.

• The steel coupon exposed to uninhibited salt brine 
(PLS0) was partially covered by orange rust. 

• The surface layer in the 3.5 wt.% NaCl with higher 
inhibitor concentrations (e.g., PLS at 3 vol.%) was 
more uniform and complete. 

Presenter
Presentation Notes
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 coupons was black, implying that the chemical composition of the surface layers on these samples differed from that on the PLS0 coupon. 



FESEM micrographs of the surface layer

  

  

 

More 
porous 

rust

More 
compact 
corrosion 
product 
layer

Presenter
Presentation Notes
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 concentrations (PLS2 and PLS3). It is known that more compact corrosion product layer is attributed to less corrosion rate 



XRD patterns of the of the surface layer

Presenter
Presentation Notes
The crystalline phases in the surface layer of the aforementioned steel coupons was examined by XRD. On the steel surface exposed to uninhibited 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. 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.



EDS results of the surface layer

 

 

  

adsorption of 
inhibitor molecules 

Presenter
Presentation Notes
According to EDS results, the adsorbed organic layer mainly consisted of phosphorus (P), carbon (C), oxygen (O) and iron (Fe). The main peaks for both samples corresponded to iron and oxygen which shows the formation of iron oxide(s) on their surface. In the case of PLS3, a relatively large peak related to phosphorus can be seen around 2 keV, attributed to the adsorption of inhibitor molecules onto the steel surface. 



EPMA maps of the of the surface layer

 Fe O Cl N P 

PLS0  

     

PLS3 

     
  

Phosphate based compounds have a higher negative 
charge density than amine based ones; as such, they 
can form stronger and more stable bonds with the 
metallic surface. 

1-docosanoyl-glycero-3-phosphate

Presenter
Presentation Notes
The steel surface exposed to uninhibited 3.5 wt.% NaCl (PLS0), there is little presence of N or P and the corrosion product layer consisted of an iron oxide/hydroxide layer containing Cl. The interface between corroded surface (left) and intact steel substrate (right) is clearly illustrated by the elemental maps of Fe, O and Cl. The surface layer in the 3.5 wt.% NaCl with high inhibitor concentration (PLS at 3 vol.%) clearly consisted of a phosphorous compound and no N was detected. These reveal that 1-docosanoyl-glycero-3-phosphate was the main active ingredient in the PLS. 



XPS results for PLS3 steel coupon

all of the Fe3O4 phase and 
some of the γ-FeOOH were 
converted to γ-Fe2O3

Presenter
Presentation Notes
The XPS results for PLS3 steel coupon reveal that the iron oxide phase in the corrosion surface layer is made of two phases, γ-Fe2O3 and γ-FeOOH.1-docosanoyl-glycero-3-phosphate acted as a catalyst in converting Fe3O4 and γ-FeOOH to γ-Fe2O3.



SEM micrographs of as-washed steel surface

  

  

  
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.

Pitting

Presenter
Presentation Notes
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 protection by the inhibitor despite the reduction in average corrosion rate 



Water contact angle & surface free energy 

Presenter
Presentation Notes
The addition of the peony leaves extract liquid to 3.5 wt.% NaCl increased the contact angle and decreased the surface free energy. These changes can be attributed to an adsorbed hydrophobic layer on the surface of carbon steel.



CONCLUDING REMARKS (I)

 The inhibition efficiency increased with increasing the 
concentration of peony leaves extract, from 0% to 3 vol.%. 
Used at 3 vol.%, this green inhibitor exhibited a good 
inhibition efficiency of 65.8% after 16 days of steel 
immersion time. 

 The adsorption of organic molecules follows the Frumkin 
adsorption isotherm through the physical adsorption in 
which electrostatic interaction occurs between inhibitor 
molecules and metal surface.



CONCLUDING REMARKS (II)

 The peony leaves extract is a cathodic inhibitor 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. 

 The corrosion inhibition by peony leaves extract was 
mainly due to the adsorption of 1-docosanoyl-glycero-3-
phosphate molecules, as active ingredient, which induces 
the formation of γ-Fe2O3 as a passive layer on the steel. It 
also increases the hydrophobicity of the surface through 
the adsorption of the fatty acid chain of phospholipid 
compound.



Ongoing Research

 Locally Sourced Renewable Additives for Infrastructure-
Friendly Snow/Ice Control Operations Funded by the 
CESTiCC through the University of Alaska, Fairbanks. Dec. 
2016 – Oct. 2017. $50,000 (plus $25,000 match by the 
Washington State DOT). 



Questions?

Xianming Shi, PhD, PE
Associate Professor, Civil & Environmental Engineering 
Washington State University
Sloan 101, PO Box 642910
Pullman, WA 99164-2910
Phone: 1-509-335-7088
xianming.shi@wsu.edu
public.wsu.edu/~Xianming.Shi/

mailto:xianming.shi@wsu.edu
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