Corrosion inhibition behavior and adsorption mechanism of ethyl acetate extract from Scorzonera undulata for carbon steel in 1 M HCl solution
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Abstract
For carbon steel X70 in a 1M hydrochloric acid solution, Scorzonera undulata acetate extract (SUAc) was investigated as an ecological corrosion inhibitor. The anti-corrosion effect of Scorzonera undulata extract is studied using potentiodynamic polarization analysis and electrochemical impedance spectroscopy (EIS). The polarization curves clearly show that the extract is an excellent mixed inhibitor. Our findings show that the maximum inhibition efficiency of 83% has been found with inhibitor concentration up to 400 mg/L at 298 kelvins. The Langmuir isotherm is followed by the inhibitor's adsorption on the steel surface and physical adsorption was discovered to be the mechanism. To understand the inhibitory mechanism, thermodynamic parameters (∆G°ads) and activation parameters (Ea, ∆Ha, and ∆Sa) were determined. Scanning electron microscopy (SEM) and X-ray photoelectron spectrometry studies of the surface chemistry and morphology are included to this investigation. The results obtained from chemical and electrochemical measurements, confirm that a protective film is formed on the carbon steel surface.
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1. [bookmark: _Hlk113548083]Introduction
Metal corrosion is a natural phenomenon that affects, causes damage and change the chemical and physical properties of these metals. Many investigations and scientific research have been conducted on this phenomenon, which is considered as one of the major industrial issues. Metal contact with hydrochloric acid can be harmful and lead to strong corrosion during certain processes such as cleaning, descaling, pickling or even transportation.1  Due to their p-electron system and heteroatoms such S, P, N, and O, the organic molecules utilized as inhibitors are adsorbed on the metal surface.2-4 This adsorption is either chemical (chemisorption) or physical (physisorption). After a lot of research and investigation looking into the best and the most effective methods of protecting metals from corrosion, it has been found that the use of inhibitors is one of the most practical methods and one of the best options available.5-6 Although synthetic chemicals have good inhibitory efficiency, their application is restricted due to their higher cost, non-biodegradability, and adverse effects on both humans and environment. Recent studies are increasingly focusing on corrosion inhibition properties and working to create stable, non-toxic organic compounds in an attempt to overcome these drawbacks.  The use of affordable, biodegradable, natural products is crucial for protection. Plant extracts are typically produced using straightforward extraction techniques and exhibit good acidic medium inhibitory characteristics.7 Scorzonera undulata is a genus belonging to the sunflower family (Asteraceae). With the use of LCMS-MS analysis, we started a preliminary study on the acetate extract of Scorzonera undulata, and we noted the presence of three major molecules: 3', 4’, 5-trihydroxy-6, 7-dimethoxy-flavone (Cirsiliol), 4′, 5-Dihydroxy-6, 7-dimethoxyflavone (Skrofulein), 2S,3S,4aS,5aS,9aS,10aS)-3,5a,10a-Tris(methoxymethyl)-2-methyldecahydro-2H-dipyrano[3,2-b:2',3'-e] pyran-3-ol). Using potentiodynamic polarization and electrochemical impedance methods, the effect of the ethyl acetate extract of Scorzonera undulata on adsorption and corrosion inhibition was investigated in this work.  This investigation is complemented morphological and surface chemistry studies using scanning electron microscopy and X-ray photoelectron spectrometry. 
2. Experimental
2.1.  Preparation of solutions 
The corrosive solution used in this study is an acidic solution (1 M HCl), obtained by diluting concentrated hydrochloric acid (37%) with distilled water and adding different concentrations of ethyl acetate extract from the Scorzonera undulata.
2.2.  Specimen preparation
X70 steel is the substance utilized to make the working electrode. Table 1 lists the chemical composition and mechanical characteristics.
Table 1. Chemical composition and mechanical properties of X70 raw rolled steel
	Element
	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Mo
	Al
	Sn
	Cu
	Nb
	Ti
	V
	(Nb+Ti+V)

	Composition 
	70
	350
	1580
	0
	3
	41
	32
	9
	46
	1
	22
	57
	4
	80
	141


2.3. [bookmark: _Hlk113548125] Extraction
Markham's approach (1982) is followed for the extraction procedure, with a change made in response to Bruneton's method (1993). It is based on how well flavonoids dissolve in organic solvents. The two primary steps in this process are the first extraction phase, which uses methanol to solubilize the flavonoids, and the second extraction phase, which uses diethyl ether to extract free genins, ethyl acetate to extract monoglycosides, and n-butanol to extract free genins (to solubilize di and triglycosides). Flavonoid extraction is carried out from the finely ground dry matter with methanol. The macerate is filtered on a Büchner under reduced pressure and then subjected to low-pressure evaporation at 38°C (Rota Vapor, Büchi 461, Germany). Three successive washings with petroleum ether (v/v) liberate the filtrate of waxes, lipids, and chlorophyll to produce an aqueous phase. The aqueous phase is combined with diethyl ether (v/v) to create an organic phase that contains the flavonoids aglycones and the methoxylated aglycones, which are used to separate the flavonoids into aglycones, monoglycosides, di-, and triglycosides. Three ethyl acetate extractions are then applied to the remaining aqueous phase in order to recover some flavonoid aglycones, primarily monoglycosides, for the organic phase. In order to extract the flavonoids di and triglycosides in particular, the residual aqueous phase is combined with n-butanol. The majority of the most polar glycosylated flavonoids are present in the final aqueous phase. Low-pressure evaporation is employed to concentrate the four collected phases.
3. LC–MS/MS analysis
Three compounds were detected in the LC-MS/MS analysis of the ethyl acetate extract of scorzonera undulata (Table 2).
Table 2. Three major molecules of acetate extract of scorzonera undulata using LC-MS/MS analysis.
	Name
	Formula
	MW
	RT

	3',4',5-trihydroxy-6,7-dimethoxy-flavone (Cirsiliol)

	C17H14O7
	330,0737
	5,65

	4′,5-Dihydroxy-6,7-dimethoxyflavone (Skrofulein)
	C17H14O6
	314,0082
	7,13

	2S,3S,4aS,5aS,9aS,10aS)-3,5a,10a-Tris(methoxymethyl)-2-methyldecahydro-2H-dipyrano[3,2-b:2',3'-e]pyran-3-ol
	C18H32O7
	360,2145
	10,21


[bookmark: _Hlk113548157]MW: molecular weight; RT: retention time


(2S, 3S, 4aS, 5aS, 9aS, 10aS)-3, 5a, 10a-Tris (methoxymethyl)-2-methyldecahydro-2H-dipyrano [3, 2-b: 2’, 3’-e] pyran-3-ol


4′, 5-Dihydroxy-6, 7-dimethoxyflavone (Skrofulein)


	3', 4’, 5-trihydroxy-6, 7-dimethoxy-flavone (Cirsiliol)
Fig 1. Different compounds present in Scorzonera undulata.
4. [bookmark: _Hlk113548177]Methods
4.1.  Electrochemical tests
In a Pyrex cell with a typical three-electrode configuration steel as the working electrode (ET), platinum as the auxiliary electrode, a saturated Hg/Hg2Cl2/KCl calomel electrode, and (ECS) as the reference electrode, the electrochemical experiments are carried out. The latter is equipped with a Luggin capillary, the end of which is placed opposite the working electrode. The measurements are carried out with a set comprising a PGZ301 potentiostat-galvanostat, type Radiometer, associated with the "voltamaster 4" software. Before plotting the curves, the working electrode is held at its drop potential for 60 minutes. We initially plotted the electrochemical impedance spectroscopy and potentiodynamic polarization spectroscopy curves.
4.2.  Scanning electron microscopy (SEM)
[bookmark: _Hlk113548190]After being submerged in a corrosive solution (1M HCl) for two hours at 293 K with and without the addition of the ideal concentration of ethyl acetate extract, the surface morphology of carbon steel was examined using SEM analysis (JEOLJSM-6360LV).
4.3.  X-ray photoelectron spectrometry
The X-ray photoelectron spectroscopy (XPS) spectra were recorded using the ESCALAB 220XL instrument. The X70 steel disks were submerged in a 100 mg/L XCAE solution in a 1M HCl. All the parameters of XPS analysis have been described by earlier research.8-10
5. Results and discussion
The phytochemical study reveals that tannins, flavonoids, and phenols are present in the acetate extract of Scorzonera undulata. Table 3 displays the findings of the phytochemical examination of Scorzonera undulata acetate extract.11
Table 3. Phytochemical analysis results of Scorzonera undulata plant extract.
	TPC (µg GAE/mg)
	435.72549±14.741134

	TFC (µg QE/mg)
	74,130719±3.5312268

	Tanin  
	0.6288±0.0098


[bookmark: _Hlk113548215]TPC: Total Phenols, TFC: Total flavonoids. GAE: gallic acid, QE: quercetin
The Folin-Ciocalteu reagent was used to determine the total phenolic content (TPC) and flavonoid content (TFC) in the SUAc fraction, which were then expressed as gallic acid (GAE) and quercetin (QE) equivalents, respectively. The results of the assays show that the acetate extract of Scorzonera undulata (SUAc) is rich in polyphenols 435.72549±14.741134 mg eq.gallic ac/g (sample) and with regard to flavonoids and tannins values of 74.130719±3.5312268 mg eq. Quercetin /g and 0.6288±0.0098 were recorded.
5.1. [bookmark: _Hlk113548227] Electrochemical measurement 
5.1.1. Potentiodynamic polarization
Fig. 1 displays the cathodic and anodic polarization curves of X70 steel in 1M HCl medium in both the absence and the presence of various concentrations of the extract of Scorzonera undulata at 298 K. For Table 3, it lists the electrochemical characteristics derived from the polarization curves, including recovery rate, corrosion inhibition efficiency EI (%), corrosion current density (Icorr), corrosion potential (Ecorr), cathodic and anodic Tafel constants (βc and βa), and others.
Inhibitory efficacy is defined as follows:
[bookmark: _Hlk113548235]                                              EI% = (i0 – iinh) / i0 * 100                                                        (1)
Where i0 and iinh are the values of the steel's corrosion current density after immersion in an acidic medium, respectively without and with the addition of an inhibitor, as extrapolated from the cathodic or anodic lines of Tafel. A first analysis of these curves shows that there is a reduction of the corrosion potential as the inhibitor concentration increases. The addition of the inhibitor in solution induces a significant decrease of both anodic and cathodic partial currents.
[image: ]
Fig 2. Polarization curves of X70 steel in solution at 1 M HCl and different SUAc concentrations.
Table 4. Electrochemical parameters of X70 steel in 1M HCl without and with the addition of different concentrations at 298K temperature of the Scorzonera undulata extract.
	C
(mg L-1)
	E
(mV)
	icorr
(mA.cm-2)
	Rp

	βa
 (mV.dec-1)
	-βc
 (mV.dec-1)
	EI%

	0
	-438,9
	0,2019
	62,37
	62,7
	90,9
	- 

	100
	-449,4
	0,0754
	284,57
	89,1
	114,3
	62,65

	200
	-440,3
	0,0661
	321,59
	65,6
	112,5
	67,26

	300
	-443,6
	0,053
	370,42
	73
	107,1
	73,75

	400
	-467,3
	0,0332
	579,57
	77,7
	124,3
	83,56

	500
	-463,8
	0,0462
	205,58
	53,7
	97,6
	77,12


[bookmark: _Hlk113548273]The active area of the electrode decreases as the inhibitor concentration and the inhibitory efficiency rise, and the adsorbed film can exhibit ohmic behavior. When the inhibitor is present, the reaction of hydrochloric acid reduction and dihydrogen release might proceed according to the same mechanism. 
In relation to the polarization of the steel in 1M HCl, the slope of the anodic Tafel line (βa)
is 62.7 mV. The βa value represents a reduction in oxidation current density when an inhibitor is present.12 This outcome demonstrates unequivocally the anodic and cathodic effects of our inhibitor. The results show that the active sites on the metal surface are being blocked by the adsorbed molecules of the extract, decreasing the corrosion current density,13 with a maximum efficiency of 83.56 % at 400 mg L-1. The addition of this inhibitor results in a decrease in the cathodic and anodic current densities without modifying the corrosion potential value, according to the cathodic and anodic the polarization curves. 
5.1.2. Electrochemical impedance spectroscopy
Fig.3 shows Nyquist diagrams of steel immersed in acid solution with and without the addition of different inhibitor doses.
[image: ]
Fig 3. Electrochemical impedance of steel X70 in solution with 1 M HCl and different concentrations of SUAc (Representation in the Nyquist plane).
[bookmark: _Hlk113548303]According to the following relationship, the load transfer resistance is used to calculate how well steel resists corrosion:
                                               EI% = Rtinh – Rt / Rtinh * 100                                                  (2)
Where Rt and Rtinh represent the steel's load transfer resistances after immersion, without and with the inhibitor added, respectively. Table 5 summarizes the electrochemical impedance spectroscopy (EIS) results for the inhibitory efficiency and electrochemical parameters for various concentrations of steel corrosion inhibitor in 1M HCl medium.
Table 5. At various concentrations of SUAc extract, electrochemical impedance characteristics were measured in both the absence and the presence of the inhibitor.
	C
(mg L-1)
	Rt
(𝛺cm²)
	Cdl
(μF cm-2)
	EI%

	0
	156,5
	56,91
	 -

	100
	395,6
	254,2
	60,44

	200
	413,6
	86,19
	62,16

	300
	514,7
	77,29
	69,59

	400
	557,9
	31,94
	71,95

	500
	257,4
	69,22
	39,20


[bookmark: _Hlk113548364]The evaluation of these findings prompts us to make the following conclusions:
A single capacitive loop being present. This kind of graph often shows that a charge transfer process regulates the breakdown of carbon steel.14 It is obvious that adding SUAc extract causes the loops to grow in size, which increases their resistance to the medium's corrosiveness. This behavior might be brought on by the development of a shield once the inhibitors have been absorbed onto the steel surface.
The area of active sites on the metal surface appears to decrease when inhibitor concentration is increased. This decrease may be due to the blocking of the active surface by adsorption of the inhibitor on the metal surface and consequently the increase of the transfer resistance Rt which gives a maximum inhibitory efficiency of 71.95% at 400 mg L-1.
As the concentration of SUAc rises, the charge transfer resistance also increases (Table 5). This can be explained by a strengthening of the most inhibitive oxide layer's protective qualities, which causes a rise in Rt values. The impedance study and polarization measurement's results are therefore in good accord.
5.1.3. Effect of temperature
One of the factors that can alter a material's response to a corrosive environment is temperature. At different temperature, the identical electrochemical tests on X70 steel in 1 M HCl solution were carried out in both the absence and the presence of the inhibitor (298 K, 308 K and 318 K). Table 6 lists the values for the corrosion potential (Ecorr), corrosion current density (icorr), anode βa and cathode βc slopes, and inhibitor efficiency (EI). It appears that as the temperature increases, the corrosion current density increases while the inhibition efficiency decreases. 
[image: ]
[image: ]
Fig 4. Curves of polarization in 1 M HCl at various temperatures in the presence and the absence of an inhibitor.
Table 6. Electrochemical parameters of 1 M HCl and inhibitor at different temperatures
	Electrolyte
	Temperatures
	- Ecorr
(mV)
	icorr
(mA.cm-2)
	Rp
	βa
(mV.dec-1)
	     - βc
(mV.dec-1)
	
	(%)

	HCl 1M
	298
	-438,9
	0,2019
	62,37
	62,7
	90,9
	-
	-

	
	308
	-480,1
	0,2392
	56,81
	67,1
	82,8
	-
	-

	
	318
	-427,5
	0,2764
	46,32
	56,1
	103,4
	-
	-

	Extract
	298
	-467,3
	0,0332
	579,57
	77,7
	124,3
	0.8356
	83.56

	
	308
	-500,5
	0,0492
	377,74
	71,6
	110,7
	0.7943
	79.43

	
	318
	-501,7
	0,0799
	239,96
	71,8
	116,6
	0.7109
	71,09


[bookmark: _Hlk113548415]Fig. 5 shows the impedance diagrams obtained at different temperatures (20, 30 and 40 °C), showing a pattern of the diagrams that is not modified by temperature; however, the size of the capacitive loop decreases with increasing temperature. These results are in a good agreement with the results obtained from the polarization curves.                     
[image: ][image: ]
Fig 5. SIE curves obtained at different temperatures (20, 30 and 40 °C).
Table 7. Results of electrochemical impedance tests in 1M HCl at different temperatures without and with the addition of 400 mg L-1 of SUAc.
	Electrolyte
	Temperatures
	R
(𝛺cm²)
	Cdl
(μF cm-2)
	EI%

	
HCl 1M
	298
	37,28
	213,4
	-

	
	308
	119,7
	106,2
	-

	
	318
	94,84
	106
	-

	
Extract
	298
	557,9
	31,94
	76.14

	
	308
	384,8
	92,63
	72.10

	
	318
	306.1
	116.4
	69.02





5.1.4 [bookmark: _Hlk113548440]
5.1.5 
5.1.6 
5.1.7 
5.1.8 

5.1.4. Thermodynamic study
The variation laws of the adsorbed quantity, as a function of inhibitor concentration, can often be represented by different types of 4, 4' isotherms.
              Langmuir :  +c                                                                         (3)
              Temkin :                                                                    (4)
              Freundlich:                                                   (5) 
Table 8. Correlation coefficient.
	Isotherm  
	R2

	T
	20°C
	30°C
	40°C

	Langmuir
	0,996
	0.992
	0,990

	Temkin 
	0.963
	0.94
	0.927

	Fremkin 
	0,622
	0,574
	0,526

	Freundlich 
	0,984
	0.92
	0,91










[bookmark: _Hlk113548489]According to the variation in the recovery, rate (C/θ) as a function of the concentration of SUAc at various temperatures, the plot of the Langmuir isotherm is shown in Fig. 6.
[image: ]
Fig 6. Langmuir adsorption isotherm of SUAc on the surface of steel X70 in the 1M HCl solutions at different temperatures.
[bookmark: _Hlk113548513]The values of the adsorption constants (Kads), adsorption energies (, enthalpy  and entropies (are grouped in Table 9.
Table 9. Thermodynamic parameters related to the adsorption of SUAc on the surface of X70 steel.
	Temperatures 
	Kads
(Lmg-1)
	 
(kJ mol-1)
	 
(kJ mol-1)
	 
(J mol-1K-1)

	20°C
	0,016975
	-18,42
	
-23,9

	-18,4006

	30°C
	0,014428
	-18,32
	
	-18,4282

	40°C
	0,010681
	-18,14
	
	-18,4065



[bookmark: _Hlk113548526]The spontaneity of the adsorption process and the durability of the double layer adsorbed on the metal surface are shown by the negative values of the free energy of adsorption (∆G°ads).15 Typically, the electrostatic interactions between the charged molecules and the charged metal are what cause the values of ∆G°ads to be close to or less than -20 kJ/mol (physical adsorption). SUAc is physisorbed on the metal surface, as shown by the predicted values of ∆G°ads near to -20kJ mol-1 (Table 9).
[image: ]
Fig 7. Variation of the adsorption free energy (∆G°ads) as a function of the temperature.
5.1.5. [bookmark: _Hlk113548548]The apparent activation energy (thermodynamic parameters relating to the dissolution of steel X70 in solution)
The activation energy for the various concentrations of SUAc is higher according to the data shown in Table 10 than the activation energy without the addition of SUAc. This higher activation energy is due to the extract's physisorption on the surface of X70 steel.16–20
Table 10. Parameters of carbon steel's activation energy in an acidic solution, both with and without SUAc present in varied concentrations.
	C
(mg L-1)
	Ea
(kJ mol-1)

	0
	13,05

	100
	24,11

	200
	24,67

	300
	26,95

	400
	36,49


[bookmark: _Hlk113545055]
[image: ]
Fig 8. Graph of ln (icorr) in the presence and absence of SUAc as a function of the temperature's inverse.
5.2. [bookmark: _Hlk113548576] Morphological investigation
In both the absence and the presence of a plant extract, top view SEM micrographs of carbon steel submerged in 1 M HCl are shown in Fig. 9. Without plant extract, the carbon steel specimen's SEM picture reveals an uneven, acid-damaged surface. It is very clear from Fig. 8 that the addition of the inhibitor under study (SUAc) to the corrosive medium stops the dissolution and consequently the corrosion of the metal. The creation of a protective layer by the SUAc extract on the surface of the steel is thought to be the cause of this visual variation.21

[image: ][image: ]
[bookmark: _Hlk113545101]Fig 9. SEM top view images of carbon steel in acidic solution: (a) in absence of SUAc and (b) in presence of SUAc.
5.3. [bookmark: _Hlk113627621] XPS (X-ray Photoelectron Spectrometry)
[image: ]
[bookmark: _Hlk113626529][bookmark: _Hlk113545137]                                (a)                                                                          (b)
Fig 10. XPS survey spectra (a) without and (b) with SUAc
[bookmark: _Hlk113548600][bookmark: _Hlk113545163]Fig. 10 displays the XPS survey spectra of the films before and after SUAc treatment. All samples' surfaces include carbon (C), iron (Fe), and oxygen as would be expected (O). Though no nitrogen impurities were found in either sample, it is significant to note that the CNW films that have not been treated have a higher concentration of O impurities. Therefore, it is believed that the increase of the O amount before the use of SUAc is due to the higher surface oxidation. 
[image: ]
[bookmark: _Hlk113626517]                                       (a)                                                                         (b)
Fig 11. XPS C1s higher resolution spectra of sample (a) without and (b) with SUAc.
[bookmark: bf0035][bookmark: _Hlk113548613][bookmark: _Hlk113545448]The sample's C 1s higher resolution de-convoluted XPS spectra with and without SUAc are shown in Fig. 11. The (Fe-C), C-Fe-FeC C, C-C, C-H, C OH, and (C O) C OH) bonds on the surface of the carbide phase are responsible for the peaks at 283.2, 284.4, 286.1, 288.1, and 290.2 eV, respectively, in Fig. 10(a). The task outlined in the literature,22–24 can be compared to these binding energies. After the use of SUAc, it can be observed the disappearance of the carbide bonds (Fe-C….), which indicates a surface passivation by an amorphous carbon layer especially with the increase of C-H amount. The appearance of new bond O-C-OH after the use of SUAc indicates the presence of hydroxyl groups probably originates from the SUAc inhibitor. [image: ]
 (a)                                                                          (b)
Fig 12. XPS O1s higher resolution spectra of sample (a) without and (b) with SUAc.
[bookmark: _Hlk113548632][bookmark: _Hlk113545467]The O1s core level envelope in the XPS spectra of the sample without SUAc (Fig.12 (a)) may be deconvoluted into three component peaks known as O1, O2, and O3. The Fe-O bonds in the FeOx lattice are typically credited with producing the O1 component, which is located at about 528.0 eV on the low binding energy (BE) side of the O 1s spectrum. The O2 component can be assigned to the Fe-O-C bond, whereas the O3 component can be attributed to oxygen vacancies. Its intensity is a measurement of the number of oxygen atoms around the oxidized iron. With the addition of SUAc, the Fe-O-C peak disappear (Fig.12 (b)) in accordance with the XPS analysis of C1s spectra. 
[image: ]
                                       (a)                                                                        (b)
Fig 13. XPS Fe2P higher resolution spectra of sample (a) without and (b) with SUAc.
[bookmark: _Hlk113548645]The XPS study spectra before and after the SUAc treatment are shown in Fig. 13, the surfaces of all samples contain iron (Fe2+), and (Fe+1).
6. [bookmark: _Hlk113548661]Conclusion
This study presents the inhibitory impact and adsorption behavior of a Scorzonera undulata ethyl acetate extract on X70 steel in a 1M HCl media. Tafel plots have shown that the extract is an excellent mixed inhibitor. Additionally, the data show that the effectiveness of the inhibition rises with extract concentration, reaching a maximum of 83% at 400 ppm Scorzonera undulata.  The extract remained active at the studied temperatures range. Finally, the obtained thermodynamic parameters revealed a physical adsorption between the extract and the metal surface. The inhibitor molecules interact with the mild steel surface strongly, as evidenced by the Gibbs free energy of adsorption's (∆Gads) negative value.
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