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Abstract: In this study, the employment of Ashwagandha extract (AE) as a green sustainable corrosion 

inhibitor for aluminum in one molar hydrochloric acid solutions was examined utilizing “mass loss 

(ML), electrochemical frequency modulation (EFM), electrochemical impedance spectroscopy (EIS) 

and potentiodynamic polarization (PP) measurements”. The surface examination was analyzed utilizing 

atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) analysis. The effect of 

temperature on corrosion demeanor with adding a different dose of AE was investigated within the 

temperature varieties of 25-45 ºC by ML strategy. The curves of polarization reveal that AE is 

considered as a mixed sort inhibitor. The performance of inhibition rises with raising the AE 

concentration and diminished with the temperature ascending. The adsorption of the inhibitor on 

aluminum surface complies with the Langmuir’s adsorption isotherm and is considered as 

physisorption. The outcomes attained from chemical and electrochemical methods are in good accord.  
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1. Introduction 

Al and its alloys are a crucial construction material owing to their extraordinary 

advanced data and the board variety of mechanical applications, transcendently in flying, 

vehicles, and nuclear unit. Al alloys are used in a broad assortment of business because of their 

different appealing properties such as good mechanical properties, lightweight, high 

conductivity, and resistance to corrosion [1]. Generally, famous acid inhibitors are organic 

compounds, including N‚ S‚ and O atoms, which have high inhibition efficiencies [2-5]. The 

heterocyclic organic compounds have been utilized as corrosion inhibitors for Fe [6-9], Cu 

[10], Al [11-13], and different metals [14-15] in various corrosive media. However, numerous 

of these compounds have great hindrance performance, various of them have undesirable 

effects, even in greatly little concentrations, because of their poisonousness to humans, harmful 

environmental effects, and critical cost [16]. Plant extract is economical and environmentally 

safe, so they are considered as ecofriendly corrosion inhibitors. Recently, several plant extracts 

have been utilized as powerful corrosion inhibitors for Al alloy in Hydrochloric acid solutions, 

such as Garlic [17], Black Mulberry [18], piper Guineans seed [19] Red onion skin [20]. The 

inhibition capability of these extract is ordinarily attributed to the presence of organic species 

containing tannins, alkaloids and nitrogen bases, carbohydrates, and proteins in their 

constituents. These compounds commonly include polar functions with N, S, or O atoms and 
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have triple or conjugated double bonds with aromatic rings in their molecular structures, which 

are the significant adsorption centers. The Ashwagandha plant is the Solanaceae or nightshade 

family and contains flavonoids, withanolides, alkaloids, steroids, and antioxidants are found in 

all pieces of the plant, particularly the roots [21]. This plant, especially its root powder, has 

been utilized in traditional Indian medicine for a long time and dietary supplements containing 

ashwagandha [22]. This study is to show the inhibition features of the AE and investigate the 

corrosion protection ability by using ML, PP, EIS, and EFM measurements. The surface 

analysis of the Al metal was analyzed by using AFM and XPS. The temperature effect on the 

rate of corrosion and thermodynamic parameters were decided and talked about. 

2. Materials and Methods 

 2.1. Materials and solutions. 

Corrosion examinations have been operated on Al specimens with the chemical 

constituents: 0.05 Mg; 0.05 Cr; 0.05 Ti; 0.10 Cu; 0.30 Si; 0.60 Fe; 1.40 Mn, and the rest is Al.  

The corrosive solution utilized was arranged by dilution of analytical reagent grade 34% 

hydrochloric acid with doubly distilled water. The stock solution (1000 ppm) of Ashwagandha 

was utilized to get ready the desirable concentrations by dilution with doubly distilled water. 

2.2. Plant extract preparation.  

A fine powder of the Ashwagandha plant was prepared by grinding the dried 

Ashwagandha plant roots. The resulted powder materials around 250g were dipped in 0.5liter 

dichloromethane for 120 hours and after that imperiled to recurrent removal with 5 x 50 ml to 

extract plant materials. Afterward, dichloromethane was evaporated, a solid extract was 

obtained then prepared to be applied as a corrosion inhibitor. Chemicals examine exhibited that 

the major chemical compositions of Ashwagandha are alkaloids, solasodine, withanolides, 

flavonoids, steroidal lactones, and saponins [22]. 

2.3. ML method. 

Pre-weighed aluminum specimens were immersed in 0.1 liters of one molar 

hydrochloric acid in the lack and existence of the various concentrations of AE varying from 

50 to 300 ppm. Afterward, diverse immersion time, the specimens were taken out, rinsed with 

doubly distilled water, dehydrated, and weighted precisely [23]. The inhibition efficiency 

(IE%) and surface coverage degree, θ of AE were determined as follows: 

𝐼𝐸% = 𝜃 × 100 = [1 −
𝑊

𝑊°] × 100                                                   (1) 

“where Wº and W are the average ML before and after adding the inhibitor, individually.” 

2.4. Electrochemical measurements. 

Electrochemical techniques were done utilizing a typical three electrodes thermostatic 

cell containing the working electrode (1 cm2) was aluminum, the counter electrode was a 

platinum sheet, and the reference electrode was a saturated calomel electrode (SCE). The 

working electrode was polished utilizing emery paper up to 1200 grades. Then, the Al electrode 

was washed with double-distilled water. This arrangement was immersed in one molar 

hydrochloric acid as perfect destructive media. All tests were achieved at 25◦C. 
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The PP measurements were conducted by sweeping the potential from -280 to +200 

mV SCE with a sweeping rate of 1 mV s-1 after the working electrode reached steady-state (30 

min) and the open circuit potential (OCP) was acquired. EIS measurements were executed 

within the frequency run (105 to 0.1 Hz) with an amplitude of 5 mV peak-to-peak utilizing ac 

signals at open circuit potential. The most parameters concluded from the examination of the 

Nyquist chart are the polarization resistance Rp and the capacity of double-layer Cdl, which is 

characterized: 

Cdl =  
1

2𝜋𝑓𝑚𝑎𝑥 𝑅𝑝

       (2) 

“where fmax is the hiegest frequency at which the imaginary component of the impedance 

reaches to its highest values”. The productivity of the hindrance and the scope of the surface 

(Ө) gotten from the impedance estimations are characterized by the subsequent relation: 

% 𝐼𝐸 =  (1 −  
𝑅𝑝

°

𝑅𝑝
)  × 100         (3) 

“where R0
p and Rp are the polarization resistance before and after adding the inhibitor, 

accordingly”. 

EFM measurements were performed utilizing at 2 and 5 Hz of frequencies. The base 

frequency was 0.1 Hz, so the wave repeated after 1 s. The intermodulation spectra include 

current response comes from for harmonic and intermodulation current peaks. The bigger peaks 

were utilized to evaluate the corrosion current density (icorr), the Tafel slopes (βa and βc), and 

the causality factors CF2 and CF3 [24, 26]. The open-circuit potential was permitted to steady 

for a half-hour after this time the estimations recently beginning. Tests were conducted at room 

temperature 25 ± 1 ̊C. Estimations were executed employing Gamry Instrument with the 

Gamry framework. Beside Echem analyst v.5.03 program was utilized for plotting and fitting 

the outcomes data [24-26]. 

2.5. Surface morphology using AFM and XPS analysis. 

Surface morphology of polished aluminum samples prior to and following immersion 

in one molar hydrochloric acid. In the lack and existence of AE for 24 hrs. were executed 

utilizing Nano Surf Easy scan 2 Flex AFM instruments. In addition, X-ray photoelectron 

spectroscopy (XPS) measurements were executed utilizing ESCALAB 250Xi, Thermo 

Scientific, USA. 

3. Results and Discussion 

3.1. ML measurements.   

Aluminum mass loss is calculated, at diverse time periods (T), in the lack and existence 

of different Ashwagandha extract concentration. The relation between ML and T appear in 

Figure 1 for Ashwagandha extract. The %IE is influenced by the AE concentration. The graphs 

for diverse doses of the AE were found below the curve of the destructive media. The ascending 

in AE concentration provides a diminishing of mass loss and the rise of aluminum corrosion 

inhibition. The ML results show that the Ashwagandha extract is deemed as an effective 

inhibitor for aluminum corrosion in one molar hydrochloric acid medium. Likewise, the surface 

coverage (Ө) and inhibition efficiency rise as a result of the restraint productivity because of 

the slight layer, established by the adsorption of AE [27]. The data obtained from ML method 

were recorded in table 1.                               
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Figure 1. ML - T curve for aluminum corrosion alloy in one molar hydrochloric acid in the lack and presence of 

diverse concentrations of AE at 25°C. 

Table 1. Variety of rate of corrosion (kcorr), coverage of surface (θ), and inhibition efficiency (%I.E) with 

diverse doses of Ashwagandha after 2 hours of dipping in one molar hydrochloric acid at various temperatures. 

%I.E 

 

ϴ kcorr, 

mg cm-2 min-1 

Mass loss, 

mg cm-2 

[Inh]. 

ppm 

Temp. oC 

- - 0.04342 5.21 Blank 25 

84.3 0.843 0.00683 0.82 50 

84.6 0.846 0.00667 0.80 100 

84.8 0.848 0.00658 0.79 150 

85.7 0.857 0.00625 0.75 200 

86.5 0.865 0.00583 0.70 250 

87.6 0.876 0.00542 0.65 300 

- - 0.12142 14.57 Blank  

30 52.1 0.521 0.05817 6.98 50 

52.3 0.523 0.05783 6.94 100 

55.6 0.556 0.05392 6.47 150 

64.5 0.645 0.04317 5.18 200 

65.0 0.650 0.04250 5.10 250 

67.0 0.670 0.04017 4.82 300 

- - 0.19950 23.94 Blank 35 

45.1 0.451 0.10950 13.14 50 

45.3 0.453 0.10900 13.08 100 

49.2 0.492 0.10125 12.15 150 

59.9 0.599 0.08008 9.61 200 

60.4 0.604 0.07908 9.49 250 

62.5 0.625 0.07492 8.99 300 

- - 0.27758 33.31 Blank  

40  42.1 0.421 0.16083 19.30 50 

42.3 0.423 0.16025 19.23 100 

46.5 0.465 0.14867 17.84 150 

57.8 0.578 0.11700 14.04 200 

58.3 0.583 0.11575 13.89 250 

60.5 0.605 0.10967 13.16 300 

- - 0.27758 33.31 Blank 45 

42.1 0.421 0.16083 19.30 50 

42.3 0.423 0.16025 19.23 100 

46.5 0.465 0.14867 17.84 150 

57.9 0.579 0.11700 14.04 200 

58.3 0.583 0.11575 13.89 250 

60.5 0.605 0.10967 13.16 300 
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3.2. PP curves. 

Figure 2 demonstrates the polarization curves for Aluminum corrosion in one molar 

hydrochloric acid corrosive media in the lack and attendance of diverse AE doses at room 

temperature. The protective percent (%IE) and coverage of the surface () are computed from 

equation (4).  

%IE = [(io
corr–icorr) / io

corr] ×100   = θ x 100        (4) 

“where io
corr and icorr are the current densities for uninhibited and inhibited samples, 

individually”.  As shown in Figure 2, both anodic and cathodic are moved to smaller current 

densities. Additionally, from table 2 the diminishing of icorr is clearly with expanding inhibitor 

concentration, demonstrating that the corrosion rate diminishes as a result of the adsorbed AE 

layer and protects Al surface from hydrochloric acid corrosion. The highest displacement in 

Ecorr is < 85 mV, which considers that the AE is a mixed type inhibitor that influenced the 

reaction of both anodic and cathodic [28]. Moreover, the Tafel slopes are not changed, meaning 

that the AE is adsorbed on the metal surface and therefore hindered the corrosion process by 

just obstructing the active centers with no alteration in the reaction mechanism [29]. 

 
Figure 2. PP graphs for Aluminum corrosion in one molar hydrochloric acid solution in the lack and attendance 

of diverse doses of AE at room temperature. 

Table 2. Potential of corrosion (Ecorr), corrosion current density (icorr), Tafel slopes (βc, βa), surface coverage 

degree (θ), and inhibition efficiency (% IE) of Al in one molar hydrochloric acid at room temperature 25°C. 

Inhibitor [Inh] 

ppm 

-Ecorr 

mV vs 

SCE 

icorr 

m A 

Cm-2 

ᵝa 

mV 

dec-1 

ᵝc 

mV 

dec-1 

C.Rx103 

mpy 

ϴ IE% 

Blank 0 719 276 251 421 163 --- --- 

Ashwagandha 

Extract 

 

50 722 137 152 172 59 0.504 50.4 

100 727 127 80 100 57 0.540 54.0 

150 729 82 60 100 37 0.703 70.3 

200 735 61 31 91 11 0.779 77.9 

250 737 55 22 92 5.4 0.801 80.1 

300 739 31 33 93 4.8 0.888 88.8 

3.3. Electrochemical impedance spectroscopy (EIS). 

EIS measurements were achieved to investigate the corrosion inhibition of Al by using 

AE after 30 min of dipping. Figure 3 displays the Nyquist plots for Al in one molar 

hydrochloric acid in the lack and existence of a diverse concentration of AE. The Nyquist plots 

revealed that each impedance diagram includes a large capacitive loop at a high frequency (HF) 

region and a small inductive loop at a low frequency (LF) region. The large capacitive loop is 

attributed to the relaxation process in the natural oxide found on the surface of the Al samples 
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and its dielectric properties, while the small inductive loop is generally attributed to anodic 

adsorbed intermediates commanding the anodic process [30-32]. It was shown that the acquired 

Nyquist curves are not excellent semicircle because of frequency dispersion, and this demeanor 

can be ascribed to roughness and heterogeneity at the surface of the electrode [33, 34]. 

Moreover, the semicircular diameter of the Nyquist plot increases with raising the 

concentration of AE, confirming the adsorption of AE on the Al surface, and creating a 

protective film. 

Figure 4 demonstrates the Bode plots for Al in one molar hydrochloric acid in the lack 

and existence of a diverse concentration of AE. It was found that as the AE concentration rises. 

The total impedance Z increases as well as the phase angle shifts to more value this as a result 

of the adsorption of AE on Al surface [33-36].  

The model of the electrical equivalent circuit has appeared in Figure 5 was utilized to 

show the attained impedance information. This demonstrates “the solution resistance (Rs), the 

charge-transfer resistance of the interfacial corrosion reaction (Rct), the inductance (L), the 

inductive resistance (RL), and the double-layer capacitance (Cdl)”. A good fit with this 

demonstrates it was achieved by outcome information. When an inductive circle is appearing, 

the resistance of polarization can be computed from the subsequent eq. (5) [37]:  

𝑅𝑃 =
𝑅𝑐𝑡×𝑅𝐿

𝑅𝑐𝑡+𝑅𝐿
                      (5) 
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Figure 3. Nyquist plots for aluminum in one molar hydrochloric acid in the lack and attendance of diverse 

concentrations of AE at 25oC. 
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Figure 4. Bode plots for aluminum in one molar hydrochloric acid solutions in the lack and existence of diverse 

concentrations of AE at 25oC. 
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Figure 5. Electrical comparable circuit employed to fit the impedance information. 

Table 3. Electrochemical kinetic parameters acquired from EIS technique for Al in one molar hydrochloric acid 

in the lack and existence of diverse concentrations of AE at 25oC. 

Inhibitor [Inh] 

ppm 

Rct 

Ω cm 2 

Cdl 

µFcm-2 

RL 

Ω cm 2 

Rp,  

Ω cm2 

L 

Hcm-2 

ϴ %IE 

Blank 0 51.84 177.00 38.12 11.76 13.28 ----- ------ 

Ashwagandha  50 93.27 54.40 71.48 40.47 24.68 0.709 70.9 

100 100.53 40.20 76.56 43.46 32.50 0.729 72.9 

150 127.90 31.91 98.02 55.49 40.95 0.788 78.8 

200 169.30 24.28 138.32 76.13 56.89 0.846 84.6 

250 180.60 21.99 148.97 81.63 63.56 0.856 85.6 

300 203.00 20.53 153.32 87.35 73.65 0.865 86.5 

EIS information Table 3 appears that the Rp magnitudes increment and the Cdl 

magnitudes diminish with the increment of the AE doses. This is often owing to the progressive 

substitution of H2O atoms by the adsorption of the extract atoms on the surface of the metal 

and diminishing the degree of the disintegration response. The large RP magnitudes are, for the 

most part, related to a slower corrosion system [38- 39]. The lessen inside the Cdl may arise 

from the diminish of the adjacent dielectric constant and or from the increment of the electrical 

double layer thickness [40], proposing that the inhibitor molecules operate by adsorption at the 

metal/solution interface. The %IE gotten from EIS method are nearby to those found from the 

PP measurements.    

3.4. EFM measurements. 

EFM is a secure deterioration technique that recognized the corrosion current without 

needing the knowledge of constants of Tafel and by just a little signal of polarization [41]. 

Figure 6 reveals the spectrum of EFM of Al in one molar hydrochloric acid solution by diverse 

AE concentrations. From table 4, the adding of AE with diverse doses to the destructive media 

lessen the corrosion current density, indicating that AE adsorbed on Al surface, forming a 

protective layer. The factors of causality are nearer to hypothetical magnitudes, which, as 

indicated by EFM hypothesis [42], ought to demonstrate the validity of the measurements. %IE 

rises by raising the concentration of AE, and it tends to be evaluated utilizing equation (5): 

3.5. Adsorption isotherm. 

An inhibitor Adsorption of on the surface of the metal has been extensively investigated 

by the use of adsorption isotherms. Organic molecule adsorption happens because the contact 

energy of the inhibitor-surface of the metal is greater than that energy of water- surface of metal 

[43, 45]. For getting the adsorption isotherms, the surface coverage degree (θ) acquired from 

ML approach was resolved as an inhibitor function concentration (C). The magnitudes of θ 

were then charted to show the most appropriate adsorption model [46]. Many efforts were made 

to fit the experimental data to several isotherms such as “Langmuir, Frumkin, Freundlich, 

Temkin isotherms”. The outcomes were greatest fitted by “Langmuir adsorption isotherm,” as 

found in Figure 7 [47]. 

θ /1 - θ = Kads C  (6) 
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“where Kads is the equilibrium constant of adsorption,”, which attained from the “Langmuir 

adsorption isotherm” slope of is correlated to the adsorption free energy ΔG°
ads as following:  

Kads=1/55.5 exp - ΔG°ads/RT     (7) 

“where 55.5 is the molar concentration of water in the solution in M-1”. The values achieved 

are provided in Table 6.  

0 2
1E-8

1E-7

1E-6

1E-5

1E-4

1E-3  Blank(1M HCl)
c
u

rr
e

n
t,
A

Frequency, HZ

0 2
1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

 50 ppm

C
u

rr
e

n
t,
 A

Frequency, HZ

0 2
1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

C
u

rr
e

n
t,
 A

 100 ppm

Frequency, HZ

0 2
1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

Frequency, HZ

C
u

rr
e

n
t,
 A

 150 ppm

0 2
1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

Frequency, HZ

C
u

rr
e

n
t,
 A

C
u

rr
e

n
t,
 A

 200 ppm

I

0 2
1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

Frequency, HZ

 250 ppm

0 2
1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

Frequency, HZ

C
u

rr
e

n
t,
 A

 300 ppm

 
Figure 6. Intermodulation spectrums for Aluminum corrosion in one molar hydrochloric acid in the lack and 

attendance of diverse doses of AE at room temperature 25˚C. 

Table 4. Electrochemical parameters were acquired from EFM technique for aluminum in one molar 

hydrochloric acid in the lack and existence of diverse concentrations AE. 

Inhibitor [Inh] 

ppm 

icorr 

m A 

Cm-2 

ᵝa 

mV dec-

1 

ᵝc 

mV dec-

1 

CF-2 CF-

3 

C.Rx103 

mpy 

ϴ IE% 

Blank 0 1250 185 196 1.4 2.2 670 --- --- 

Ashwagandha 

extract 

50 390 30 105 1.9 2.6 240 0.688 68.8 

100 330 29 68 1.2 2.8 210 0.736 73.6 

150 320 27 57 1.8 2.3 202 0.740 74.0 

200 300 24 38 1.7 2.4 150 0.760 76.0 

250 250 18 35 1.3 2.6 146 0.800 80.0 

300 200 15 29 1.9 2.4 132 0.840 84.0 

 
Figure 7. Curves of “Langmuir adsorption isotherm” for Al in one molar hydrochloric acid, including several 

doses of AE at room temperature 25°C. 

https://doi.org/10.33263/BRIAC112.97199734
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC112.97199734  

 https://biointerfaceresearch.com/ 9727 

The plot of (ΔGo
ads) vs. Time Figure 8 provided adsorption heat (ΔHo

ads) and entropy 

(ΔSo
ads) based on the thermodynamic equation (8):  

ΔGo
ads = ΔHo

ads - T ΔSo
ads       (8) 

Table 5 clearly shows ΔGo
ads magnificent reliance on T, demonstrating the great 

relationship between the gotten thermodynamic data. The negative ΔGo
ads sign data illustrate 

the spontaneity. For the most part, ΔGo
ads value equal to −20 kJ/mol or lesser are relating to the 

electrostatic interaction among the charged molecules of AE and the charged Al surface 

“physisorption”, but those equal to −40 kJ/mol or greater are conforming to the charge 

exchange or transmission from AE molecules to the Al surface in order to create a coordinate 

kind of bond “chemisorption” [48] The adsorption was built up to be physical from the given 

data of ΔGo
ads. Endothermic adsorption process (ΔHo

ads > 0) promotions depend obviously on 

chemisorption [49], an exothermic process (ΔHo
ads < 0) may contain either chemisorption or 

physisorption or a mix of both types. The determined ΔHo
ads values in the present for 

Ashwagandha adsorption in acidic solution, demonstrating that this inhibitor may adsorb 

chemically on Al surface. The sign of ΔSo
ads in the existence of the AE is negative, which 

shows that it diminishing in a disorder of corrosion process on Al surface [50].  
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Figure 8. The Variety of ∆Go

ads vs. Time for AE adsorption on Al surface in one molar hydrochloric acid at 

various temperatures. 

Table 5. Adsorption thermodynamic parameters for the AE on Aluminum surface in one molar hydrochloric 

acid at various temperatures. 

Inhibitor Temp. 

ᵒC 

Kadsx106 

M-1 

-∆Go
ads 

k J mol-1 

-∆Ho
ads 

k J mol-1 

-∆So
ads 

J mol-1 k-1 

Ashwagandha 

Extract 

25 5.38 14.12 152.02 

 

462.8 

30 5.06 14.20 454.9 

35 4.79 14.29 447.2 

40 4.51 14.37 439.8 

45 4.26 14.45 432.6 

3.6. The corrosion thermodynamic parameters.  

At various temperatures (25-45oC), ML method was accomplished in the existence of 

diverse concentrations of AE. It has been discovered that the corrosion rate is directly 

comparable to the temperature table 1, which makes %IE diminishes with temperature. The 

corrosion parameter with and without AE in the temperature variety 25oC-45oC has been 

summarized in Table 1. The activation energy (Ea∗) for dissolution of Al alloy in 1.0 M 

hydrochloric acid was measured by utilizing the Arrhenius equation from the slope of plots as 

follows: 
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log 𝑘 =  
−𝐸𝑎

∗

2.303 𝑅 𝑇
+ log 𝐴         (9) 

“where the rate of corrosion is expressed by k and A is the Arrhenius pre-exponential factor”. 

The values of Ea∗ compute from the plotting of log kcorr versus temperature are 

demonstrated in Figure 9. The values of Ea∗ for Al in one molar hydrochloric acid ascend with 

increasing AE concentration. Hence, we can induce that the attendance of the AE generates an 

energy barrier for the reaction of corrosion, and this barrier rises with raising the extract 

concentration. Thus, the protection performance of the extract diminishes noticeably with 

rising temperatures. This result designates that the adsorption of AE molecules on the Al alloy 

surface is physisorption [51]. The entropy change (∆S∗) and the enthalpy change (∆H∗) can be 

computed as follows: 

𝑘 =  (
𝑅𝑇

𝑁ℎ
)  𝑒𝑥𝑝 (

∆𝑆∗

𝑅
) 𝑒𝑥𝑝 (

∆𝐻∗

𝑅𝑇
)    (10) 

“where k is the rate of corrosion, h is Planck’s constant, N is Avogadro number, ΔS* is the 

entropy of activation, and ΔH* is the enthalpy of activation”. Log (k/T) vs. 1/T  plot  Figure 10 

ought to provide a straight line, by using a slope of (ΔH*/2.303R) and an intercept of [log 

(R/Nh)+ΔS*/2.303R], can calculate magnitudes of ΔS* and ΔH* can be determined Table 6. 

ΔS* magnitudes are negative, demonstrating that the activated complex in the rate-determining 

step shows more association in contrast with the dissociation step [52]. The sign of ΔH*is (+ve) 

that shows that inhibitor molecules the adsorption is an endothermic process. Usually, an 

endothermic process signifies the chemisorption process.  

 
Figure 9. Arrhenius plots for aluminum corrosion rates (kcorr) after 120 minutes of dipping in one molar 

hydrochloric acid with and without different concentrations Ashwagandha extract. 
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Figure 10. Transition-state for aluminum corrosion in one molar hydrochloric acid with and without diverse 

concentrations of Ashwagandha extract. 
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Table 6. The parameters of thermodynamic activation for Al corrosion in the lack and existence of diverse 

doses of AE in one molar hydrochloric acid. 

Conc. 

ppm 

Ea
* , 

kJ mol-1 

∆ H*, 

kJ mol-1 

-∆S*, 

J mol-1K-1 

Blank 35.5 38.2 160.1 

50 23.1 42.7 121.0 

100 30.4 47.4 110.9 

150 29.5 50.1 105.6 

200 39.3 48.7 114.4 

250 46.2 47.0 124.3 

300 46.4 45.9 131.6 

3.7. AFM analysis. 

AFM is a significant examination for determining the metal surface roughness at the 

highest resolution in nanometer fractions [53]. This technique can give insights regarding the 

shape of the surface of Al, which is helpful in corrosion science research. AFM photos with 

three-dimensional (3D) are presented in Figure 11. the average roughness (Ra) is shown in 

Table 7. A proportional view of relative perspective on Table 7 obviously reveals that the 

surface of the metal prior to immersion in one molar hydrochloric acid is smoothened (46.4 

nm), afterward immersion one molar hydrochloric acid, the surface is destroyed, and the 

roughness increases (760.0 nm) while the Al samples treated with 300 ppm AE the surface 

become smoother and the roughness decreased (410.9 nm) in comparison with a blank sample 

as a consequence of the adsorption of AE on the surface of Al metal forming a protective film. 

Table 7. AFM roughness data of Ashwagandha at 300 ppm for 24 hours at 25oC. 
Average roughness (Ra) nm Specimen 

46.4 Al surface (free) 

760.0 Al in 1M HCl (blank) 

410.9 Al in 1M HCl + 300ppm AE 

 

 
(free) 

 
(Blank) 

 
(Inhibited) 

Figure 11. Three-dimensional (3D) AFM images Al metal before dipping in one molar hydrochloric acid  (free) 

and after dipping in one molar hydrochloric acid in the lack (blank) and attendance of 300 ppm of AE 

(inhibited) for 24 hours at 25C̊. 
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3.8. XPS technique. 

XPS analysis gets profound knowledge approximately the chemical nature of the 

interface among the AE and the surface of Al. This spectrum acquired for aluminum surface, 

subsequently soaking in one molar hydrochloric acid solution containing 300 ppm of AE for 

24 hours. The XPS deconvoluted profiles of Al 2p, O 1s, Cl 2p, and C 1s appeared in Figure 12. 

The Al 2p spectra demonstrated at binding energy (BE) of 74.47 eV Figure 12a may be ascribed 

for aluminum oxide (Al2O3). [54-55]. The spectrum of O 1s Figure 12b is consisted of three 

peaks, at 530.86, 531.99 eV, which appointed to Al-O-Al bonds (oxide) in Al2O3 [54] and at 

532.98 eV binding energy, which associated to Al-OH bond (hydroxide) in Al(OH)3 [56]. The 

Cl 2p is included 2 peaks situated at 197.81 eV for Cl 2p3/2 and 199.46 eV for Cl 2p1/2 Figure 12 

c [57]. The C1s spectra represented three peaks found at 284.40, 285.93, 288.90 eV Figure 12d. 

The greatest peak at 284.40 can be ascribed to the C-C, C-H, C=C bond of aromatic rings. 

Additionally, the peaks placed at 285.93 eV are ascribed to the C-O-C, C-O bonds, individually 

[58]. The peak found at 288.90 eV, which is attributed to O-C=O, C = O appears that the 

molecules of AE have been arranged and adsorbed on the surface of Al [59]. Lastly, the XPS 

spectra demonstrated that the protective film created on the surface involves a mix of 

components, including Carbon and Oxygen atoms, that demonstrate the establishment of the 

inhibitive layer of the AE.  
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Figure 12. XPS deconvoluted profiles of (a) Al 2p, (b) Oxygen 1s, (c) Chlorine 2p, and (d) Carbon 1s, for 

aluminum in one molar hydrochloric acid containing 300 pm AE. 
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3.9. Mechanism of the corrosion inhibition. 

In accordance with chemical and electrochemical measurements, the adding of AE 

prompts impeding aluminum corrosion. From the outcomes, the inhibition mechanism 

involving the hindering of surface-active sites that adsorbed the AE. AE adsorption mechanism 

includes physisorption. According to the values of ΔGo
ads around 14 kJ mol-1, and this occurs 

via the electrostatic attraction between negative charge Al surfaces and the positive charge of 

the protonated component in AE [50]. The inhibitory abilities of these constituents may be 

attributed to their adsorption by means of the – NH, C=O, OH, etc. groups, in addition, the 

existence of π-electrons in benzene rings. These organic molecules acquire adsorption at the 

surface of Al creating an insurance layer that protects the Al surfaces [60]. 

4. Conclusions 

 Ashwagandha extract has well corrosion inhibiting action on aluminum in one molar 

hydrochloric acid as affirmed by chemical, electrochemical, and surface analysis. PP results 

demonstrated that the AE hindered both anodic and cathodic reactions (i.e., mixed type 

inhibitor). % I.E. of AE diminished with temperature ascending. The adsorption of AE 

complies with the Langmuir isotherm and is considered as physisorption. AFM and XPS 

analysis give information about morphology, the roughness of the Al surfaces, and the chemical 

nature between AE and Al surface; hence, they confirm the adsorption of AE on Al surface. 

There is a good accord between chemical and electrochemical measurements. 
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