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Abstract The inhibitory propensity of dry arecanut seed

(DAS) extract was tested on aluminum metal in 0.5 M HCl

media through weight loss, electrochemical, and probe

techniques. Weight loss studies exhibited the anticorrosive

effect of DAS extract constituents on the aluminum metal

surface, protection efficiency, increased with an increase in

the DAS extract concentration and subdued as the contact

time lengthened. Inhibitive effect was afforded by

adsorption of the DAS extract components which was

approximated by proper Langmuir isotherm fit. The acti-

vation energy of aluminum corrosion and other thermo-

dynamic functions were determined to corroborate the

experimental findings and provide adequate insight into the

aluminum corrosion inhibition mechanism. Inhibitive

modality of the most potent inhibitor (DAS extract) was

interpreted in detail through potentiodynamic polarization

technique (Tafel plot). The impedance spectroscopy

approach may well be able to foretell the formation of a

persistent passive layer at the aluminum–acid interface that

impedes the access of corrosive ions to the surface of

aluminum. Surface analysis rationalized via atomic force

microscopy technique manifested the absence of corrosion

products and topographic modifications on the aluminum

surface. The amorphous/crystalline nature of the inhibitor

(DAS extract constituents) molecules adsorbed onto the

aluminum surface was indicated by powder X-ray

diffraction technique. Protection efficiency values obtained

by all techniques were complied with each other.
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1 Introduction

Aluminum and its alloys find a tremendous spectrum of

technological and many diversified industrial applications

owing to its prominent properties such as high stiffness,

lightweight, innocuousness, high thermal, and electrical

conductivity [1–4]. Aluminum metal relies on the for-

mation of a compact, adherent invisible oxide layer for its

corrosion immunity in different environments [5]. How-

ever, this oxide layer is amphoteric and dissolves sub-

stantially when the aluminum metal is exposed to high

concentration of HCl solutions for the duration of
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descaling, pickling, and electrochemical etching process

[6]. Use of hydrochloric acid solutions in industries is

unavoidable, which could lead to the dissolution of the

aluminum metal in such hostile fluid environment [7].

Aluminum corrosion is an inevitable problem faced by

almost all chemical industries can be considered as worst

technical calamities of our period. As well from its direct

costs in rupees, corrosion is a ubiquitous problem because

its unquestionably contributes to the diminution of our

natural properties. Therefore, the protection of aluminum

and its alloy from hydrochloric acid solutions is of para-

mount importance for the growing industries. Hence, the

studies of aluminum corrosion have invited the attention

of technocrats and scientists to device ways to control the

menace of corrosion. In efforts to mitigate aluminum

corrosion, the main tactic is to separate the aluminum

metal from aggressive environments. This can be

achieved using various techniques such as cathodic pro-

tection, anodic protection, corrosion protection coating,

inhibitors, lubrication, painting, and electroplating.

Among the numerous methods used in combating corro-

sion problems, the use of inhibitors remains the most

effective, practical, and viable method for corrosion

abatement, especially in acidic media, which help

enhance the lifespan of different materials [8–13].

Organic species particularly those bearing polar func-

tionalities such as nitrogen, phosphorus, sulfur, oxygen

and conjugated double bonds in their moiety are being

applied as efficacious potential corrosion inhibitors for

different metals. The inhibitory action of these species is

usually through adsorption mechanism. These species are

purported to form a tenacious adsorbed film on metal

surfaces, ensuring that the metal is less prone to attack by

corrosive agents in various aggressive environments

[14–17]. Most of these organic species demonstrate

superior anticorrosion action; however, they are highly

toxic and expensive. Toxicity of the inhibitor (synthetic)

can cause jeopardizing effects on living species, hence the

use of these compounds has been restricted, which limits

their application. To prevail over this lacunae, investiga-

tions is focused on the use of plant products as promising

green anticorrosive agents as they are nontoxic,

biodegradable, inexpensive, renewable sources of mate-

rials, and environmentally benign nature. Plant products

are viewed as an extremely rich source of organic species

that can be extracted through simple methods with low

cost. Although a number of plant extracts (natural prod-

ucts) have been reported as effective green corrosion

inhibitors, the majority of the significant plant products is

not studied and discussed properly till date. Thus, enor-

mous opportunities exist to find out novel and zero

environmental impact inhibitors from this natural product.

Therefore, the study of corrosion inhibition of metals by

natural product extracts has aroused the curiosity among

corrosion scientists to foster sustainable greenness to the

environment [18–22].

Dry arecanut seed is one of such plant products signif-

icantly used in the treatment of leucoderma, Leprosy,

cough, fits, worms, anemia, and obesity. In Ayurveda,

arecanut was long considered to have medicinal properties.

It is understood that different forms of Areca contain dif-

ferent types of chemical constituent with different con-

centrations. With maturation of seed, the concentration of

alkaloids, polysaccharides, fiber, and fat contents increases,

whereas polyphenols concentration decreases. Perusal of

the literature shows that dry arecanut seed extract pos-

sessing rich sources of organic species, namely arecoline,

arecaidine, guvacoline, guvacine, isoguvacine, and areco-

lidine (Fig. 1) [23–27]. Medicinal properties of this plant

extracts are due to the presence of natural organic com-

pounds bearing heteroatoms. Fortuitously, it has been

reported that the acid corrosion of metals can be inhibited

by compounds containing heteroatoms, and also no pub-

lished information is available on the DAS extract as a

green corrosion inhibitor for any aluminum metal in 0.5 M

HCl test solution. These specific points provoked us to find

out the inhibiting action of the DAS extract on the alu-

minum metal surface in acidic atmosphere. Hence, the

principal aim of present paper is to evaluate the anticor-

rosion behavior of DAS extract on aluminum surface in

0.5 M HCl solution using weight loss and electrochemical

tests. Further, topographic modifications on the aluminum

surface were visualized by AFM technique.

2 Experimental Methodology

2.1 Materials Preparation

Aluminum (Al-63400) metal having the chemical composi-

tion (in wt%); 0.1 % Cu, 0.3–0.7 % Si, 0.4–0.9 %Mg, 0.3 %

Mn, 0.6 %Fe, 0.2 %Cr, 0.2 %Zn, 0.1 % of Tl, or other grain

refining elements and remainder Al [28] with dimensions of

2.4 cm length 9 1.1 cm breadth 9 0.2 cm thickness were

utilized for weight loss, electrochemical, and AFM studies.

For electrochemical and AFM studies, pieces were encapsu-

lated in epoxy resin, so as to expose 1 cm2 surface area to the

corrosivemedia. Prior to experiment, the specimenswerewell

cleaned, and the exposed areawas polishedwith fine grades of

emery paper, degreased with absolute ethanol, dried in warm

air, and stored in a desiccator.

2.2 Extraction of Inhibitor

Dried arecanuts were collected, chopped into small pieces,

and ground well into fine powder in a mechanical grinder.
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80 g of above sample was extracted three times with

350 mL of double distilled water with the help of Soxhlet

apparatus for 7 h. After completion of extraction, the

extract was cooled, fat content were removed using pet-

roleum ether, and resulting solution was filtered through

Whatman no.1 filter paper. The inhibitor with a concen-

tration range of 5–30 g/L was prepared.

2.3 Preparation of Corrosive Media

The test solutions (0.5 M HCl) were prepared by dilution

of an analytical grade hydrochloric acid obtained from

Merck with doubly distilled water.

2.4 Spectral Characterization [Fourier Transform

Infrared (FT-IR) Spectrophotometer] of DAS

Extract

FT-IR spectrum was recorded and monitored by means of a

prestige-21 FT-IR spectrophotometer with a wave number

ranging from 4000 to 400 cm-1 for the DAS extract.

2.5 Weight Loss Method

In the weight loss studies, a previously weighted aluminum

specimen was completely immersed in test solutions

without and by means of different concentrations of DAS

extract at 303–323 K in a thermostated water bath. After

the effective duration, the electrodes (aluminum metal)

were retrieved from the test solutions, and then carefully

rinsed with bidistilled water, electrode surface was wiped

with a new tissue paper, dried thoroughly, and weighed

accurately using a digital balance.

The percentage protection efficiency (gw) of the inhi-

bitor at different DAS extract concentration was deter-

mined using the following formula

gw ¼ W1 �W2ð Þ
W1

� 100;

where W2 and W1 are the loss of weight of electrode

(aluminum) in the presence and absence of the plant

extract, respectively.

The aluminum corrosion rate (tcorr) in mils penetration

per year (mpy) was calculated from weight loss values

using the following relation [29]

CR¼
534W

ATD
;

where CR is the corrosion rate of aluminum (mpy), A is the

area of aluminum specimen in square inches, W is the

weight loss of aluminum (mg), T is the exposure time in

hours, and D is the density of aluminum specimen in grams

per cubic cm. Measurements were always repeated at least

three times to get good reproducibility.

2.6 Electrochemical Studies

Corrosion studies through electrochemical measurements

(both potentiodynamic polarization and AC impedance)

were recorded by the CHI660C workstation (CH instru-

ments) at ambient temperature; for this purpose, a

Fig. 1 Main constituents of

DAS extract, (i) arecoline, (ii)

arecaidine, (iii) guvacine, (iv)

guvacoline, (v) isoguvacine, (vi)

arecolidine
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conventional three-electrode assembly was used. The ref-

erence electrode (saturated calomel electrode), working

electrode (aluminum), and an auxiliary electrode (plat-

inum) was used for the measurements. In the case of AC

impedance spectroscopic and Tafel plot studies, prior to

measurement, working electrode (aluminum) was

immersed in the test solution for 35–40 min to attain a

steady state open-circuit potential (OCP). Tafel curves

were recorded by applying an electrode potential from the

cathodic to anodic direction [open-circuit potential

(OCP) ± 200 mv] at a scan rate of 0.01 V s-1. All AC

impedance measurements were carried out between the

frequencies of 100,000 to 1 Hz using an AC signal with

amplitude of 0.01 V.

2.7 Surface Examination

The topology and nature of the interaction involving

between the DAS extract and the aluminum metal surface

were examined by atomic force microscopy (AFM, model:

Nanosurf Easyscan2) technique. To capture the images of

aluminum specimen, the sample was immersed in 0.5 M

HCl solution in the absence and presence of the DAS

extract for 2 h at ambient temperature.

2.8 Powder X-ray Diffraction Study

To confirm the crystalline/amorphous property of the DAS

extract on aluminum surface, it was subjected to powder

X-ray diffraction analysis (Rigaku miniflex 600 W). XRD

pattern of the DAS extract on aluminum specimen after the

2-h exposure in an 0.5 M HCl medium was recorded.

The crystallite size (L) of crystalline phases in the

examined solid (DAS extract) was based on X-ray

diffraction line broadening and evaluated using Scherrer

relation [30] as follows:

L ¼ Bk
b cos h

;

where L is the crystallite size of the phase, h is the Bragg’s

angle, k is the wavelength of X-ray beam used, B is the

Scherre constant (0.95), and b is the full-width half max-

imum (FWHM) of diffraction.

3 Results and Discussion

3.1 Weight Loss Studies

Corrosion rate measurement via weight loss (gravimtric

measurement) method is probably the most widely used

technique for inhibition assessment. The weight loss

(gravimetric studies) method was used to optimize the

concentrations of the inhibitor and will give a baseline to

the electrochemical (Tafel plot and impedance study)

techniques.

The corrosion rate (tcorr) of aluminum metal and other

corrosion functions were determined by weight loss test for

different inhibitor concentrations at various immersion

times (1, 2, 3, 4, 5, 10, 11, and 12 h). The obtained

parameters are provided in Tables 1 and 2. Figure 2

showed that the rate of corrosion of aluminum in severe

condition was suppressed noticeably with increment in the

inhibitor concentrations which corresponds to an increase

in protection efficiency. The decreased corrosion rate with

an increase in inhibitor concentrations is believed to be due

to the adsorption DAS extract molecules on the aluminum

metal/acid solution interface which effectively reduced the

exposed surface area of the aluminum metals in acid

solution. The higher protection efficiency values are

acknowledged due to the higher adsorption of DAS extract

molecules on aluminum surfaces.

It is also observed that rate of aluminum corrosion in

acid solution enhanced with an increase in the test solution

temperature is due to the instability of the tenacious barrier

layer formed over the aluminum surface at higher tem-

peratures. The temperature effect on the inhibited acid–

aluminum metal reaction is very complex, because many

changes occur on the aluminum metal surface such as rapid

etching and desorption of inhibitor, and the inhibitor (DAS

extract) itself may undergo decomposition. The desorption

weakness the aluminum-DAS extract molecules interaction

resulting in a drop in protection efficiency [31, 32]. The

influence of immersion time on protection efficiency is

shown (Fig. 3). The protection efficiency decreased with an

increase in exposure time till 10 h and later, there was no

effect of immersion time on protection efficiency.

Activation parameters such as enthalpy of activation

(DH*), activation energy (Ea), and entropy of activation

(DS*) are required to understand the kinetics of the cor-

rosion process.

To explore the apparent activation energy (Ea) of the

metal corrosion process, the variation of corrosion rate of

the metal with different solution temperature is to be

studied.

The apparent activation energy (Ea) of metal (including

aluminum) corrosion in acidic environments was calcu-

lated by tcorr values from the Arrhenius equation [33]

ln tcorr ¼ ln A� E�
a

RT
;

where T is the absolute temperature, A is an Arrhenius pre

exponential factor, R is the gas constant, tcorr is the cor-

rosion rate, and E�
a is the apparent activation energy.

The apparent activation energy (Ea) and Arrhenius

preexponential factors at different inhibitor concentrations
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were calculated from linear regression between lntcorr
versus 1/T as shown in Fig. 4, and calculated parameters

are given in Table 3. It is inferred from the table that both

Ea
* and A values are higher in the presence of DAS extract

compared to uninhibited system. This implies that the

addition of inhibitor (DAS extract) hinders the aluminum

metal dissolution in 0.5 M HCl medium by enhancing the

energy barrier for the aluminum corrosion process. More-

over, with increases in the inhibitor concentration (DAS

extract), the difficulty in the movement of H? ions further

increases and hence the value of apparent activation energy

for the corrosion reaction also increases [34]. Corrosion

Table 1 Weight loss parameters for aluminum in 0.5 M HCl in the absence and presence of different concentrations of the inhibitor at 303 K

Time (hours) Concentration (g L-1) (tcorr) 9 10-4 (mpy) Surface

coverage (h)
Inhibition

efficiency (gw)

1 Blank 8.699

5 1.933 0.777 77.777

10 1.449 0.833 83.333

20 0.966 0.888 88.888

30 0.483 0.944 94.444

2 Blank 11.116

5 2.658 0.760 76.086

10 2.416 0.782 78.260

20 1.691 0.847 84.782

30 1.208 0.891 89.130

3 Blank 16.110

5 4.027 0.75 75

10 3.705 0.77 77

20 3.222 0.80 80

30 2.255 0.86 86

4 Blank 18.124

5 4.833 0.733 73.333

10 4.470 0.753 75.333

20 3.624 0.800 80.000

30 3.020 0.833 83.333

5 Blank 24.166

5 7.249 0.700 70.000

10 6.766 0.720 72.000

20 5.993 0.752 75.200

30 4.833 0.800 80.000

10 Blank 42.291

5 16.916 0.600 60.000

10 15.949 0.622 62.285

20 14.499 0.657 65.714

30 12.083 0.714 71.428

11 Blank 46.135

5 18.014 0.609 60.952

10 17.575 0.619 61.904

20 16.257 0.647 64.761

30 13.181 0.714 71.428

12 Blank 52.360

5 20.541 0.607 60.769

10 20.138 0.615 61.538

20 18.124 0.653 65.384

30 14.490 0.715 71.538
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rate values obtained from weight loss studies at different

temperature were used to calculate change in enthalpy

(DH*) and entropy of activation (DS*) by the transition

state equation given below [35]

ln
tcorr
T

¼ ln
R

Nh
þ DS�

R

� �
� DH�

RT
;

where N is Avogadro’s number, tcorris the corrosion rate,

R is the gas constant and T is temperature, and h is Planck’s

constant.

DH* and DS* values were calculated from the plot of ln

(tcorr/T) against 1000/T (Fig. 5) that gave straight line with

a slope of -DH*/R and intercept of ln tcorr/T, and com-

puted parameters are given in Table 3.

The positive values of DH* indicate the dissolution of

aluminum in 0.5 M HCl system is an endothermic nature.

DH* value increases with an increase in the inhibitor (DAS

extract) concentration suggests that the endothermic nature
Fig. 2 Effect of DAS extracts concentration on the corrosion rate at

different temperatures

Table 2 Effect of temperature on the inhibition efficiency for aluminum in 0.5 M HCl solution at different concentrations of DAS extract with

immersion time of 1 h

Temperature (K) Concentration (g L-1) (tcorr) 9 10-4 (mpy) Surface coverage (h) Inhibition efficiency (gw)

303 Blank 8.699

5 1.933 0.777 77.777

10 1.449 0.833 83.333

20 0.966 0.888 88.888

30 0.483 0.944 94.444

308 Blank 9.666

5 2.416 0.75 75.000

10 1.933 0.80 80.000

20 1.449 0.85 85.000

30 0.966 0.90 90.000

313 Blank 10.633

5 2.899 0.727 72.727

10 2.416 0.772 77.272

20 1.933 0.818 81.818

30 1.449 0.863 86.363

318 Blank 12.083

5 3.383 0.720 72.000

10 2.899 0.760 76.000

20 2.416 0.800 80.000

30 1.933 0.840 84.000

323 Blank 13.049

5 3.866 0.703 70.370

10 3.383 0.740 74.074

20 2.899 0.777 77.777

30 2.416 0.814 81.481
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has enhanced with increment in the DAS extract concen-

tration. The active sites on the aluminum surface sites get

blocked by the adsorbed molecules present in DAS extract

and hence pose difficulty in the interaction of H? ions with

active sites on the aluminum surface. DS* is a measure of

disorder in a system. The increase in the entropy of acti-

vation (DS*) values in the presence of inhibitor showed

that the activated complex during the rate-determining

stage reflects dissociation instead of association, showing

that a decrease in disorder takes place on shifting from

reactants to the activated complex [36–39].

3.2 Adsorption Isotherm

Organic compounds are usually effective inhibitor com-

ponents found in natural products. The efficiency of an

organic species as a successful corrosion inhibitor is

mainly dependent on its ability to get adsorbed on the

surface of the metal. Adsorption isotherm models can

provide important clues to the nature of metal–inhibitor

interaction. Attempts were made to find a good fit for DAS

extract constituents adsorption on metal surface with var-

ious isotherms including Frumkin, kinetic thermodynamic

model, Flory–huggins, Freundlisch, Temkin, and Langmuir

adsorption model. In the present case, best results were

obtained by Langmuir isotherm model (Fig. 6, plot of Cinh

g/L against Cinh/h g/L) with R2 value[ 0.997.

According to this adsorption model, the surface cover-

age (h) is related to the concentration of inhibitor by the

following relation [40]

C

h
¼ 1

Kads

þ C;

where Kads is the equilibrium constant of adsorption pro-

cess, h is the degree of surface coverage, and C is the

concentration of inhibitor (plant extract). Kads values were

determined from the intercepts of Cinh/h axis. The nature of

interaction between the aluminum metal surface with the

constituents of DAS extract was obtained using the free

energy of adsorption values. The Kads is related to the free

energy of adsorption (DGads
� ) by the expression [41]

DGo
ads ¼ �2:303RT logðKadsCH2OÞ;

where T is the absolute temperature, CH2O is the concen-

tration of water in solution equals 1000 g/L and R is the gas

constant.

Slope values from the plot of DGo
ads versus 1000/T was

used to evaluate the adsorption enthalpy (DHads
o ) as shown

in Fig. 7. The following Gibbs–Helmholtz equation can be

used to calculate the entropy of adsorption (DSads
o )

DS0ads¼
DH0

ads � DG0
ads

� �
T

;

and all parameters summarized in Table 4. From the table,

it is observed that higher values of Kads indicates the better

protection efficiency of a given inhibitor (DAS extract) and

an effective electrostatic interaction between the double

layer existing on the phase boundary and the adsorbed

groups. It decreases with the rise in temperature possibly

owing to the thermal agitation of constituents of the DAS

extract, denoting that adsorbed DAS extract molecules are

easily replaceable by the solvent molecule from the sur-

face. The lower negative values of DGo
ads ensure the

spontaneity of the adsorption process and stability of the

adsorbed protective film formed over the aluminum metal

surface. Generally, values of free energy up to

-20 kJ mol-1 associated with the electrostatic interactions

existing in between corrosion inhibitor and the charged

metal (including aluminum metal) surface (i.e.,

Fig. 3 Effect of immersed period on inhibition efficiency at different

inhibitor concentration extract

Fig. 4 Arrhenius plots for aluminum in 0.5 M HCl solution without

and with DAS extract of different concentrations
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physisorption). In contrast, for the values around

-40 kJ mol-1 or smaller involve electron sharing or

electron transfer from organic molecules to the metal (in-

cluding aluminum metal) surface (i.e., chemisorptions).

The DGo
ads values obtained in the present system lie

between -33.472 and -36.078 kJ/mol. It suggested that

the adsorption mechanism of the DAS extract on aluminum

surface in 0.5 M HCl solution was an intermediate range,

which suggests a comprehensive adsorption (both physical

and chemical adsorption) [42, 43]. The positive values of

enthalpy of adsorption (DHads
� ) indicate that the adsorption

of the inhibitor (DAS extract) is an endothermic process

representing that the dissolution of aluminum metal is slow

in the presence of DAS extract constituents. The obtained

DSoads values are positive, which specify the increase of

disorder owing to the adsorption of DAS extract con-

stituents on an aluminum metal surface by desorption of

more water molecules. This leads to an increase in

adsorption entropy.

Heat of adsorption (Qads) was quantified from the sur-

face coverage (h) by plotting log (h/1 - h) against 1/T.

Slope values obtained from this plot was equivalent to –Q/

2.303R to which Qads for different inhibitor concentrations

can be evaluated. From Table 5 and Fig. 8, it can be

concluded that, in all cases, the Qads values are negative,

indicating the adsorption of the DAS extract on aluminum

surface is exothermic with releasing the more quantity of

heat.

3.3 Electrochemical Measurements

3.3.1 Tafel Plot (Potentiodynamic Polarization) Studies

The kinetics of the cathodic and anodic corrosion reaction

occurring at aluminum electrodes in 0.5 M HCl solution

without and with different inhibitor concentration (DAS

extract) were studied through the Tafel plot measurements

by its current–potential data (Fig. 9). Parameters including

Fig. 5 Transition state plots

Fig. 6 Langmuir adsorption isotherms for aluminum in 0.5 M HCl

without and with inhibitor of different concentrations Fig. 7 Relationship between DGads
o versus 1000/T

Table 3 Activation parameters
Concentration (g L-1) Ea* (kJ mol-1) A (kJ mol-1) DH* (kJ mol-1) DS* (J mol-1 K-1)

Blank 16.830 0.692 14.230 -313.901

5 28.084 13.773 25.483 -289.036

10 34.248 121.125 31.648 -270.960

20 44.194 4315.339 41.593 -241.253

30 63.926 5944755.736 61.325 -181.159
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corrosion current density (icorr), cathodic (bc) and anodic

(ba) Tafel slopes, and corrosion potential (Ecorr) values

were generated from the software installed in the instru-

ment (CH instrument). The corrosion current density val-

ues were used to evaluate the polarization resistance (Rp)

values with the help of Stern-Geary equation [44]

Rp¼
ba � bc

2:303� baþbc½ � � icorr
;

the rate of corrosion (mil/year) was determined from the

following equation

Corrosion rate =
0:13� icorr � E:W

nd
;

where E.W = equivalent weight of the aluminum (g),

d = density of aluminum (g/cm3), n = number of elec-

trons, icorr = corrosion current density (lA), 0.13 = metric

and time conversion factor.

The percentage protection efficiency (gp) at different

concentration of DAS extract be evaluated from icorr values

using the following equation

gp ¼ 1� i;corr
icorr

� �
� 100;

where i’corr and icorr are the current densities with and

without inhibitor, respectively.

Kinetic parameters derived from Tafel plots are short-

ened in Table 6. It is evident from the table that corrosion

current (icorr) values decreases rapidly with increment in

the inhibitor concentration (DAS extract). The decreasing

in the icorr values indicates the achievement of the sup-

pression corrosion rate of aluminum metal in examining

medium. Rp values enhanced in the presence of the inhi-

bitor (DAS extract) compared with unprotected test solu-

tion indicating that high degree of protection to the

aluminum metal surface by inhibitor molecules. As a

result, the protection efficiency increases gradually and

aluminum corrosion rate (mil/year) values reduced more

rapidly with DAS extract concentration and the highest

percentage protection efficiency (the lowest icorr value) is

attained at the maximum concentration of the corrosion

inhibitor (30 g/L of DAS extract). According to Ansari

et al. [45] (1) if the displacement in corrosion potential

(Ecorr) value is[85 mv, the inhibitor acts as an anodic or

cathodic type. (2) if displacement in corrosion potential

(Ecorr) value is\85 mv, the inhibitor can be seen as mixed

type. In the present case, the maximum shift in Ecorr was 20

mv which indicates the mixed nature of the inhibitor (DAS

extract). In addition, the marginal variation in the values of

anodic and cathodic Tafel slopes further supported the

mixed inhibition of DAS extract molecules on aluminum

surface and impeded by merely blocking the aluminum

metal surface with no varying the cathodic and anodic

reaction mechanisms [46].

3.3.2 AC Impedance Spectroscopy

The impedance technique was applied to investigate the

capacitive and resistive behavior of the electrode–acid

interface. The corrosion behavior of electrode (aluminum)

Fig. 8 Plot of log [O–/1-O–] against 1/T

Table 4 Values

of thermodynamic parameters

for the adsorption of the

inhibitor in 0.5 M HCl on the

aluminum at different

temperatures

Temperature (K) Kads (L g-1) DGo
ads(kJ mol-1) DHo

ads (kJ mol-1) DSoads (J mol-1 K-1)

303 588.269 -33.472 6.54 132.055061

308 599.125 -34.071 6.54 131.856716

313 611.882 -34.679 6.54 131.692726

318 667.066 -35.462 6.54 132.082236

323 681.942 -36.078 6.54 131.947270

Table 5 Values of Q ads at different concentrations of inhibitor (DAS

extract)

Concentration (g L-1) Qads (kJ/mol)

5 -15.188

10 -22.101

20 -32.711

30 -53.042
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in acid media without and with that of DAS extract of

different concentrations was analyzed through this tech-

nique. Nyquist curves are shown in Fig. 10.

Nyquist curves are analyzed with ZSimpwin 3.20 Pro-

gram for data acquisition and analysis, this program pro-

vides good information about electrical circuit. An

electrical circuit that fitted the finest impedance records is

depicted in Fig. 11. As a result, the charge transfer resis-

tance (Rct), Chi-squared value (v2), frequency (fmax), con-

stant phase element (Q), CPE exponent (n), and double

layer capacitance (Cdl) were determined. The percentage of

protection efficiency (gz) for each DAS extract concentra-

tion can be calculated from charge transfer resistance

values according to the equation

gz¼
Rct inhð Þ�Rct

Rct inhð Þ
� 100;

where Rct and Rct(inh) are the charge transfer resistance in

unprotected and protected test solutions respectively.

The obtained and calculated electrical parameters are

tabulated in Table 7. It is evident from the table that the Rct

values significantly varied with the concentrations of the

DAS extract demonstrating a charge transfer process

principally controlling the aluminum corrosion. On the

contrary, double layer capacitance (Cdl) and constant phase

element (Q) values decreased upon the addition of the DAS

extract, suggesting that DAS extract molecules may con-

dense the capacitance by means of enhancing the double

film width as stated by the Helmholtz model, which

reduces direct contact of aluminum metal with an acid

solution. In the present work, the n values lies in the range

of 1–0.9482 can be attributed to the adsorption of DAS

extract molecules on the most active aluminum sites and

superior surface heterogeneity. The relaxation time (s) is
the short period essential for attaining the charge distri-

bution to an equilibrium which is specified through the

following relation:

s ¼ Cdl � Rct;

the adsorption of inhibitor wants some period to achieve

equilibrium state, which is extremely petite as shown in

Table 7. The relaxation time amplified with enhancement

in inhibitor concentration representing that the increase in

adsorption constituents of DAS extract on the surface of

aluminum which successfully reduced the area of electrode

in corrosive atmosphere. The quality of fitting to the

electrical equivalent circuit was judged by the v2 values.

The obtained v2 values (0.03898–0.00134) in the

table indicate a good fit to the proposed circuit [47–56].

Percentage inhibition efficiencies values obtained from

impedance studies, show the same trend as those obtained

from Tafel plot and weight loss measurements.

3.4 FT-IR Analysis

The recorded IR spectrum (Fig. 12) of DAS extract showed

a strong and broad band around 3183 cm-1 shows the

presence of a monomeric hydroxyl group, and the presence

of a carbonyl group is clearly manifested in the region of

1608 cm-1. Further, the absorption bands noticed at 2928

and 1280 cm-1 correspond to C–H stretching vibrations.

The band at 1063 cm-1 is assigned to C–O group. The

vibrating frequency of an O–C=O group can be confirmed

by band at 2367 cm-1.

Table 6 Tafel parameters

Concentration

(g L-1)

Ecorr

(mV)

icorr 9 10-3 (A) Corrosion rate (mil/year) bc
(V dec-1)

ba (V dec-1) Linear polarization

(R) (X)
gp

Blank -770 8.916 3860.958 6.679 6.031 154.344

5 -755 2.106 911.976 5.924 6.561 641.865 76.379

10 -761 1.723 746.122 5.221 6.205 714.532 80.675

20 -750 1.073 464.648 5.751 6.187 1206.141 87.965

30 -770 0.703 304.684 7.593 8.288 2445.487 92.108

Fig. 9 Tafel plots for aluminum in 0.5 M HCl at various inhibitor

concentrations
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3.5 Surface Analysis

3.5.1 Atomic Force Microscopy (AFM) Technique

The AFM Photographs were taken and observed in order to

support our findings. The AFM photographs were obtained

from the aluminum surface before and after immersion in

0.5 M HCl solution in the absence and presence of an

optimum concentration (30 g/L) of DAS extract are shown

in Fig. 13a, b. Inspection of the figures reveals that there is

severe damage with corrosion products and cavities on the

aluminum surface in the absence of DAS extract when

compared to the AFM image of the aluminum specimen in

the presence of the DAS extract molecules. This showed

that the DAS extract component molecules hinder the

dissolution of aluminum by forming a tenacious layer over

aluminum surface. From AFM photographs, the calculated

average roughness (Sa) values for aluminum metal

immersed in 0.5 M HCl solution without DAS extract and

with the addition of 30 g/L of DAS extract is 451.000 and

68.003 n,m respectively. From this, it is clear that the

decrease in the Sa value of the inhibited aluminum in 0.5 M

HCl media is ascribed to the formation of protective layer

on aluminum surface, which confirms the inhibiting action

of the DAS extract at aluminum/hydrochloric acid

interface.

3.5.2 Powder X-ray Diffraction Examination

The DAS extract constituents and the DAS extract con-

stituents adsorbed on the aluminum surface were scanned

in the range of 0�\ 2h\ 80� operated at 40 kV and

15 mA at a wavelength of 1.5406 Å. Figure 14 shows the

very high relative intensities of the peaks for the DAS

extract, suggesting a mixture of crystallites in the form of

powder. On adsorption of it on the surface of the alu-

minum metal, chemical reaction occurs by replacing the

H? ions (Al in acid media) present on the surface by DAS

extract constituents. During this process, the peaks

appeared for DAS extract is lost and hence it appeared

like a continuous line as shown in Fig. 14 (as seen in

Fig. 10 Nyquist plots for aluminum in 0.5 M HCl in the absence and

presence of DAS extract of different concentrations

Fig. 11 Electrical equivalent circuit of R[QR(QR)] model. Where Rs

resistance of electrolyte in bulk, Rct charge transfer resistance at the

metal surface and Q constant phase element

Fig. 12 FT-IR spectrum of DAS extract

Table 7 Electrochemical

impedance parameters for the

corrosion of aluminum in 0.5 M

HCl containing different

concentrations of DAS extract

Concentration (g L-1) Q (X-1lsn) n Rct X Cdl (lF) s (s) v2 gz

Blank 126.6 1 55.94 291.355 0.016298 0.00147

5 121.3 1 228.7 153.362 0.035073 0.03898 75.540

10 73.37 0.9885 375.3 137.310 0.051532 0.00134 85.094

20 69.52 0.9482 534.8 79.611 0.042576 0.00233 89.540

30 83.39 0.9893 1017 132.689 0.134945 0.00512 94.449
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Fig. 14 with a transformation from XRD with peaks (1) to

XRD without peaks (2)). The crystalline size (L) obtained

is as in Table 8.

4 Conclusions

The present study showed that DAS extract could act as an

efficacious green corrosion inhibitor for aluminum metal in

hydrochloric acid environment. Results obtained from

weight loss studies indicated that protection efficiencies

were improved to increase in the DAS extract concentra-

tion and lowered with a rise in solution temperature.

Adsorption of DAS extract molecules on the surface of the

electrode in 0.5 M HCl solution obeyed the Langmuir

adsorption isotherm model. Tafel plots suggested a mixed

mode of action of the DAS extract molecules on aluminum

surfaces. Alternating-current (AC) impedance spectroscopy

results suggested that constituents of DAS extract were

adsorbed on the electrode (aluminum) surface and modify

the metal/acid solution interface. Protection efficiency

values obtained from electrochemical and weight loss

measurements were in good agreement. Further, AFM and

powder XRD analysis also validates the results obtained

from weight loss and electrochemical methods.
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