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Abstract The corrosion of copper in 0.25 M sulphuric

acid was studied by the addition of aqueous extract of

leaves of Morinda tinctoria using weight loss and elec-

trochemical methods. The addition of inhibitor moderately

improves the inhibition efficiency. Increase in temperature

and acid concentration decreases the performance of the

inhibitor. The adsorption of the inhibitor on the copper

surface in sulphuric acid medium obeys Freundlich iso-

therm. The AC impedance studies reveal that the process of

inhibition is through charge transfer reaction, and polar-

ization studies indicate the mixed nature of the inhibitor.

Keywords Copper � EIS � Weight loss � SEM-EDXS �
Acid corrosion

Introduction

Copper exhibits good corrosion resistance properties and

hence used in many applications. In spite of the expensive

nature of copper involving more capital investment, there

is an extended utilization of copper as materials of

expression such as constructions, water pipes, in electrical

connectors, in decorative roofs, transportation systems, and

for pipes in the petroleum and gasoline industries. It is

noble to hydrogen in the emf series, and it is thermody-

namically inert with no propensity to corrode in water.

Among the non-ferrous metals, copper is most often used.

Although it exhibits good resistance to corrosion under

ordinary conditions, significant metal dissolution arises

when exposed to intensive environment. Corrosion can

cause a big impact on the safety and dependability of an

extremely wide range of articles of commerce, and its

economic impact is very great. It takes on a vital function

in shaping the life-cycle performance, safety, and cost of

engineered products. The successful application of corro-

sion inhibitor could reduce the cost of corrosion [1–4].

Corrosion inhibitors are of great practical importance,

being extensively engaged in minimizing metallic waste in

engineering materials. A number of synthetic compounds

and their derivatives were reported by many authors for the

corrosion inhibition of copper in various media [5–8].

Nevertheless, most of the commercially available inhibitors

are harmful to both human beings and the environment and

need to be put back with non-toxic, safe, and environ-

mentally friendly green inhibitors. These problems have

been resolved by the use of plant extracts, i.e., green

inhibitors. This is the reason why the researchers look for

eco-friendly, non-toxic, and low cost inhibitors for the

erosion protection of metals. A variety of plant extracts

have been employed as a corrosion inhibitor for metal and

metal-based alloys [9–28]. The bioactive compounds pre-

sent in the plant extract are as effective as synthetic

inhibitors. These bioactive compounds act as inhibitors in

acid solution which interact with metals and affect the

corrosion reaction in a number of ways. Morinda tinctoria

(MT) which belongs to the family of Rubiaceae is a plant

which is used extensively in therapeutic applications. It is

found to contain phytochemical constituents like alkaloids,

flavonoids, terpenoids, steroids, amino acids, etc. [29, 30].

We have used the extracts of this plant successfully for the

corrosion prevention of mild steel both in HCl and H2SO4

medium [31, 32], as well as aluminum [33] and copper [34]
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in HCl medium, and it has been found to be very effective.

Hence, in the present work, an effort has been made to

scrutinize the inhibition characteristics of aqueous extract

(AE) of MT on copper corrosion in sulfuric acid medium.

Experimental

Material Preparations

The copper specimen of dimension 1 9 5 9 0.1 cm with

an area of 11.07 cm2 was used for the weight loss study,

and specimen with an exposed area of 0.95 cm2 was used

for electrochemical study. The surface of the specimens

was mechanically polished with different grades (800,

1000, and 2000) of emery papers and then degreased with

acetone. The chemical composition (wt.%) of Cu is Si

0.25%, Zn 0.05%, and Mn 0.03%, and the balance is Cu

(99.67%). The AE was prepared by refluxing 5 g of dried

and powdered leaves of MT for 3 h at 60 �C in 100 ml of

distilled water. The solution was allowed to cool to room

temperature, filtered, and stored. From the stock solution,

the required concentrations of the inhibitor were made by

diluting with distilled water.

Weight Loss Method

The pre-cleansed and pre-weighed Cu specimens in tripli-

cate were suspended in 100 ml test solution without and

with different concentrations of AE in 0.25 M H2SO4 for a

period of 24–96 h. After that, the specimens were taken out,

washed with distilled water, dried, and weighed. From the

weight loss data, percentage inhibition efficiency (% IE) was

calculated and the optimum concentration of the inhibitor

was identified from the 24-h immersion study. To predict the

effectiveness of the inhibitor at high acid concentration

range, the concentration of the acid was increased from 0.25

to 1 M. The synergistic influence of halide ions was studied

by adding the halide additives (1% v/v of 0.1 g/L KCl, KBr,

and KI) to the test solution. All the above reactions were

carried out at 303 ± 1 K. The influence of temperature on

the corrosion behavior of Cu in the presence of AE of MT

was studied by varying the temperature from 303 to 333 K.

The value of percentage inhibition efficiency (% IE) was

calculated from the following equation:

%IE ¼ WB �WIð Þ=WB½ � � 100; ðEq 1Þ

where WB and WI are the weight loss of the Cu specimens

in the absence and in the presence of inhibitor,

respectively. The corrosion rate (CR) was calculated by

the following equation:

Corrosion rate mmpyð Þ ¼ 87:6W=qAt; ðEq 2Þ

where W is the weight loss (mg), q is the density of the

specimen (g cm�3), A is the area of specimen (cm2), and t

is the exposure time (h).

Electrochemical Methods

Electrochemical studies were carried out using Electro-

chemical Analyzer of CH Instruments (Model 608D). The

experiments were carried out in a three-electrode cell

assembly with a platinum wire mesh electrode and a sat-

urated calomel electrode used as auxiliary and reference

electrodes, respectively. Cu specimen was used as the

working electrode. AC impendence studies were conducted

in the frequency range of 10,000–1 Hz at the rest potential

using 0.02 V sine wave as the excitation signal. Rct and Cdl

values were obtained from the Nyquist plots. The % IE was

calculated from the following relationship:

%IE ¼ Ri
ct�R0

ct

� �
=Ri

ct

� �
� 100; ðEq 3Þ

where Rct
0 and Rct

i are the charge transfer resistance values in

the absence and in the presence of inhibitor, respectively.

Potentiodynamic polarization studies were carried out in the

potential range from �0.3 to 0.2 V at a scan rate of

0.01 V Sec�1. The electrochemical parameters such as

corrosion current density (Icorr), corrosion potential (Ecorr),

and anodic and cathodic slopes (ba and bc) were obtained from

Tafel plots, and the % IE was determined using the formula

%IE ¼ I0corr � Iicorr
� �

=I0corr
� �

� 100; ðEq 4Þ

where Icorr
0 and Icorr

i are the corrosion current densities in

the absence and in the presence of inhibitor, respectively.

Surface Analysis

In order to investigate the influence of the inhibitor on the

corrosion phenomenon of copper, the scanning electron

microscope (SEM) coupled with energy dispersive X-ray

spectroscopy (EDXS) images of fresh, inhibited, and

uninhibited copper samples were recorded using the

microscope JOEL-JSM 6390. Further, to confirm the nature

of the chemical constituents adsorbed on the metal surface,

the fourier transform infra-red (FT-IR) spectra of the dried

AE extract and the material obtained by the scrapping of

the metal surface after inhibition studies were recorded

using Shimadzu spectrophotometer, model-IR Affinity-1.

Results and Discussion

Weight Loss Method

Table 1 shows the calculated values of CR and % IE of the

inhibitor at different concentrations for Cu corrosion in
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0.25 M H2SO4. The table also gives the data corresponding

to the studies on the change in immersion time from 24 to

96 h. These data clearly indicate that the % IE increase

with increasing concentration of inhibitor from 5 to 15%

v/v. At inhibitor concentration of 19% v/v except for 72-h

immersion period, the inhibition efficiency started

decreasing and from this the optimum concentration of the

inhibitor was fixed. The maximum % IE observed for 24-h

study is 52.59% and the efficiency gradually increased up

to 96-h immersion time. A maximum % IE of 69.51% was

obtained with the inhibitor concentration of 15% v/v at an

immersion time of 96 h. Further, it is also clear that at 19%

v/v, the % IE reaches a maximum value of about 65.33% at

72-h immersion period and it remains constant (65.37%)

with further increase in immersion period (96 h). The

increase in % IE with an increase in inhibitor concentration

indicates the adsorption of the inhibitor molecules on the

copper metal surface in 0.25 M H2SO4 medium. Similarly,

the decrease in the efficiency beyond the optimum con-

centration indicates desorption of the inhibitor molecules

from the metal surface.

Table 2 illustrates the data on the corrosion of Cu at

different concentrations of H2SO4. The results obtained

indicate that the % IE decreases and the CR increases for

Cu corrosion in higher concentrations of the acid. This may

be attributed to the fact that in increasing the acid con-

centration from 0.25 to 1 M, the surface coverage by the

inhibitor molecules decreases and the corrosion rate

increases. The higher concentration of acid also increases

the rate of chemical reaction and controls the adsorption

power of inhibitor by ionization of active species associ-

ated with the inhibitor [35]. The other possibility is that the

bond between plant compounds and metal surface may be

ruptured by acid molecules at higher concentration to form

hydrogen–metal bond. This results in the higher coverage

of the active sites by acid molecules which prevent the

penetration of inhibitor molecules to the surface of the

metal.

Table 3 presents the influence of halide additives on the

corrosion inhibition of Cu in 0.25 M H2SO4 medium using

AE. The effect of halide ions on the inhibition efficiency of

various organic compounds and natural products on metal

corrosion was studied by many authors and they have

observed both synergistic and antagonistic effects for var-

ious reaction systems [36–42]. In the present study,

addition of halide ions has improved the inhibiting action

of inhibitor in 0.25 M H2SO4 medium and decreased the

amount of inhibitor usage. Data in Table 3 reveal that the

addition of halide ions increases the inhibition efficiency in

the order Cl�\Br�\ I�. The increase in % IE in the

presence of halide ions is due to the co-operative reaction

between the inhibitor molecules and the additives. Here the

halide ions act as a bridge between the metal surface and

the inhibitor.

Effect of Temperature

Table 4 provides details about the effect of temperature on

the corrosion of Cu in free acid and in the presence of

different concentrations of AE in the temperature range of

303 to 333 K at 1-h immersion time. Stronger acids and

higher temperatures are used in the acid pickling process to

provide faster and efficient pickling process. Although a

variety of chemicals are used in metal pickling, more

specific data are available only for hydrochloric and sul-

furic acids. Table 4 clearly shows that on increasing the

temperature from 303 to 333 K, there is an increase in the

weight loss of the metal. The decrease in % IE at higher

temperatures could be due to desorption of the inhibitor

molecules from metal surface. The activation energy (Ea)

for Cu corrosion reaction at different inhibitor concentra-

tions was found out from the slope of the Arrhenius plot

(log CR vs. 1/T) (Fig. 1), where the slope is Ea/2.303 R, CR

is corrosion rate, R is gas constant, and T is temperature in

absolute scale. These values are given in Table 5 and it is

clear from the table that the calculated values of Ea for the

Table 1 Effect of concentration of AE on the corrosion of copper in 0.25 M H2SO4 at different immersion periods

Concentration of AE, % v/v

Immersion time, h

24 h 48 h 72 h 96 h

CR % IE CR % IE CR % IE CR % IE

Blank 0.25 M 0.93 … 0.57 … 0.46 … 0.38 …
5 0.53 43.03 0.31 45.16 0.22 51.47 0.17 54.39

7 0.50 46.61 0.29 50.00 0.20 56.00 0.16 58.54

10 0.46 50.20 0.26 54.84 0.19 59.20 0.15 61.46

13 0.45 51.79 0.24 58.06 0.18 61.33 0.13 65.37

15 0.44 52.59 0.22 61.29 0.16 65.33 0.12 69.51

19 0.47 49.46 0.26 54.84 0.16 65.33 0.13 65.37
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inhibited system are found to be higher than the uninhibited

system. This is an indication of spontaneous adsorption of

the inhibitor molecules on Cu surface and is attributed to

physisorption [43]. The increase in the activation energy of

inhibited system is due to the adsorption of the inhibitor

molecules on active sites.

Adsorption Isotherm

The nature of interaction between the inhibitor and metal

surface can be clearly explained by the adsorption iso-

therm. This plays an important role in determining the

adsorption process. The surface coverage values obtained

from the weight loss method were tested with different

adsorption isotherms. Among various adsorption isotherms

tested, Freundlich isotherm gave the best fit in the tem-

perature range of 303–333 K. There is a deviation from the

Langmuir equation because of the fact that the surface may

not be uniform and there could have been interactions

between the adsorbed molecules. Further, there may be an

adsorption in more than one layer that is multilayer

adsorption. These deviations when occur lead in an

adsorption process, obeying Freundlich isotherm. Accord-

ing to this isotherm, the amount of a substance adsorbed (h)
is related to the concentration (C) by the equation,

h ¼ kCn: ðEq 5Þ

Table 2 Effect of concentration of H2SO4 on copper corrosion with different concentrations of AE at an immersion time of 24 h

Concentration of AE (% v/v)

Concentration of H2SO4

0.25 M 0.5 M 1 M

CR % IE CR % IE CR % IE

Blank 0.93 1.21 1.42 …
5 0.53 43.03 0.82 31.80 0.99 29.77

7 0.50 46.61 0.81 33.33 0.98 30.81

10 0.46 50.20 0.76 37.31 0.94 33.68

13 0.45 51.79 0.73 39.45 0.89 36.81

15 0.44 52.59 0.68 43.43 0.85 39.69

Table 3 Effect of addition of halide additives (1% v/v) on the corrosion inhibition of copper by AE in 0.25 M H2SO4 at an immersion period of

24 h

Concentration of AE (% v/v)

Added halide additives

With AE With KCl With KBr With KI

CR % IE CR % IE CR % IE CR % IE

Blank 0.25 M 0.93 … 0.93 … 0.93 … 0.93 …
5 0.53 43.03 0.42 54.98 0.37 59.76 0.35 61.75

10 0.46 50.20 0.39 58.17 0.36 60.96 0.34 63.35

15 0.44 52.59 0.37 60.56 0.34 63.75 0.33 64.54

Table 4 Effect of temperature on the corrosion inhibition of copper in 0.25 M H2SO4 medium with different concentrations of AE at 1-h

immersion time

Concentration of AE (% v/v)

303 K 313 K 323 K 333 K

CR % IE CR % IE CR % IE CR % IE

Blank 0.25 M 33.27 … 37.53 … 56.60 … 86.32 …
5 17.92 46.13 20.85 44.44 34.51 39.03 55.27 35.97

7 17.39 47.73 20.49 45.39 33.18 41.38 54.29 37.10

10 16.23 51.20 18.54 50.59 31.23 44.83 53.85 37.62

13 15.44 53.60 18.01 52.01 29.10 48.59 51.99 39.77

15 15.35 53.87 17.83 52.48 28.21 50.16 50.12 41.93
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The plot of log h versus log C is a straight line with ‘‘n’’

as slope value and is shown in Fig. 2. The free energy of

adsorption (DGads
0 ) for various concentrations of inhibitor

at different temperatures was calculated using the

following equation:

DG0
ads ¼ �RT ln 55:5Kð Þ; ðEq 6Þ

where K = h/Cinh (1 � h), h is surface coverage, Cinh is

the concentration of inhibitor, and the constant value of

55.5 represents the concentration of water in solution.

Generally, a value of DGads
0 less negative than

�20 kJ mol�1 signifies physisorption and a value more

negative than about �40 kJ mol�1 designates

chemisorption [31, 32, 44]. Analysis of Table 5 shows

that the values of DGads
0 are less negative than

�20 kJ mol�1 suggesting that the process of inhibition is

through physisorption. Further, the negative values of

DGads
0 point out the stability of the adsorbed layer and the

spontaneity of adsorption. Table 5 also points out that

DHads
0 values are negative and DSads

0 are positive. The

negative value of DHads
0 and the positive value of DSads

0

particularize the feasibility of the reaction. Thus, the

DGads
0 , DHads

0 , and DSads
0 values indicate that the process of

adsorption of AE is spontaneous and exothermic in

nature.

Electrochemical Methods

Impedance studies were carried out by varying the con-

centration of inhibitor, the concentration of acid,

temperature, and the concentration of added halide ions.

The impedance data obtained from Nyquist plots for the

above-mentioned systems are given in Tables 6, 7, 8, 9,

and 10. The impedance diagrams obtained for all the

studied systems are not perfect semicircles. The imperfect

semicircle (depressed semicircle) is attributed to the fre-

quency dispersion as a result of the roughness and

inhomogeneity of the electrode surface. In order to get a

more accurate fit for the experimental data, various circuits

have been tried and the best accuracy is found with the

simple Randles equivalent circuit. The Randles equivalent

circuit used for impedance studies is given in Fig. 3, where

Rs is solution resistance, Cdl is the double-layer capaci-

tance, and Rct is the charge transfer resistance. The

representative Nyquist plots for various concentrations of

inhibitor AE is given in Fig. 4. The values of Rct increased

with an increase in concentrations of the inhibitor AE. The

size of the loop is increased upon increasing the concen-

tration of inhibitor, and the shape is maintained throughout

the experiment suggesting the protective layer formation

on the metal surface and corrosion of Cu is controlled by

charge transfer process.

Fig. 1 Arrhenius plot (log CR vs. 1/T) for Cu corrosion in 0.25 M

H2SO4 in the presence and absence of AE

Fig. 2 Freundlich adsorption isotherm for Cu corrosion in 0.25 M

H2SO4 in the presence of AE

Table 5 Calculated values of thermodynamic parameters for the corrosion of copper in 0.25 M H2SO4 with and without the inhibitor

Concentration of AE (% v/v) Ea, kJ mol�1

�DGads
0 , kJ mol�1

�DHads
0 , kJ mol�1 DSads

0 , kJ mol�1 K�1303 K 313 K 323 K 333 K

Blank 27.19 … … … … … …
5 32.28 5.65 5.66 5.24 5.04 12.52 0.022

7 32.40 4.96 4.88 4.60 4.24 12.43 0.024

10 34.24 4.41 4.50 4.02 3.32 16.04 0.037

13 34.27 4.00 3.96 3.72 2.84 15.39 0.037

15 33.34 4.02 4.01 3.89 3.09 13.03 0.030
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Table 6 Electrochemical parameters for the corrosion of Cu in 0.25 M H2SO4 with different concentrations of AE

Concentration of AE, %

v/v

Rct,

ohm cm2
IE,

%

Cdl,

lF cm�2
ba,

mV dec�1
bc,

mV dec�1
Icorr 9 10�2,

mA cm�2
IE,

%

�Ecorr, mV vs.

SCE

Blank 172.2 … 57.76 63.87 264.69 2.330 … 56.1

5 299.9 42.58 55.46 67.11 244.14 1.326 43.09 62.2

7 334.4 48.50 55.20 77.41 223.96 1.302 44.12 61.4

10 339.6 49.29 53.86 71.16 236.80 1.293 44.51 53.0

13 360.5 52.23 50.08 74.23 234.25 1.183 49.23 56.9

15 363.0 52.56 42.50 74.67 220.60 1.174 49.61 56.9

Table 7 Electrochemical parameters for the corrosion of Cu in 0.5 M H2SO4 with different concentrations of AE

Concentration of AE, %

v/v

Rct,

ohm cm2
IE,

%

Cdl,

lF cm�2
ba,

mV dec�1
bc,

mV dec�1
Icorr 9 10�2,

mA cm�2
IE,

%

�Ecorr, mV vs.

SCE

Blank 166.2 … 69.43 61.08 312.60 2.400 … 47.7

5 278.3 40.28 59.92 74.86 230.36 1.734 27.75 56.9

7 289.6 42.61 57.84 74.11 212.27 1.712 28.67 41.6

10 330.2 49.67 56.79 69.57 205.17 1.672 30.33 37.0

13 350.4 52.57 49.00 70.07 207.21 1.567 34.71 43.9

15 359.0 53.70 48.46 79.97 207.56 1.350 43.75 64.5

Table 8 Electrochemical parameters for the corrosion of Cu in 1 M H2SO4 with different concentrations of AE

Concentration of AE, %

v/v

Rct,

ohm cm2
IE,

%

Cdl,

lF cm�2
ba,

mV dec�1
bc,

mV dec�1
Icorr 9 10�2,

mA cm�2
IE,

%

�Ecorr, mV vs.

SCE

Blank 148.6 … 74.34 70.78 296.38 2.432 … 50.7

5 263.2 43.54 72.4 64.38 245.46 1.928 20.72 46.2

7 269.2 44.80 65.74 83.87 212.63 1.926 20.81 37.8

10 271.3 45.23 64.49 72.65 213.27 1.869 23.15 40.1

13 274.1 45.79 61.21 59.94 257.33 1.846 24.10 53.0

15 298.8 50.27 59.65 65.01 211.37 1.826 24.92 42.5

Table 9 Electrochemical parameters for the corrosion of Cu in 0.25 M H2SO4 with varying concentrations of AE and 1% v/v of KCl, KBr, and

KI

Concentration of AE, %

v/v

Rct,

ohm cm2
IE,

%

Cdl,

lF cm�2
ba,

mV dec�1
bc,

mV dec�1
Icorr 9 10�2,

mA cm�2
IE,

%

�Ecorr, mV vs.

SCE

Blank 172.2 … 57.76 63.87 264.69 2.330 … 56.1

5 ? KCl 371.1 53.60 57.37 72.30 221.34 1.141 51.03 57.6

10 ? KCl 406.7 57.66 54.56 79.34 224.37 1.123 51.80 60.7

15 ? KCl 422.4 59.23 52.45 74.23 194.21 1.087 53.35 49.2

5 ? KBr 405.8 57.57 49.40 79.91 216.22 1.086 53.39 62.2

10 ? KBr 407.3 57.72 47.75 78.09 210.30 1.023 56.09 58.4

15 ? KBr 446.4 61.42 46.62 73.58 197.67 1.020 56.22 50.0

5 ? KI 406.6 57.65 53.53 63.87 264.69 1.001 57.04 56.9

10 ? KI 416.0 58.61 48.60 76.81 212.04 0.977 58.06 53.8

15 ? KI 459.3 62.51 41.06 73.65 209.21 0.951 59.21 55.3
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Tables 6, 7, 8, 9, and 10 also show the electrochemical

parameters associated with polarization behavior for Cu in

H2SO4 under different experimental conditions. It is clear

from the Tables 6, 7, 8, 9, and 10 that the corrosion current

(Icorr) decreases and the % IE increases with an increase in

the concentration of inhibitor which is due to the increase in

the surface coverage by the inhibitor molecules on the metal

surface. It is clear from the data obtained from Tables 6, 7,

and 8, with the increase in concentration of acids, the % IE

decreases. It is also clear from the tables at all the con-

centrations of acids, the ba, bc, and Ecorr values are altered

suggesting that the corrosion of copper in sulfuric acid

medium is reduced by controlling both anodic and cathodic

reactions. Table 9 illustrates the effect of halide ions on the

% IE of the inhibitor at 0.25 M H2SO4. It is clear from the

table that the addition of the halide ions improve the % IE of

the inhibitor at all the concentrations studied. Further, it is

also evident from the table that though all the three halide

ions improve the efficiency of the inhibitor, the increase in

efficiency follows the order Cl�\Br�\ I�. The results

indicating the effect of temperature on % IE are given in

Table 10 and the observation of the results show that the

Ecorr values are shifted toward more active direction indi-

cating that the corrosion is enhanced at higher temperatures.

The shift in Ecorr values shows the prevention of both anodic

and cathodic reactions. It is further confirmed by the vari-

ation of ba and bc values of the blank solution from that of

the inhibited solutions.

Figure 5 shows the typical cathodic and anodic Tafel

polarization curves for Cu in 0.25 M H2SO4 in the absence

and presence of different concentrations of inhibitor.

Similar curves were obtained (not shown here) for the other

systems (varying the acid medium, the addition of halide

ions, and varying the temperature). The presence of inhi-

bitor produces a marked increase in the inhibition

efficiency. It shifts the anodic curves to more positive

Fig. 4 Nyquist plots for the corrosion of Cu in 0.25 M H2SO4 with

various concentrations of AE

Fig. 5 Tafel plots for the corrosion of Cu in 0.25 M H2SO4 with

various concentrations of AE

Fig. 3 Equivalent circuit used for the present study

Table 10 Electrochemical parameters for the corrosion of Cu in 0.25 M H2SO4 medium at different temperatures

Temperature,

K

Concentration of AE,

% v/v

Rct,

ohm cm2
IE,

%

Cdl,

lF cm�2
ba,

mV dec�1
bc,

mV dec�1
Icorr 9 10�2,

mA cm�2
IE,

%

�Ecorr, mV vs.

SCE

303 Blank 0.25 M 172.2 … 57.76 63.87 264.69 2.330 … 56.1

15 363.0 52.56 42.50 74.67 220.60 1.174 49.61 56.9

313 Blank 0.25 M 120.7 … 97.49 54.61 298.78 2.400 … 48.4

15 243.9 50.51 72.08 77.71 199.68 1.174 51.08 52.2

323 Blank 0.25 M 118.0 … 70.21 92.21 231.80 2.629 … 46.9

15 239.9 50.81 58.16 72.93 232.02 1.183 55.00 59.9

333 Blank 0.25 M 111.5 … 69.46 88.56 236.57 2.855 … 43.9

15 205.0 45.61 49.35 66.45 258.46 1.869 34.54 52.2
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potentials and the cathodic curves to more negative

potentials. Comparison of the results in Tables 6, 7, 8, 9,

and 10 shows that the % IE calculated from Icorr values of

polarization studies is not equal to that obtained from

impedance studies but the trend was similar. This is due to

the fact that the real polarization resistance or the charge

transfer resistance is lower than polarization resistance

obtained from EIS method. This deviation is the result of

the resistance of the diffuse layer [32, 45, 46]

Surface Analysis

The SEM images of the fresh Cu specimen, specimen

immersed in acid, and specimen immersed in inhibited acid

are shown in Fig. 6. Analysis of Fig. 6 reveals that the Cu

surface is damaged more in the absence of inhibitor and

less in the presence of inhibitor and the image shows good

protective film formation by the adsorbed bioactive species

on the metal surface. Also, the EDXS images of the Cu

specimens obtained after immersion experiments with

uninhibited acids (Fig. 7a) show the presence of Copper,

Aluminum, Silicon, Zinc, Oxygen, Sulfur, and Carbon

signals, whereas the surface of the inhibited sample

(Fig. 7b) shows the presence of Copper, Silicon, Zinc,

Oxygen, Sulfur, Nitrogen, and Carbon signals. The results

are given in Table 11; it is clear from the table that the

percentage of copper in inhibited sample has decreased by

about 14.67% indicating that the Cu sample is covered by

the inhibitor molecules. In addition, the presence of nitro-

gen signal in the inhibited sample and the increase in the %

of oxygen, sulfur, and carbon indicate that the inhibitor

Fig. 6 SEM images: (a) Fresh Cu (b) Cu in 0.25 M H2SO4 (c) Cu in

0.25 M H2SO4 with AE

Fig. 7 EDXS images of the a) copper in 0.25 M H2SO4, b) copper in

0.25 M H2SO4 with AE
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molecules containing these elements are adsorbed on the

Cu metal surface. Figure 8a shows the FT-IR spectrum of

the dried AE extract. The strong band at 3334 cm�1 is

attributed to O–H and/or N–H stretching vibrations. The

bands at 2983 and 2901 cm�1 are due to aliphatic and

aromatic C–H vibrations, respectively. The bands at 1722

and 1640 cm�1 could be assigned to C=O stretching and

N–H bending vibrations, respectively. The band at

1402 cm�1 indicates the presence of coupled C–O

stretching and O–H in plane bending vibration. The bands

at 1072 and 1050 cm�1 are ascribed to C–N and C–O

stretching vibrations, respectively. The bands at 945 and

873 cm�1 indicate the C=S and S–O stretching vibrations.

Further, the C–S and S–S stretching vibrations were

observed at 602 and 522 cm�1 [47]. Comparison of the

above (Fig. 8a) with the spectrum of the AE extract of MT

obtained from the surface of copper after immersion

experiments (Fig. 8b) clearly points out the shift in the

frequencies of various functional groups indicating the

adsorption of these chemical constituents on copper

surface. Hence, from the FT-IR and SEM-EDXS studies, it

can be reasonably concluded that various organic con-

stituents containing N, S, O atoms and groups with p
electrons are effectively adsorbed on the copper surface.

Conclusion

1) Increasing concentration of inhibitor increases the inhibi-

tion efficiency and the efficiency decreased with

increasing the concentration of acid aswell as temperature.

2) The inhibitor gives maximum efficiency at 96-h

immersion time.

3) In general, the addition of halide additives increases the

inhibition efficiency.

4) The calculated values of Ea are found to be higher for

inhibited system than that for uninhibited system

advocating the physisorption of the inhibitor molecules

on metal surface. The adsorption of AE on Cu follows

Freundlich isotherm.

Fig. 8 FT-IR of samples a)

dried AE extract; b) scrapped

material from copper surface

after immersion in H2SO4

Table 11 EDXS analysis result of copper in 0.25 M H2SO4 in the absence and presence of AE

Medium

Compositions, %

Cu Al Si Zn O S N C

Cu in 0.25 M H2SO4 86.67 0.35 0.51 6.15 1.97 0.25 … 4.10

Cu in 0.25 M H2SO4 ? AEMT 72.00 … 0.25 4.42 6.42 0.85 0.89 15.17

J Fail. Anal. and Preven. (2015) 15:711–721 719

123



5) Negative DGads
0 values indicate the spontaneous adsorp-

tion of inhibitor molecules on Cu surface. The negative

values of DHads
0 and the positive values of DSads

0 predict

that the reaction is exothermic in nature and the process

of adsorption of the inhibitor is through physisorption.

6) Even though the aqueous extract of Morinda tinctoria

forms a protective layer on the copper surface and acted

as an inhibitor in sulfuric acid medium, its performance

as an inhibitor on the copper surface is not satisfactory.

It could thus be concluded that aqueous extract of

Morinda tinctoria is not very effective for the protec-

tion of copper in sulfuric acid medium.
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