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A comparative study of different types of amino acids: proline, cysteine, phenyl alanine, alanine, 

hisitidine and glycine as inhibitors for copper corrosion in 8M phosphoric acid at different 

temperatures was carried out. Potentiodynamic polarization and rotation techniques were applied to 

study the metal corrosion behaviour in the absence and presence of different concentrations of theses 

inhibitors. The results reveal that amino acids have strongest inhibitive effects that provide good 

protection to copper surface against corrosion in acid solutions. Adsorption of amino acids on copper 

surface, in 8M phosphoric acid solution, follows Temkin adsorption isotherm model. The ∆Gads. values 

were calculated and indicated physical adsorption. Quantum chemical parameters were calculated 

using semiempirical PM6 method to find a good correlation with the inhibition efficiency. A good 

correlation was found between the theoretical calculations and experimental observations. 

 

 

Keywords: Copper corrosion; Amino acids; Adsorption isotherm; polarization; Quantum chemical 

calculations.  

 

1. INTRODUCTION 

Chemical, physical and mechanical properties of copper make it the world third most widely 

used metal after iron and aluminium. It is used in very essential fields such as electrical applications, 

building constructions, industrial machinery, equipment, transportation, and consumer products [1]. 

 The corrosion of metals is a common phenomenon in industry, and it has received a 

considerable amount of attention. The use of inhibitors is one of the most practical methods for 

protection against corrosion. Usually, organic compounds are widely used in industry for preventing 

corrosion in acidic environments [2-8].  
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To improve the protective efficiency of copper corrosion in corrosive environment, great 

efforts have been put into the investigation and lots of technologies have been used [9-11]. The 

inhibitive power of the organic inhibitors has been interpreted in term of many different characteristics 

such as molecular size, molecular weight, molecular structure, nature of heteroatom present in the 

molecule, etc. [2]. Nitrogen containing compounds have been found to serve as good inhibitors of 

corrosion [12] and their inhibiting action has been explained in term of the number of mobile electron 

pairs [13], the π orbital character of free electron, and the electron density around the nitrogen atom 

[2]. Among numerous inhibitors that have been tested and are applied industrially as corrosion 

inhibitors, those that are non-toxic or low-toxic are now far more strategic than in the recent past [14]. 

Amino acids are known to be very effective non toxic inhibitors for metal and alloys in different 

corrosion media. The process is diffusion controlled, depending on the concentration gradient forming 

a selective electrochemical dissolution of copper. The limiting current value that determines the 

corrosion efficiency depends on the rate of mass transfer of Cu
2+

 ions from the diffusion layer to the 

bulk of the solution. The rate of mass transfer depends on the relative ionic movement, geometry of 

anode, temperature, the type and the physical properties of the electrolyte [1, 15]  

This present work is aimed to study the inhibition efficiency of inhibitors and correlate their 

efficiency with the quantum chemical parameters of the investigated compounds. Experimental means 

are useful to explain the inhibition mechanism but they are often expensive and time-consuming. 

Ongoing hardware and software advances have opened the door for powerful use of theoretical 

chemistry in corrosion inhibition research. Several quantum chemical methods and molecular 

modeling techniques have been performed to correlate the inhibition efficiency of the inhibitors with 

their molecular properties [16-22]. 

 

 

2. EXPERIMENTAL 

2.1. Chemicals 

Analar grade H3PO4 (98% w/w), supplied by BDH Chemicals Ltd., were used for the 

preparation of the electrolyte. Amino acids used were: (i) proline I, (ii) cysteine II, (iii) phenyl alanine 

III, (iv) alanine IV, (v) hisitidine V, (vi) glycine VI. The choice of these compounds was based on 

molecular structure considerations; it’s an organic compound with an adsorption center. The inhibitor 

molecules may lie on the copper surface with one adsorption center if the concentration of inhibitor is 

low enough.   

 

2.2. Solution Composition          

Blank solution consists of 8M H3PO4 and different concentrations of amino acids (I-VI). The 

concentrations of amino acids cover range from 1x10
-6

 to 1x 10
-3

 M. 
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2.3. Apparatus and Procedure 

The cell consists of a rectangular plastic container having the dimensions (5.1x 5x10 cm) with 

electrodes fitting the whole cross section area. The electrodes were rectangular copper sheets of 10 cm 

height and 5 cm width, were located 5.1 cm apart. A porous Poly Vinyl Chloride (PCV) diaphragm 

was used to prevent the effect due to H2 bubbles.  The electrical circuit consists of 6 V D.C. power 

supply connected in parallel with the cell to measure the voltage and multi-range digital ammeter 

connected in series with the cell to measure the current. Reference electrode consists of a copper wire 

immersed in a cup of luggin tube filled with the phosphoric acid concentration similar to that in the 

cell, the tip of the luggin tube was placed 0.5 – 1mm from the anode. The potential difference between 

the anode and the reference electrode was measured by potentiometer. Phosphoric acid concentration 

was prepared from the Analar grade ortho- phosphoric acid and distilled water .The anode height was 

1cm and before each run, the back part of the anode was insulated with epoxy resin and the active 

surface of the anode was polished with fin emery paper, degreased with trichloroethylene, washed with 

alcohol and finally rinsed in distilled water. Electrode treatment was similar to that used by Wilke [23]
.
 

The rate of copper corrosion under different conditions is determined by measuring the limiting current 

at 25 
o
C. 

 

2.4. Density and Viscosity Measurements 

The density was determined by using DA-300 Kyoto Electronics at 25, 30, 35 and   40 ±1 
o
C. 

An oscillation period of the measuring cell which is generated when it is given the natural oscillation, 

will vary depend on the density of the sample in the cell. The viscosity is measured using Koehler 

viscosity bathing (Model K23400 Kinematic Baths) at 25, 30, 35 and 40 ±1 
o
C. 

 

2.5. Computational details   

Complete geometrical optimizations of the investigated molecules were performed using 

semiempirical PM6 method implemented in MOPAC 2009. The calculated  parameters are, the highest 

occupied molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO), the separation 

energy (∆E), the dipole moment (µ), the softness (σ), hardness (η), the total negative charge (TNC), 

and the total energy (Et). Frontier molecular orbitals (HOMO and LUMO) could be used to predict the 

adsorption centers of the inhibitor molecule. According to Koopman’s theorem [24], the EHOMO and 

ELUMO of the inhibitor molecule are related to the ionization potential, I, and the electron affinity A, 

respectively, by the following relations: 

 

I = -EHOMO                                       (1) 
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A= -ELUMO                                        (2) 

 

The calculated quantum chemical parameters, hardness, η and softness, σ were calculated [25]:  

 

                      (3) 

The inverse of the global hardness is designated as the softness, σ as follows: 

 

                                               (4) 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Levelling process 

60

120

180

240

100 600 1100

I 
(m

A
)

V (volt)

Divided Cell

Cx10 6

 0 mol/l
 1mol/l
 5 

mol/l
x 100 
mol/l
 1000 

 
 

Figure 1. Limiting currents I (mA) with diaphragm in presence of different concentrations of 

compound (I) at 25
 o
C. 
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Figure 2. Limiting currents I (mA) without diaphragm in presence of different concentrations of 

compound (I) at 25
o
C. 
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Levelling is the principle process in corrosion [26]. Mayer [27] explained the necessity to 

separate between anode and cathode by non conductive slit to prevent the gas bubbles transfer to the 

anode surface and enhance the homogenous distribution of electric current [1]. The study of levelling 

is based on the classical current voltage curves of electropolishing as shown in (Fig. 1&2) a typical 

polarogram is obtained in this study for amino acids in case of divided and undivided cell. The curve is 

divided into three parts: in the first part the current density (c.d.) is proportional to the voltage and 

etching takes place. At the second part of the curve, the metal undergoes corrosion and in the last part, 

some localized pitting occurs [28]. 

 

3.2. Effect of electrode height on limiting current 

Fig. 3 shows that, the limiting current density decreases with the increases in height. In 

corrosion  and generally for anodic dissolution of metal , the direction of flow of thermodynamic 

boundary layer and the diffusion layer increase in the downward direction , i.e. the resistance to mass 

transfer increase in the downward direction. Accordingly, the local limiting current density increasing 

in the up- ward direction of the anode.  
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Figure 3. Effect of electrode height on the limiting current using compound (IV) at 25 
o
C. 

 

This explains why corrosion is attained at the upper parts of the electrode before the lower parts 

at the limiting current region. This was confirmed by visual observation during corrosion process. The 

average limiting current density decreases with increase in the height according to the following 

equation
 
[29]: 
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aL
H

C
i

)(


                                         
(5) 

 

where C is constant, H is the height of electrode,  a is constant depends on the type of solution , 

[a= 0.502  for undivided cell ]. 

 

3.3. Effect of amino acids concentration on the limiting current  

The observed limiting current, which represent the rate of copper metal corrosion in 

orthophosphoric acid at 25 
o
C, are found that, the limiting current decrease with increasing the 

concentration of amino acids as shown in Table 1.  

 

Table 1. The calculated limiting current (mA) for the corrosion of copper in the presence of amino 

acids (I-VI) at different temperatures and different concentration. 

 

0 230 240 255 270 0 230 240 255 270

1 190 210 225 245 1 195 205 213 223

5 175 190 210 225 5 180 187 195 202

10 172 180 195 210 10 177 183 188 198

50 170 172 180 195 50 175 183 190 195

100 166 170 176 183 100 171 176 183 191

500 147 160 170 178 500 152 157 162 169

1000 139 145 160 170 1000 147 133 138 143

0 230 240 255 270 0 230 240 255 270

1 155 163 168 175 1 140 145 150 160

5 147 155 165 170 5 135 140 145 150

10 145 147 155 160 10 130 135 140 145

50 133 142 150 158 50 125 130 135 140

100 126 133 140 150 100 120 125 130 136

500 120 126 132 140 500 110 115 122 130

1000 110 120 128 135 1000 105 110 117 122

0 230 240 255 270 0 230 240 255 270

1 170 178 190 200 1 200 210 218 228

5 160 170 180 196 5 185 192 200 207

10 150 160 170 180 10 182 188 195 203

50 140 150 160 170 50 180 188 193 198

100 130 140 150 160 100 176 181 188 196

500 125 132 140 150 500 157 162 167 175

1000 120 125 130 140 1000 145 138 142 147

308 K

A-A-
Cx10

6 

mol/l
IL (mA ) Organic Compounds

Cx10
6 

mol/l
IL (mA )

308 K 313 K

Compound(I) 

(Proline)

Compound(IV)    

(Alanine)

313 K 298 K 303 K298 K 303 K

Compound(II) 

(Cysteine) 

Compound(V) 

(Histidine)

313 K298 K 303 K 308 K 308 K 313 K298 K 303 K

308 K 313 K298 K 303 K

Compound(III) 

(Phenyl alanine)

Compound(VI) 

(Glycine)

313 K298 K 303 K 308 K

 
 

We can recommend on the basis of result, it may use in this range of concentration to inhibit 

the corrosion of copper metal in 8M H3PO4 acid in all type of amino acids to be used in this work [30]. 
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The mass transfer coefficient of the corrosion process which was used in data correlation was 

calculated from the limiting current using the equation: 

 

sZFAC

I
k                                   (6) 

 

The above equation is based on the finding of previous studies [31]. If the limiting current in 

absence (I), and presence of amino acids (Il), the percentage of inhibition can be calculated from the 

following equation: 

 

100% 



I

II
IE l                           (7) 

 

Fig. 4 and Table 2 show that, the inhibition percent that caused by amino acids ranges from 

13.04 % to 54.34 % depending on its type and concentration. 

The limiting current decreases with increasing the concentration of amino acids this agree with 

the finding of other authors who worked within the same range of concentration using other anode 

geometries [32]. The decreasing in the limiting current with increasing the concentration of amino 

acids is attributed to the viscosity of organic additives water-H3PO4 mixture is higher than water- 

H3PO4 mixture, this led to: decrease in diffusivity of Cu
2+

 and the solubility of copper phosphate in 

organic additives mixture is lower than water phosphoric acid mixture, so the saturation of solution is 

attained quickly and limiting current is small [33, 34]. 

 

Table 2- % Inhibition efficiency of copper corrosion using 8M H3PO4 in presence of different 

concentrations of amino acids at 25 
o
C.  

 

Blank 0.00 0.00 0.00 0.00 0.00 0.00

1 17.39 32.60 26.08 15.22 39.13 13.04

5 23.90 36.10 30.43 21.74 41.30 19.56

10 25.22 37.10 34.78 23.04 43.47 20.86

50 26.08 42.17 39.13 23.91 45.11 21.74

100 27.82 45.10 43.47 25.65 47.82 23.48

500 36.08 47.82 45.10 33.91 52.17 31.74

1000 39.60 52.17 47.82 36.00 54.34 32.90

IE%

Cx10
6 

mol/l
I II III IV V VI
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Figure 4. % Inhibition efficiency of copper corrosion using 8M H3PO4 in presence of different 

concentrations of amino acids at 25 
o
C. 

 

3.4. Adsorption Isotherm 

The amino acids compounds inhibit the corrosion of the copper by adsorbing onto the metal 

surface in acid solution. A useful method that assists in the understanding of the mechanism of organo-

electrochemical reactions in the adsorption processes is the adsorption isotherm. The values of surface 

coverage (θ) corresponding to different concentrations of the inhibitor have been used to determine the 

adsorption isotherm. The Potentiodynamic polarization data were used to evaluate the surface coverage 

values as follows:  

 

b

orgb

I

II .
                                       (8) 

 

where Ib and Iorg. are the limiting current without and with amino acids, respectively [35]. The 

adsorption Langmiur has been tested for the description of the adsorption behaviour of the inhibitor. 

The linear correlation coefficients are good and all the slopes are not close to 1 meaning that the 

adsorption of inhibitor does not accord with the Langmiur adsorption isotherm [29]. In order to 

determine the mechanism of corrosion inhibition, the experimental data were applied to Temkin 

adsorption isotherm and it has the following general form: 

 

Exp (-2aθ) = KC                                (9) 

 



Int. J. Electrochem. Sci., Vol. 7, 2012 

  

 

1274 

where “a” is the lateral interaction parameter describing the molecular interaction in the 

adsorption layer and heterogeneity of the metal surface.  From Fig. 5, for praline, cysteine, phenyl 

alanine, and histedine (as example), straight lines were obtained with slope1/- 2a and intercepts lnK/-

2a, when θ was plotted against log C for the amino acids. The values of “a” -17.24, -17.98, -15.57, and 

-22.62 for amino acids respectively, are negative in all cases indicating that repulsion exists in the 

adsorption layer [2, 35]. 

The kinetic -thermodynamic model is given by: 

 

CyK loglog
1

log 



                               (10) 

 

where y is the number of inhibitor molecules occupying one active site. The binding constant K 

is given by:
 
                 

 

K = K 
' (1/y) 

                                                     (11) 

 

where 1/y is the number of the surface active sites occupied by one molecule of the inhibitor. 

Fig. 6 for praline, cysteine, phenyl alanine, and hisitidine (as example), linear relation between log θ / 

(1- θ) and log C at 25 
o
C, and the calculated values of 1/y and K are given in Table 3. The values of 1/y 

depend on the type of amino acids. The data of this Table reveals that, the values of 1/y for all amino 

acids higher than one i.e: the given inhibitors molecules are attached to more than one active site and at 

constant temperature [2, 36]. 
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Figure 5. Curve fitting of corrosion data for Cu-Cu in 8M H3PO4 in the presence of different amino 

acids to Temkin isotherm at 25 
o
C. 
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Figure 6. Curve fitting of corrosion data for Cu-Cu in 8M H3PO4 in the presence of different amino 

acids to  the kinetic model at 25 
o
C. 

 

The values of the free energy change for the adsorption process (∆Gads.) for the different 

inhibitors at 25 
o
C were calculated from the following equation [2]: 

                      

∆Gads. =  -R T ln (55.5 K)                               (12) 

 

The values of ∆Gads.  are collected in Table 3. It is clear from Table 3, that the  adsorption free 

energies have negative values less than - 40 kJ mol
-1

, meaning that the adsorption of the inhibitors 

molecules onto the copper surface in phosphoric acid is a spontaneous process and there is the 

electrostatic interaction between the charged inhibitor molecules and the charged metal surface 

(physical adsorption) [2, 14, 37]. The results show that histidine, cysteine and phenyl alanine which 

give maximum efficiency and show more negative free energy of adsorption than proline, alanine and 

glycine indicating that it is strongly adsorbed on the metal surface [38]  

 

Table 3. Linear fitting parameters of amino acids at 25 
o
C. 

 

13.23 2.56E+03 29.39

9.19 1.08E+03 26.98

7.15 7.55E+02 26.37

6.83 34.32 18.71

6.67 17.44 17.03

6.42 9.72 15.58

1/y
 K              

(L mol
-1

)

    -∆G         

(kJ mol
-1

)

A-A-

Histidine (V)

Cysteine (II)

Kinetic model

Phenyl alanine (III)

Proline (I)

Alanine (IV)

Glycine (VI)  
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3.5. Effect of Temperature 

Table 4. Values of Thermodynamic parameters for different concentrations of amino acids. 

 

0 8.41 5.93 -179.86 59.55

1 12.92 10.44 -166.22 60.00

5 13.27 10.79 -165.77 60.22

10 10.52 8.05 -175.00 60.28

50 7.06 4.58 -186.98 60.33

100 5.07 2.59 -193.74 60.36

500 9.87 7.39 -178.52 60.63

1000 15.52 13.04 -160.81 60.98

1 6.13 3.65 -190.72 60.51

5 7.75 5.27 -185.71 60.64

10 5.40 2.92 -193.80 60.70

50 8.88 6.40 -182.75 60.89

100 8.92 6.44 -183.14 61.04

500 7.70 5.42 -186.95 61.16

1000 10.56 8.08 -178.66 61.35

1 8.58 6.10 -181.77 60.29

5 10.32 7.85 -176.44 60.45

10 9.44 6.96 -179.88 60.59

50 10.05 7.57 -178.42 60.77

100 10.75 8.27 -176.68 60.95

500 9.39 6.92 -181.59 61.06

1000 7.77 5.29 -187.41 61.17

1 6.85 4.37 -186.41 59.95

5 6.03 3.55 -189.85 60.15

10 5.64 3.16 -191.32 60.19

50 5.64 3.15 -191.35 60.21

100 5.75 3.27 -191.22 60.28

500 5.42 2.94 -193.28 60.57

1000 4.33 1.85 -198.21 60.95

1 6.73 4.25 -189.62 60.78

5 5.46 2.98 -194.13 60.86

10 5.66 3.18 -193.78 60.95

50 5.87 3.39 -193.38 61.05

100 6.44 3.96 -191.84 61.16

500 8.69 6.21 -185.04 61.38

1000 7.95 5.47 -187.87 61.48

1 6.69 4.21 -186.72 59.88

5 5.87 3.39 -190.14 60.08

10 5.65 3.17 -191.01 60.13

50 6.95 4.47 -188.79 60.76

100 5.59 3.12 -191.50 60.21

500 5.52 3.04 -192.69 60.49

1000 4.06 1.58 -198.82 60.86

V

VI

I 

II 

III

IV

∆G*            

(kJ mol
-1

)
A-A-

Blank

Cx10
6 

mol/l

Ea           

(kJ mol
-1

)

∆H*            

(kJ mol
-1

)

∆S*          

(Jmol
-1

K
-1

)

 
                             

The effect of temperature on the Cu electropolishing rate in absence and presence of amino 

acids was determined in the temperature range of 25–40 
o
C and illustrated in Table 1. It was observed 
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that the electropolishing rate decrease with temperature for different concentrations of organic 

additives. Table 2 gives the variation of (%IE) with temperature. The dependence of corrosion rate on 

temperature can be expressed by the Arrhenius equation [39]: 

 

ln K = -Ea / RT + ln A                                     (13) 

 

where, K is the reaction rate, A is constant, Ea is the activation energy of the copper dissolution 

reaction, T is the absolute temperature and R is the universal gas constant. Values of Ea that have been 

derived from the slopes of Arrhenius plots
 
are given in Table 4.  

It is obviously seen that the Ea values in absence and presence of amino acids are less than          

 28and kJ. mol
-1

, also indicating that the diffusion processes are controlling the corrosion         

reaction
 
[40]. The activation parameters for the corrosion process were calculated from Arrhenius type 

plot according to the following equations [41, 42]: 

 

ΔH* = Ea – RT (kJ. mol
-1

)                                 (14) 

 

ΔG* = RT (ln(kB/h) – ln (K/T) (kJ. mol
-1

)         (15) 

 

ΔS* = (ΔH* - ΔG*) / T (kJ. mol
-1

. K)               (16) 

 

where, kB is the Boltzman constant (1.380x10
-23

 J/K), h is the Plank’s constant (6.626x 10
-34

 

J.s), R is the universal gas constant (8.314 J/ K. mol), K is the rate constant, ΔG* is the free energy of 

activation, ΔH* is the enthalpy of activation, ΔS* is the entropy of activation and Ea is the apparent 

activation energy. The data of the activation parameters for the corrosion process are presented in 

Table 4.    

The negative values of ΔS* pointed to a greater order produced during the process of 

activation. This can be achieved by the formation of activated complex represents association or 

fixation with consequent loss in the degree of freedom of the system during the process. ΔG* values 

show limited increase with rise in the concentration of amino acids i.e: ΔG* values of the inhibited 

systems were more positive than that for the uninhibited systems revealing weak dependence of ΔG* 

on the composition of the amino acids can be attributed largely to the general linear composition 

between ΔH* and ΔS* for the given temperature [43]. 

 

3.6. Effect of stirring and applications of dimensional analysis 

The effect of speed of rotation on the rate of electropolishing can also be used to determine 

whether the electropolishing process is a diffusion or chemical controlled process. If the rate of 
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electropolishing increases by increasing the speed of rotation, then the reaction is diffusion controlled. 

However, the rate of corrosion is independent on the rotation, so the reaction is likely to be chemically 

controlled [44]. 

The angular velocity ω is given by:          

 

ω = (2π rpm) / 60                                  (17) 

 

Fig. 7 gives the relation between the limiting current density and the angular velocity, ω 
0.7

 for 

RCE at 25
o
C for different concentrations of organic additives used. Straight lines were obtained and 

the limiting current increases by increasing the rotation which indicates that corrosion reaction of 

copper is diffusion controlled process. The diffusion coefficient, D(cm
2
 s

-1
), of Cu

2+
 ions in different 

solutions was determined from the values of limiting current density, as shown in Table 5, using 

Eisenberg equation [45]:  

 

iL = knFCbd
-0.3

 υ
-0.344

 D
0.644 

U
x  

                              (18) 

 

where k = 0.0791 and x = 0.7
 
, n is the number of electrons involved in a redox process, F is 

Faraday's constant (Amp s mol
-1

), n F is called "Faradaic equivalence", Cb is the bulk concentration ( 

mol cm
-3

), U is the electrode peripheric velocity = ωr in cm rad s
-1 

( r is the radius in cm), d is the 

characteristic length of the rotating cylinder, and υ is the kinematic viscosity  in stoke (υ = η/ρ) where 

η is viscosity in poise and ρ is density  g cm
3- 

[46]. 

 

0,010

0,015

0,020

0,025

0,030

0,035

0 5 10 15 20 25

i L
(A

 c
m

-2
)

ωo.7

Cpd I

Cpd II

Cpd III

Cpd IV

Cpd V

Cpd VI

 

 

Figure 7. The relation between iL and ω
0.7

 for cylinder at 25 
o
C. 

 

The diffusion coefficient; D, of Cu
2+

 ions in solutions containing amino acids increases due to 

decrease in interfacial viscosity (η) in accordance [47] with the Stokes-Einstein equation [33]: 
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η D / T= Const.                                        (19) 

 

where η is the viscosity of solution (cm poise)  ,  D is the diffusion coefficient of copper ions 

(cm
2
 s

-1
) and T is the absolute temperature (K).       

 

 

Table 5. Physical properties η, ρ and D used in calculated dimensionless groups for Cu- Cylinder. 

 

1 1.75E-02 50 1.43E-05 1.65 1.06 1 0.01417 50 6.44E-06 1.10 1.70

5 1.92E-02 100 8.08E-06 1.72 1.02 5 0.01583 100 3.41E-06 1.08 1.85

10 2.08E-02 200 4.59E-06 1.89 1.00 10 0.0175 200 1.78E-06 1.06 2.00

50 2.25E-02 300 3.57E-06 2.10 0.98 50 0.01917 300 1.27E-06 1.04 2.10

100 2.50E-02 400 3.15E-06 2.19 0.97 100 0.02083 400 1.03E-06 1.03 2.20

500 2.75E-02 500 2.88E-06 2.21 0.97 500 0.0225 500 8.83E-07 1.02 2.30

1000 3.08E-02 700 2.54E-06 2.47 0.96 1000 0.025 700 6.94E-07 1.01 2.45

1 1.42E-02 50 1.11E-05 1.42 1.10 1 1.50E-02 50 1.05E-05 1.50 1.10

5 1.75E-02 100 6.62E-06 1.63 1.08 5 1.67E-02 100 5.89E-06 1.53 1.09

10 1.92E-02 200 3.94E-06 1.81 1.01 10 1.83E-02 200 3.38E-06 1.59 1.03

50 2.04E-02 300 2.99E-06 2.00 0.98 50 1.96E-02 300 2.66E-06 1.86 1.01

100 2.25E-02 400 2.65E-06 2.15 0.98 100 2.17E-02 400 2.35E-06 1.93 0.98

500 2.42E-02 500 2.38E-06 2.14 0.95 500 2.33E-02 500 2.16E-06 2.05 0.96

1000 2.67E-02 700 2.02E-06 2.42 0.96 1000 2.58E-02 700 1.85E-06 2.20 0.94

1 1.29E-02 50 8.22E-06 1.51 1.13 1 1.50E-02 50 1.09E-05 1.62 1.11

5 1.42E-02 100 4.75E-06 1.65 1.10 5 1.67E-02 100 6.32E-06 1.75 1.10

10 1.58E-02 200 2.79E-06 1.78 1.08 10 1.83E-02 200 3.64E-06 1.85 1.05

50 1.75E-02 300 2.25E-06 1.95 1.04 50 2.00E-02 300 2.83E-06 1.97 1.01

100 1.92E-02 400 1.95E-06 2.00 1.01 100 2.17E-02 400 2.46E-06 2.10 0.98

500 2.08E-02 500 1.77E-06 2.05 1.01 500 2.33E-02 500 2.21E-06 2.15 0.97

1000 2.25E-02 700 1.44E-06 2.15 0.98 1000 2.50E-02 700 1.76E-06 2.24 0.95
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The mass transport to an inner rotating cylinder electrode in turbulent flow system may be 

described by empirical dimensionless. 

 

Sh = a Re 
b
 Sc 

c
                                          (20) 
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 where Sh, Re and Sc are the Sherwood (Sh = k L/ D), k is mass transfer coefficient, cm s
-1

                 

(k = iL/zFC Cu
2+

 where iL is the limiting current density, C Cu
2+

 is saturation solubility of copper 

sulphate, z is the valance, F is Faraday’s constant in A s mol
-1

), L is length of cylinder, cm and D is 

diffusion coefficient, cm
2
 s

-1
, Reynolds ( Re = UL/ υ) , υ is kinematic viscosity, cm

2
s

-1
 and U is 

rotation velocity = ωr, cm s
-1

, (Sc = υ / D) numbers, respectively and a and b are empirical constants, 

c= 0.33 indicating forced convection regime. As shown in Fig. 8, by plotting log Sh/(Sc
0.33

) against log 

Re, a straight line was obtained its slope gave the constant “b” while the intercept gives the constant 

“a”. 
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Figure 8. The over all correlation between log Sh/(Sc)
0.33

 and log Re for all amino acids at 25 
o
C. 

 

The over all correlation for all amino acids used as shown in Fig.8 is given by the following 

equation:  

 

Sh = 0.53 Re
0.72

 Sc
0.33

 

 

The exponent of Re in last equations denotes a highly turbulent flow, which agree with the 

mass transfer study in aqueous media [28, 29, 47]. 

 

3.7. Quantum chemical study 

The corrosion inhibition efficiencies of the investigated inhibitors were determined 

experimentally with expected variation in their values. It was found that histidine, cysteine and phenyl 

alanine compounds have higher inhibition efficiencies than those of proline, alanine and glycine.  
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Accordingly, quantum chemical calculations were performed to investigate the effect of 

structural parameters on the inhibition efficiency of inhibitors. Geometric and electronic structures of 

the inhibitors were calculated by the optimization of their bond lengths, bond angles and dihedral 

angles. Quantum chemical parameters obtained from the calculations which are responsible for the 

inhibition efficiency of inhibitors, such as the energies of  the highest occupied molecular orbital 

(EHOMO), energy of the lowest unoccupied molecular orbital (ELUMO), the separation energy (ELUMO-

EHOMO), ∆E, representing the function of reactivity, the dipole moment (μ), total energy (Et), hardness 

(η), softness (б), summation of the total negative charges on atoms over the skeleton of the molecule 

(TNC), and molecular volume of molecule (M.V), are collected in Table 6. 

The use of Mulliken population analysis to estimate the adsorption centers of inhibitors has 

been widely reported and it is mostly used for the calculation of the charge distribution over the whole 

skeleton of the molecule [48-53]. There is a general consensus by several authors that the more 

negatively charged heteroatom is the more, it can be adsorbed on the metal surface through donor–

acceptor type reaction. The calculated Mulliken charges showed that there is more than one active 

center. Variation in the inhibition efficiency of the inhibitors depends on the presence of 

electronegative O, S and N atoms as substituents in their molecular structure. The sites of ionic 

reactivity could be estimated from the net charges on a molecule. Thus, the calculations showed that 

the inhibitors with higher inhibition efficiency such as histidine has five adsorption centres with high 

negative charge density (two oxygen and three nitrogen atoms), while the cysteine ( two oxygen, 

nitrogen and sulfur atoms) and phenylalanine ( two oxygen, nitrogen atoms and aromatic phenyl ring) 

inhibitors have four ones, Fig.9 [a, b, c]. Meanwhile, the inhibitors with lower inhibition such as 

proline, alanine and glycine have three adsorption centres (two oxygen and nitrogen atoms), Fig.9 [d, 

e, f], which agrees with the experimental observations. The above conclusion was confirmed by 

calculating TNC, where the more active sites have the molecule, the higher is TNC and the higher is 

the inhibition efficiency. The calculations showed that the inhibitors with the highest inhibition 

efficiency have the highest TNC values which agree well with the experimental observations, Table 6. 

According to the frontier molecular orbital theory, FMO, the chemical reactivity is a function 

of interaction between HOMO and LUMO levels of the reacting species [54]. The EHOMO indicates the 

ability of the molecule to donate electrons to an appropriated acceptor with empty molecular orbitals 

and ELUMO indicates its ability to accept electrons. The lower is the value of ELUMO; the more is the 

ability of the molecule to accept electrons [55].  The higher is the value of EHOMO of the inhibitor, the 

greater is its ease of offering electrons to the unoccupied d-orbital of metal surface and the greater is its 

inhibition efficiency. The calculations showed that the lowest energy EHOMO is assigned for the glycine 

compound which is expected to have the lowest corrosion inhibition among the investigated 

compounds. On the other hand, the phenyl alanine destabilized the HOMO level by 0.752 eV to 

increase its donation to the metal surface and increases its tendency to adsorb on the metal surface and 

accordingly has high inhibition efficiency. This expectation is in a good agreement with the 

experimental observations. 
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It was found that the variation of the calculated LUMO energies among all investigated 

inhibitors is rulelessly, and the inhibition efficiency is misrelated with the changes of the ELUMO,    

Table 6. The HOMO–LUMO energy gap, ΔE approach, which is an important stability index, is 

applied to develop theoretical models for explaining the structure and conformation barriers in many 

molecular systems. The smaller is the value of ΔE, the more probable that the compound has inhibition 

efficiency [56-58]. It was shown from Table 6 that glycine molecule has the highest HOMO–LUMO 

gap, 10.388 eV, eV compared with the other molecules. Meanwhile, the inhibitors with high inhibition 

efficiency have low energy gaps, Table 6. Accordingly, it could be expected that glycine inhibitor has 

less inclination to adsorb on the metal surface than the other molecules. Also, it was shown from the 

calculations that the molecules with the high inhibition of corrosion have lower total energy Et than 

those with low inhibition efficiency, Table 6, which agrees well with the experimental observations. 

The dipole moment, µ, the first derivative of the energy with respect to an applied electric field, 

was used to discuss and rationalize the structure [59]. There is a lack of agreement in the literature on 

the correlation between µ and inhibition efficiency [60, 61]. The theoretical results indicate that no 

significant relationship was detected between µ and inhibition efficiency. However, the lowest value of 

µ was shown for glycine which has the lowest inhibition efficiency.  

Absolute hardness, η and softness, σ are important properties which measure both the stability 

and reactivity of a molecule. A hard molecule has a large energy gap and a soft molecule has a small 

energy gap. Soft molecules are more reactive than hard ones because they could easily offer electrons 

to an acceptor.  

For the simplest transfer of electrons, adsorption could occur at the part of the molecule where 

σ, which is a local property, has the highest value [62]. In a corrosion system, the inhibitor acts as a 

Lewis base while the metal acts as a Lewis acid, respectively. Bulk metals are soft acids and thus soft 

base inhibitors are most effective for acidic corrosion of those metals. Accordingly, it is concluded that 

glycine inhibitor with the lowest σ value has the lowest ability inhibition efficiency, Table 6, which is 

in a good agreement with the experimental data.  

 

Table 6. The calculated quantum chemical parameters for the investigated inhibitors. 

 

           

Molecule EHOMO ELUMO ∆E μ Et M.V. A
3
 TNC η σ 

(eV) (eV) (eV) (D) (eV) (e) (eV) (eV
-1

) 

Histidine -9.511 0.405 9.916 3.082 -1978.869 180.000   -2.675 4.958 0.202 

Cysteine -9.615 -0.236 9.379 4.191 -1400.142 139.090   -2.187 4.690 0.213 

Phenyalanine -9.415 0.189 9.604 1.411 -2014.439 205.750   -2.671 4.802 0.208 

Proline -9.373 0.383 9.756 1.821 -1498.032 141.810   -2.180 4.878 0.205 

Alanine -10.028 0.302 10.330 1.122 -1225.961 113.270   -2.030 5.165 0.194  

Glycine -10.167 0.221 10.388 1.050 -1076.070 90.120 -1.752 5.194 0.192 
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Figure 1. The calculated optimized molecular structures of (a) histidine, (b) cysteine, (c) phenyl 

alanine, (d) proline, (e) alanine and (f) glycine. 
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The inhibition efficiency increases as the volume of the molecules increases due to the increase 

of the contact area between molecule and surface. It was shown from the calculations that glycine has 

the lowest molecular volume with a value equals 90.120 A
3
, which is proportional to the polarisability 

leading to decreasing its adsorption on the metal surface and decreasing its inhibition efficiency. 

 

4. CONCLUSIONS 

 Corrosion of copper surface is influenced by type of cell divided or undivided cell, 

electrode height, temperature, type and concentrations of amino acids and rpm of rotating copper 

cylinder. 

 Amino acids acts as strong inhibitor for copper corrosion in phosphoric acid and its 

adsorption obey Temkin and Kinetic adsorption isotherm. 

 By increasing speed of rotation, the reaction rate increase, this indicates that the reaction is 

diffusion control.  

 For RCE, the exponent of Re in mass transfer correlation denotes a highly turbulent flow. 

 Quantum chemical calculations showed an agreement between quantum chemical 

parameters related to the electronic structure of the investigated compounds and their ability to inhibit 

the corrosion process. The experimental inhibition efficiencies are closely related to the quantum 

chemical parameters such as EHOMO, ΔE, Et, σ, η, TNC, MV. No significant relationship was found 

between ELUMO and μ with the experimental inhibition efficiency.  

Finally, this study displays a good correlation between the theoretical and experimental data 

which confirms the reliability of the quantum chemical methods to study the inhibition of corrosion of 

metal surfaces. 
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