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ABSTRACT 

The corrosion rates of copper were determined in presence and in absence of 
different compositions of water-ethanol, ethylene glycol, glycerol, dimethyl sulfoxide 
(DMSO) and dioxane binary mixtures. The rates of corrosion were found to decrease 
by increasing the concentration of solvents. The percent inhibition range from 10.9 to 
78.2% depends on the nature of solvent and its concentration. The calculated energies 
of activation prove that the reactions are diffusion controlled type. Thermodynamic 
parameters were calculated. The investigated adsorption isotherms indicate that protic 
solvents fit the Langmuir model. The rate of corrosion of copper in presence of 
diaphragm is less than that in absence of diaphragm due to the prevention of stirring of 
hydrogen evolved at cathode. The overall mass transfer correlations under the present 
conditions have been obtained using dimensional analysis method. The results agreed 
with the previous studies of mass transfer to rotating cylinder in turbulent flow. 
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 تقييم معدلات تاكل  النحاس بوجود وعدم وجود خلائط ثنائية متعددة المكونات
 محمد نبيل مجيد و رفعت محمد دخيل

 
العراق_ البصرة _  )البصرة  / الكلية التقنية (  

 
 الملخص

 
يلين الاث, الايثانول_تم ايجاد معدلات التاكل للنحاس بوجود وعدم وجود خلائط ثنائية متعددة المكونات من الماء

وجد ان معدلات التاكل تتناقص بزيادة تركيزهذه . الداي مثيل سلفوكسيد و الدايوكسان, الكليسيرول, كلايكول

طاقات التنشيط . بالمئة اعتمادا على طبيعة المذيب و التركيز 78.2الى  10.9نسبة التعطيل تتراوح من . المكونات

نظرية . تم حساب المتغيرات الثرموديناميكية كذلك. شارالمحسوبة اثبتت ان التفاعلات من نوع التحكم بالانت

معدلات تاكل النحاس بوجود الصفيحة الرقيقة اقل من . الامتزاز بينت ان المذيبات تطابق نموذج لانكموير للامتزاز

تم استحصال علاقات انتقال المادة الكلي . عدم وجودها وذلك نسبة الى منع تهيج الهيدروجين المتحررعلى الكاثود

تم بيان ان النتائج المستحصلة تتوافق مع الدراسات السابقة لانتقال . تحت الظروف الحالية بطريقة التحليل اللابعدي

                        .                                                                  المادة للاسطوانة الدوارة بالجريان الاضطرابي

                                                                 

 .تقييم, التعطيل, النحاس, معدلات التاكل :الكلمات الدالة  
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INTRODUCTION 

Inhibitors are widely used for protection of materials from corrosion in acid 
environments by adsorbing into the surface and retard metal corrosion in aggressive 
media, so selecting the appropriate inhibitor for a specific metal is very important. 
Some studies have shown that the inhibition of the corrosion process is mainly decided 
by the formation of donor–acceptor surface complexes between free or π-electrons of 
an inhibitor, mostly organic compounds, and a vacant d-orbital of a metal. Corrosion 
inhibition of copper in a wide variety of media has attracted the attention of a number 
of investigators. In general, the adsorption of an inhibitor on a metal surface depends 
on the nature and the surface charge of the metal, the adsorption mode, its chemical 
structure, and the type of the electrolyte solution. It has been accepted that the 
corrosion inhibition process results from the formation of organic inhibitor films on the 
metal surface. The inhibitor films can be classified as a chemisorbed film, donating a 
lone pair of electrons attached to a central adsorption atom in a functional group, as an 
electrostatic adsorption film and as a precipitation and/or a complex film, reacting with 
dissolved metal ion and organic inhibitor molecule. It is generally accepted that anodic 
dissolution of copper in organic solvent environments is influenced by its 
concentration. The anodic dissolution of copper is under mixed control by the electro 
dissolution of copper and the diffusion of soluble copper ions from the Helmholtz plane 
into the bulk solution. The aim of the present work is to study the effect of protic 
solvents namely ethanol, ethylene glycol, glycerol, aprotic solvents namely DMSO and 
dioxane on the rate of corrosion of copper. Such investigation included changes in 
temperature, speed of rotating cylinder (RCE) and concentration of solvents. The 
physical properties of solvents such as density, viscosity and diffusion coefficient are 
studied to obtain a dimensional less correlation among all these parameters. 
 

EXPERIMENTAL PROCEDURE 

1- Materials 

All of the reagents and chemicals are analytical. De-ionized water was used for the 
preparation of solutions. 
 
2- Apparatus and procedure 

Vertical parallel plates cell: The cell used in the present work consists of rectangular 
container having the dimensions of 5x10 cm with electrodes fitting the whole cross 
section. The electrodes were rectangular copper sheets of 10cm height and 5cm width. 
Electrode separation was 5cm; a porous PVC diaphragm was used to prevent the 
stirring effect due to H2 bubbles. A (6V) D.C. electrical power supply with ammeter 
and voltmeter were used for measurment. Five concentrations (6, 8, 10, 12 and 14M) 
of phosphoric acid were used and protic solvents namely ethanol, ethylene glycol, 
glycerol, aprotic solvents namely DMSO and dioxane. The steady state anode potential 
was measured against a reference electrode consisted of copper wire immersed in a cup 
of luggin tube filled with phosphoric acid-alcohol solution similar to that in the cell, the 
tip of the luggin tube was placed 0.5-1mm from anode wall. Polarization curves, from 
which the limiting current was determined, were plotted by increasing the applied 
current stepwise and measuring the corresponding steady-state potential. Two minutes 
were allowed for reaching the steady state potential. Before each run, the back of the 
anode was insulated with polystyrene lacquer and the active surface was polished with 
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fine emery paper, degreased with trichloroethylene, washed with alcohol and finally 
rinsed in distilled water. The temperature was regulated by placing the cell in a thermo 
stated water bath. 
 
The rotating cylinder electrode: The cathode consists of copper metal cylinder 1cm 
diameter and 7cm length. The disc is insulated by epoxy resin. The anode is made of 
cylindrical copper metal counter electrode 12 cm diameter; it is also acted as reference 
electrode by virtue of its high surface area compared to that of the cathode. 
 
Density and viscosity measurements: The density was measured by using DA-300 
Kyoto Electronics density measurement equipment at different temperatures. The 
viscosity was measured by using Koehler Viscosity Bath (Model K23400 Kinematic 
Bath) at different temperatures. 
 

RESULTS AND DISCUSSION 

Leveling process: Leveling is the principle process in electro polishing and can be 
explained by mass transfer mechanism. The study of leveling is based on the classical 
current voltage curves of electro dissolution. Cell with a diaphragm were used to study 
the effect of hydrogen gas evolved at the cathode on the limiting current. While a cell 
without diaphragm is used to study the effect of hydrogen gas evolved at the cathode on 
the rate of mass transfer at the anode i.e. forced convection. Fig. (1) shows the limiting 
currents with and without diaphragm in presence of 20% glycerol and 20% dioxane at 
298 K as an example. 
 
Effect of electrode height on limiting current: Fig. (2) shows that the limiting current 
density decreases with the increase in height. In electro polishing and generally for 
anodic corrosion of metals, the direction of flow of the hydrodynamic boundary layer 
and the diffusion layer increase in the downward direction i.e, the resistance of mass 
transfer increases in downward direction. Accordingly, the local limiting current 
density increases in the upward direction of the anode. This explains why polishing is 
attained at the upper part of the electrode before the lower part at the limiting current 
region. This was confirmed the visual observation during electro-polishing. The 
limiting current density decreases with the increase in the height according to Eq. (1): 

aH
CI =                                                                                                                         (1) 

Where: 

I : Limiting current density. 

C: Constant. 

H: Height. 

a: Constant depends on type of solution used. a = 0.64 for 8M HR3RPOR4R as example. 

Effect of electrolyte concentration: Fig. (3) shows the limiting current decreases with 
increasing H3PO4 concentration within the range studied (6-14M). This is agreed with 
other authors who worked within the same range of concentration using other anode 
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geometries. The effect of H3PO4 

δ
ZFDI =

concentration on the value of the limiting current can 
be explained by the mass transfer equation, Eq. (2): 

                                                                                                                      (2) 

Where: 

Z: Valence. 

F: Faraday’s constant in coulomb. 

D: Diffusion coefficient in (cmP

2
P sec P

-1
P). 

δ : The diffusion layer thickness in cm. 

Increasing HR3RPOR4R concentration decreases the saturation solubility of copper phosphate 
and increases the viscosity of the solution, resulted the decrease in the diffusivity of 
copper ions (D) and an increase in the diffusion layer thickness (δ) with a consequent 
decrease in the limiting current value according to Eq. (2). Fig. (3) shows the 
dependence of the polishing current on the bulk concentration of phosphoric acid. The 
limiting current density decreases with increase in phosphoric acid concentration but 
the value of limiting current in acid-(solvent-water) mixtures is less than in water-acid 
mixtures. Fig.(4). from the practical point of view, it can be concluded on the basis of 
above results that it is preferable to use relatively high organic solvent percentage in 
inhibit polishing or dissolution of metal with the same phosphoric acid concentration. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1: Limiting currents with (RED) and without (BLUE) diaphragm at 298K. 
 
 

Table 1: The limiting current and % inhibition for all solvents at different 
temperatures 
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30 
40 
50 

240 
200 
160 

56.4 
63.6 
70.9 

265 
230 
140 

40.9 
34.5 
74.5 

235 
210 
120 

57.3 
61.8 
78.2 
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43.6 
56.4 
67.3 

340 
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38.2 
52.7 
63.3 
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67.2 
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31.0 
41.4 
51.7 
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60.3 

 
 
 
308 

0 
5 

10 
15 
20 
30 
40 
50 

620 
450 
420 
390 
360 
300 
270 
220 

0.0 
27.4 
32.3 
37.1 
41.9 
51.6 
56.5 
64.5 

620 
425 
400 
370 
330 
310 
295 
195 

0.0 
31.5 
35.5 
40.3 
46.8 
50.0 
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49.2 
54.8 
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 Fig.4: The relation between current (I) and potential (V) in 8M HR3RPOR4R and 

in HR3RPOR4R-(glycerol-water) mixture at 298 K. 
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Fig.2: Variation of limiting current with 
height in presence of 8M H3PO4 at 298 

K. 
 

Fig.3: Effect of H3PO4 conc. on the 
limiting current at 10 cm height and 298 

K. 
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Effect of the concentration of organic solvents on the limiting current: The 
observed limiting currents, which represent the rates of dissolution of copper metal in 
phosphoric acid at different temperatures, are found to decrease by increasing the 
concentration of the organic solvents. It is recommended to use relatively high 
percentage of organic solvents to inhibit corrosion of metal in 8M phosphoric acids. If 
and, the percentage of inhibition can be calculated from Eq. (3): 
 

100*%
b

sb

I
IIinhibition −

=                                                                                            (3) 

Where: 
bI : The limiting current in absence of organic solvent IRb. 

 

sI : The limiting current in presence of organic solvent IRsR. 

Table (1) shows the % inhibition caused by protic and aprotic solvents. The data shows 
that, the % inhibition depends on the type of solvent and its concentration. It is obvious 
that the % inhibition increases with increasing concentration of organic solvents. The 
decrease in limiting current with increasing the concentration of organic solvents is 
attributed to (a) the decrease in the solubility of dissolved copper phosphate in 
phosphoric acid, which is responsible for the limiting current and (b) the decrease in the 
diffusion layer thickness which represents the resistance to the rate of mass transfer of 
copper ion from anode surface to bulk solution. An explanation for the decrease of the 
rate of dissolution may be due to the water molecules bounded by a hydrogen bond to 
the organic solvent are less nucleophilic than water molecules bounded by a hydrogen 
bond with each other. Also, the results obtained in case of glycerol are interpreted as 
the metal surface is preferentially covered by organic solvent molecules. Also, the rate 
of corrosion decreases, since organic solvent concentration increase the local solution 
viscosity at anode surface with a consequent increase in the diffusivity of copper ion. 
The rate of corrosion decreases with increasing the concentration of organic solvents, 
which inhibit the natural convection flow arising from the density difference between 
bulk solution and solution at the electrode surface as a result of the attraction forces 
between the anode surface and OHP

−
P group of the organic solvent. The limiting current 

in presence of the organic solvents added to HR3RPOR4R solution is lower than in absence of 
these organic solvents. Organic solvents are weak acids so they have rate of corrosion 
lower than aqueous solution. The decrease of rate will depend on the organic solvent 
composition and its structure. It is found that the rate of corrosion decreases in the 
order: glycerol > ethylene glycol > ethanol, in case of protic solvents and in the order: 
dimethyl sulfoxide > dioxane, in case of aprotic solvents. Fig. (5) and Table (1) show 
that inhibition efficiency increases with increasing solvent concentration and decreases 
with an increase in temperature. This is suggestive of a physical adsorption mechanism. 
It is also clear that from knowledge of the dependence of adsorption on temperature 
that compounds which obey physical adsorption have plots of isotherms at higher 
temperatures below those at lower temperature. 
 
Limiting current and water concentration: The limiting current was found to 
increase with water concentration, and hence water plays an important role in the 
kinetics of this reaction. The plot of log IRℓR against log [HR2RO], Fig. 6 gave two linear 
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portions separated by a sharp boundary at water concentration of (38.9, 44.4, 44.4, 47.2 
and 44.4 mol.lP

-1
P) in ethanol, ethylene glycol, glycerol, dimethyl sulfoxide and dioxane, 

respectively. This behavior indicates that the internal structure of the medium suffers 
serious changes on adding organic solvent and reflects the formation of two regions of 
different medium internal structures, which explains their different behavior towards 
hydrolysis. The decrease of limiting current on progressive addition of solvent to water 
is due to (a) the decrease of the number of the free water molecules (b) the 
decomposition of the tetrahedral structure of water molecules and the interposition of 
organic solvent molecules in the hydrogen bonding between water molecules (c) the 
increase of the hydroxide ion affinity of the medium with the addition of solvent due to 
the increase in its preferential solvation. Fig. (6) shows that the slope of the line gives 
the number of water molecules involved in the formation of activated complex. The 
number of water molecules at lower and higher concentration ranges of solvent is 
collected in Table (2). 
 
 

 

 

 

 

 
 
 
 

Table 2: the number of water molecules for the investigated systems 
 
 

 Ethanol Ethylene 
glycol 

Glycerol DMSO Dioxane 

Intersection 
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Effect of dielectric constant: The variation of log IRℓR with the reciprocal of the 
dielectric constant of the medium. DP

-1
P, over the whole range of solvent composition 

shows non-linear for all the aqueous solvent system, Fig. (7). the absence of linearity 
suggests a large differential effect of solvent structure acting on the initial and 
transition states. This was shown from the extension of the equation of Laidler and 
Landskroaner, which allows changes in solvent structure with varying solvent 
composition. 
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Fig.6: The effect of water concentration 
on limiting current for ethanol water 

system at different temperatures 
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Fig.7: The variation of log (I  ) with DP

-1
P for different organic solvents at 298 K for : 

        Gly (GREEN), EtGly (PINK), EtOH (BLUE) , Dioxane (RED) and DMSO 
(ORANGE) 

 
Solvent effect on limiting current Protic solvent: The variation of the 
physicochemical properties of the medium such as viscosity, density and dielectric 
constant, as a result of adding organic solvents, was expected to affect the rate of mass 
transfer process by affecting the diffusivity and activity of the metal ions. The rate of 
corrosion of copper was studied in ethanol, ethylene glycol or glycerol-HR2RO mixtures 
of different compositions at 298-313 K. The addition of organic solvent may change 
the reactive species existing in solution by changing the composition of the solvation 
shell. Copper ions are solvated with water molecules to form [Cu(HR2RO)R4R]P

2+
P in aqueous 

solution, alcohol molecules may replace some of the ligated water molecules and this 
would affect the mobility of copper ion but in many cases this cannot be separated from 
the effect of the viscosity of the solvent. Another explanation for the decrease in the 
rate of corrosion would be that the addition of alcohol has a marked effect on 
increasing the basicity of the medium. The relative affinities of HR2RO or the non aqueous 
component toward CuP

2+
P may be expected to arise from the relative solvating capacities 

of solvent dipoles exerted largely through hydrogen bond formation. The strength of 
hydrogen bonding should be largely guided by the relative charge densities on the 
oxygen and hydrogen charge centers of the isolated dipoles. To a first approximation, 
the isolated dipoles of HR2RO and ROH, indicated by Feakins can be represented as 
follows: 
 
H        O              w∆ -                                    R        O             R∆ -                     R              O               H       O 
                      H   wδ +                                                        H   Rδ +                                               H                         H 
 

Owing to the inductive effect of the R-group in alcohols, the negative charge density on 
the oxygen atom (RRΔ−R) is presumably somewhat greater than the corresponding 
quantity in water (wRΔ−R). As a result, the protonic character of the H atom of -OH group 
in alcohols (RRδ+R) is weaker than that in water (wRδ+R),  i.e.,  RRΔ−R > wRΔ−R and RRδ+R < wRδ+R. 
Furthermore, alcohol molecule is also expected to induce, in water molecule hydrogen 
bonded to it, a positive charge on the hydrogen atom. These effects are likely to be 
relayed over several molecular diameters, rendering all molecules in ethanol, ethylene 
glycol or glycerol-HR2RO mixtures more basic and less acidic than in pure water. It is 
easy to predict that glycerol acts as a greater inhibitor while ethanol is the smaller 
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inhibitor. In the case of alcohols with two or more OH groups as in ethylene glycol and 
glycerol, the viscosity is high because the relatively large number of hydrogen bonds 
would require more energy to be ruptured in the formation of the activated state. 
 
Dipolar aprotic solvents: Dipolar aprotic solvents as DMSO and dioxane have high 
dipole moment and high dielectric constant. These solvents do not act as donors of 
hydrogen and the center of positive charge density is usually at a crowded site in the 
molecules. On the other hand the centre of negative charge density is usually on highly 
basic atom O, S or N atom, which is highly exposed for intermolecular interaction with 
positive or acidic centers. DMSO is usually good electron pair donor solvent and hence 
cation solvators. The strong basicity of DMSO-HR2RO mixture may be explained by 
considering the detailed charge distribution of the solvent molecule suggested by 
Feakins. DMSO and dioxane as Lewis bases, normally co-ordinate through the oxygen 
atom, as follows: 
 
CHR3 
         S=O --------H        O                         O         H -----O          O------H         O 
CHR3R                                       H       H                                                                           H  
 
The basic centre for protonation will thus be the oxygen atom. The inductive effect of 
the two methyl groups will enhance the polarization of the sulfoxide group resulting the 
increase of negative charge on the oxygen atom of the DMSO molecule than that on the 
oxygen atom of the water molecule. The % inhibition in presence of DMSO > Dioxane, 
this is due to that two oxygen atoms in the dioxane molecule are bonded by hydrogen 
bonds with water molecules while in case of DMSO, the sulphur atom is free to bind to 
the copper surface. In dipolar aprotic solvents, the reactivity of the cations is small 
compared to that in protic solvents, and the rate of corrosion reactions involving 
cations, as reactants, can increase when the solvent is changed from dipolar aprotic to 
protic. According to this concept we can predict that solvation of Cu P

2+
P is higher in 

aprotic than in protic solvents. 
 
Adsorption isotherm The electrochemical processes on the metal surface like the 
corrosion inhibition was caused by the adsorption of inhibitor and the degree of surface 
coverage (θ) for different concentrations of organic solvents. The adsorption depends 
on the chemical structure of the inhibitor. The adsorption of an organic inhibitor 
adsorbate onto metal–solution interface can be denoted as a substitutional adsorption 
process between the organic molecules in the aqueous solution, Org(aq) and the water 
molecules on the metallic electrode surface, HR2RO as follows, Eq. (4): 
Org(aq) + x HR2RO                Org(s) + x (HR2RO)aq                                                            (4) 
Where X is the number of water molecules replaced by one molecule of organic 
adsorbate. Adsorption isotherms are very important in determining the mechanism of 
organo-electrochemical reactions. The Langmuir adsorption isotherm is applied to 
investigate the adsorption mechanism by Eq. (5) [Mu, Zhao, Liv and T. Gu. 1996]: 
 

C
K

C
+=

1
θ

                                                                                                                   (5) 

Where: 
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C: The inhibitor concentration. 

θ : Surface coverage. 

K: Equilibrium constant of adsorption process. 

The degree of surface coverage θwas determined from Eq. (6) [Sekine,1986]: 

 

b

sb

I
II −

=θ                                                                                                                     (6) 

For protic solvents, the relation between C/coverage and C is shown in Fig. (8). It is 
apparent that linear correlation coefficients are very good, Table (3) and all the slopes 
are close to (1), suggesting that it is correct to choose the Langmuir adsorption isotherm 
to explain the adsorption phenomenon of inhibitor molecule. 
 
 

 

 
 
 
 
 

Fig.8: The relation between C/coverage and C for protic solvents. 
 

Table 3: Some parameters of the linear regression 
between C/coverage and C at 298K   

 
Solvent 

 
Slope 

Linear correlation 
coefficient,RP

2 
Ethanol 

Ethylene Glycerol 
Glycerol 

Dimethyl sulfoxide 
Dioxane 

1.10 
1.09 
1.15 
0.84 
0.73 

0.945 
0.981 
0.989 
0.730 
0.640 

 
For aprotic solvents, the linear correlation coefficients are bad, and all the slopes are 
not close to (1), meaning that the adsorption of inhibitor does not accord with the 
Langmuir adsorption isotherm. Then, the Temkin adsorption isotherm is employed, and 
it has the form of Eq. (7) [Babu, Holze and Quraishi, Jamal. 2000]: 
 








−

+






−

=
a

C
a

K
2

ln
2

lnθ                                                                                                     (7) 

 
Where: 

1

4

7

10

13

0 2 4 6 8

C(mol.l-1)

C
/O
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a:  The lateral interaction term describing the molecular interactions in the adsorption 

layer and the heterogeneity of the metal surface. 

The regression between coverage and ln C is dealt with the linear correlation 
coefficients, molecular interaction parameters and the adsorption coefficients are listed 
in Table (4). It is clear that the experimental data can be explained using the Temkin 
adsorption isotherm. Table (4) shows that all the values of a are smaller than zero, 
indicating that the repulsion exists in the adsorption layer. 
 

Table 4: Some parameters of the linear regression between  
coverage and ln (C) for aprotic solvents 

 

 
 

 
Temperature 

 

 
a 

 

 

Linear 
correlation 

coefficient,R2 
 

DMSO 
 

Dioxane 
 

DMSO 
 

Dioxane 
298 
303 
308 
313 

-1.8 
-2.0 
-2.3 
-2.6 

-1.7 
-1.8 
-2.1 
-2.3 

0.960 
0.960 
0.980 
0.960 

0.930 
0.970 
0.940 
0.930 

 

It is well known that the adsorption free energy (ΔG0 ads) is related to the equilibrium 
constant of adsorption (K) and ΔG0

ads

 

 can be calculated by Eq. (8) [Khamis,1990, 
Tang, Mu, and Liu, 2003]: 








 ∆−
=

TR
GK

o

.
exp

5.55
1                                                                                                   (8) 

Where: 

R: Gas constant. 

T: Absolute temperature in (K). 

The value 55.5 in the above equation is the concentration of water in solution in    mol. 
l P

-1
P. The calculated adsorption free energies are listed in Table (5). In all cases, the ΔGP

0
P 

RadsR values are negative. The negative values of ΔGP

0
P ads indicate the spontaneous 

adsorption of the inhibitor. It is found that the ΔGP

0
PRadsR values are more positive than   (-

40kJ/mol) indicating that the inhibitors are physically adsorbed on the metal surface. 
 

Table 5: The adsorption free energies of organic solvents  
on copper surface at different  temperatures 

 

 
Solvent 

 
Temp. 

 
G P

0
PRadsR(KJ.molP

-1
P) 

Ethanol 
 
 
 

Ethylene Glycol 
 
 

298 
303 
308 
313 
298 
303 
308 

-6.95 
-6.37 
-6.15 
-5.89 
-6.72 
-6.50 
-6.37 
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Glycerol 

313 
298 
303 
308 
313 

-6.28 
-7.90 
-7.62 
-7.53 
-7.39 

Effect of temperature: The corrosion of copper in presence of different solvents was 
studied by measuring the limiting current over the temperature range (298-313 

TR
EAI a

.
lnln −=

K). 
Table (1) shows the limiting current obtained in presence of solvents at different 
temperatures. The results indicate that the rate of corrosion increases with increasing 
the temperature. The above behavior is indicative of the occurrence of the inhibition 
through physical adsorption on the metal surface. The natural logarithm of the limiting 
current can be represented as a linear function of (1/T), Eq. (9): 

                                                                                                          (9) 

Where: 

A: A pre-exponential factor. 

ERaR: Activation energy. 

The pre-exponential factor and apparent activation energy are calculated by 
regression between (ln IRℓR) and (1/T). All the dynamic parameters in the presence of 
organic solvents are listed in Table (6). The activation energy of the process is an 
important parameter for determining the rate controlling step. If adsorption of the 
species on the reaction surface and subsequent chemical reaction takes place ERaR values 
usually > 43 kcal mol P

-1
P. If boundary layer diffusion of the aqueous species is the rate 

controlling step. Ea is generally ≤ 28 kJ/mol. It is obvious form Table (6) that the 
values of ERaR < 28 kJ/mol. This indicated that the corrosion reaction is controlled by 
diffusion processes. 
Thermodynamic treatment of the reaction: Variation of the thermodynamic 
parameters of activation with solvent composition, were calculated by applying the 
least-squares procedures as given in Table (6) and represented in Fig. (9) as a function 
of the mole fraction, x of the co-solvent. The change of ΔHP

#
P and ΔSP

# 
Pwith solvent 

composition is not a linear relationship and this is an indication of specific solution 
effects. The weak dependence of ΔGP

#
P on the composition of the organic solvent can be 

attributed largely to the general linear compensation between ΔHP

#
P and ΔSP

#
P. Table (6) 

shows the entropy ΔSP

#
P possesses negative values indicating a highly ordered. The 

values of isokinetic temperatures were computed from the slope of plots of ΔHP

#
P vs. ΔSP

#
P 

for different solvent compositions and were found to equal (353.9, 351.1, 354.0, 338.9 
and 345.4 K) for ethanol, ethylene glycol, glycerol, dimethyl sulfoxide and dioxane, 
respectively indicating that the rate of corrosion is enthalpy controlled. 
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Fig.9: Variation of the enthalpy of activation with the co-solvent mol fraction for 
the: EtGly (GREEN), Gly (PINK), EtOH (BLUE) , DMSO (RED) and Dioxane 

(ORANGE) 
 
 
 

 
 
 
 
 
 
 
Fig.10: Variation of the entropy of activation with the co-solvent mol fraction for 
the: EtGly (GREEN), Gly (PINK), EtOH (BLUE) , DMSO (RED) and Dioxane 

(ORANGE) 
 

Effect of Rotation: The diffusion coefficient of Cu P

+2
P, D, in different temperatures was 

determined from the values of limiting current density as shown in Table (7) using 
Eisenberg equation [9]: 
 

x
b UDdknFCI 644.0344.03.0 −−= υ                                                                                      (10) 

Where: 

n:          The number of electrons involved in a redox process. 

d:          The characteristic length of the rotating cylinder in (cm).  

U:         The electrode peripheric velocity = ωr in (cm rad s P

-1
P)  

r:          The radial distance in (cm). 

Values of D and υ for all solvents under different conditions are also recorded in Table 
(7). The diffusion coefficient, D of CuP

+2
P ions in solutions containing organic solvents 

decreases due to increase in interfacial viscosity, η in accordance with the Stokes-
Einstein equation, Eq. (11) [Eisenberg, Tobias and Wilke. 1954]: 
 

.. Cons
T
D
=

η                                                                                                                 (11) 

 
 It is found that the limiting current density increases with increasing rpm. This 

may be attributed to break down a hydrodynamic boundary layer and diffusion layer 
are formed. The higher the rpm, the higher solution flow and the thinner the diffusion 
layer, thus giving a higher rate of transfer of copper ions to the metal surface and, at the 
same time, through the porous deposit layer formed on the metal which, in turn, 
enhances the rate of deposit. Table (6) shows the relation between rpm and (IRℓR), Eq. 
(12): 
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( )n

lIωα                                                                                                                        (12) 

The effect of the speed of rotation, rpm on the rate of metal corrosion can also 
be used to determine whether the corrosion process is diffusion or chemically 
controlled process. If the rate of corrosion increases by the speed of rotation, then the 
reaction is diffusion controlled. However, if the rate of corrosion is independent of 
rotation, so the reaction is likely to be chemically controlled. The angular velocity ω is 
given by Eq. (13): 
 

60
2 rpmπω =                                                                                                                  (13) 

Fig. (11) gives the relation between the limiting current density and the angular 
velocity, ωP

0.7 
Pfor organic solvents at 25 P

o
PC. Straight lines were obtained and the limiting 

current density increases by increasing the rotation which indicates that corrosion 
reaction of copper is a diffusion controlled reaction. The slight decrease of D values 
observed in the presence of solvent indicates that the solvent hinders the diffusion of 
copper ions from anode surface to bulk of solution. A possible explanation is that 
alcohol is a polar molecule with interfacial activity, which could change the 
composition and the properties of the double layer on the electrode surface. Thus, the 
solvent molecules replace the water molecules on the metallic surface, forming an 
adsorbed superficial film. This would increase the electrolyte viscosity and lower the 
dielectric constant at the electrode interface. Consequently, hydrated metal ions or 
complex ions approach the surface with increased difficulty to enable charge transfer. 

 
Table 6: Physical properties used in calculated dimensionless groups. 

 
 

 

solvent 

  Temp. 

 

 

rpm 

298 303 308 313 

 

IRl 

 

D 

 

η 

 

ρ 

 

IRl 

 

D 

 

η 

 

ρ 

 

IRl 

 

D 

 

η 

 

ρ 

 

IRl 

 

D 

 

η 

 

ρ 

 

 

Ethanol 

50 

100 

200 

300 

500 

380 

420 

500 

580 

680 

1.43E-4 

7.87E-5 

3.93E-5 

1.43E-5 

1.43E-5 

 

 

1.437 

 

 

1.370 

420 

500 

530 

610 

720 

1.57E-04 

9.69E-05 

5.00E-05 

4.00E-05 

2.97E-05 

 

 

 

1.38 

 

 

1.37 

440 

530 

560 

640 

750 

1.66E-04 

1.04E-04 

5.34E-05 

4.23E-05 

3.11E-05 

 

 

 

1.37 

 

 

1.3 

470 

560 

600 

670 

780 

1.60E-04 

9.89E-05 

5.18E-05 

3.96E-05 

2.88E-05 

 

 

1.2 

 

 

1.365 

 

 

Ethylene 

Glycol 

50 

100 

200 

300 

500 

330 

380 

420 

500 

580 

4.16E-04 

2.44E-04 

1.34E-04 

1.13E-04 

8.18E-05 

 

 

9.88 

 

 

1.391 

350 

410 

450 

550 

630 

4.01E-04 

2.41E-04 

1.31E-04 

8.18E05 

1.15E-04 

 

 

8.5 

 

 

1.38 

370 

440 

475 

600 

680 

4.13E-04 

2.55E-04 

1.35E-04 

1.25E-04 

8.70E-05 

 

 

8.3 

 

 

1.37 

395 

470 

500 

650 

720 

4.32E-04 

2.66E-04 

1.38E-04 

1.34E-04 

8.98E-05 

 

 

8.1 

 

 

1.36 

 

 

Glycerol 

50 

100 

200 

300 

500 

280 

310 

350 

390 

420 

3.30E-04 

1.82E-04 

1.04E-04 

7.88E-05 

5.07E-05 

 

 

12.1 

 

 

1.799 

300 

330 

375 

420 

440 

3.21E-04 

1.75E-04 

1.00E-04 

7.71E-05 

4.76E-05 

 

 

10.3 

 

 

1.78 

320 

350 

400 

450 

460 

2.95E-04 

1.59E-04 

9.23E-05 

7.13E-05 

4.24E-05 

 

 

8 

 

 

1.79 

340 

370 

430 

480 

490 

2.66E-04 

1.43E-04 

8.50E-05 

6.49E-05 

3.85E-05 

 

 

5.82 

 

 

1.79 

 50 420 1.45E-04   450 1.60E-04   475 1.69E-04   500 1.78E-04   
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DMSO 

100 

200 

300 

500 

430 

520 

600 

700 

7.08E-05 

4.48E-05 

3.60E-05 

2.63E-05 

 

1.26 

 

1.2 

460 

550 

640 

740 

7.81E-05 

4.85E-05 

3.95E-05 

2.84E-05 

 

1.26 

 

1.13 

500 

590 

680 

780 

8.61E-05 

5.24E-05 

4.20E-05 

2.98E-05 

 

1.24 

 

1.1 

550 

630 

720 

840 

9.72E-05 

5.65E-05 

4.47E-05 

3.26E-05 

 

1.2 

 

1.08 

 

 

Dioxane 

50 

100 

200 

300 

500 

440 

450 

540 

640 

720 

1.47E-04 

7.17E-05 

4.48E-05 

3.76E-05 

2.59E-05 

 

 

1.22 

 

 

1.12 

470 

480 

570 

670 

750 

1.59E-04 

7.72E-05 

4.75E-05 

3.93E-05 

2.68E-05 

 

 

1.2 

 

 

1.08 

500 

520 

600 

700 

800 

1.72E-04 

8.59E-05 

5.05E-05 

4.13E-05 

2.92E-05 

 

 

1.18 

 

 

1.06 

520 

580 

650 

740 

860 

1.63E-04 

9.11E-05 

5.12E-05 

4.03E-05 

2.92E-05 

 

 

1.04 

 

 

1.04 

 

 

 

 

 

 

 

 

 

Fig. (11): The relation between the limiting current density and the angular 
velocity, to the power 0.7 at different concentrations of organic solvents at 25P

o
PC 

 

Data correlation: It was noted that mass transport to an inner RCE in turbulent flow 
system may be described by empirical dimensionless correlations of the form: 
Sh = a Sc P

b
P Re P

c 
P                                                                                                             (14) 

Where: 

Re:        Reynold Number. = (
µ

ρ du.. ) 

Sh:        Sherwood Number. = (
D
dk. ) 

Sc:        Schmidt Number. = (
D
υ ) 

Where: 

k:          Mass transfer coefficient = 
2.. +CuCFZ

I  

CuP

+2
P: P

   
P  Saturation solubility of copper phosphate. 

D:         The diffusion coefficient for the metal ions in (cmP

2
P s P

-1
P). 

υ:         The kinematic viscosity in stoke (υ = η/ρ). 
η:         Viscosity in poise.  
ρ:         Density in g.cmP

-3
P. 

By plotting log Sh/Sc P

0.33
P and log Re, a straight line was obtained; its slope gives 

constant c and intercept gives the constant a (Fig. 11). 
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Sh = 0.091Re P

0.716
P Sc P

0.33
P for Ethanol                                                                            (15) 

Sh = 0.099Re P

0.718
P Sc P

0.33
P for Ethylene glycol                                                               (16) 

Sh = 0.099Re P

0.717
P Sc P

0.33
P for Glycerol                                                                          (17) 

Sh = 0.093Re P

0.719
P Sc P

0.33
P for DMSO                                                                             (18) 

Sh = 0.093 Re P

0.719
P Sc P

0.33
P for Dioxane                                                                          (19) 

Fig. (12) shows the overall mass transfer correlation for all solvents used, from which, 
the data can be correlated by the following equation, Eq. (20): 
 
Sh = 0.113Re P

0.7
P Sc P

0.33
P                                                                                                  (20) 

The exponents in the above equations denote a highly turbulent flow, which agree with 
the previous mass transfer study in aqueous media. In our present study, a forced 
convection mechanism is obtained which agree very well with similar relationships 
reported before. 
 

 

 
 
 
 
 
 
 

Fig.12: The overall correlation for all solvents. 
 
CONCLUSIONS 

1- The rates of corrosion were found to decrease by increasing the concentration of 
solvents. 

2- The percent inhibition range from 10.9 to 78.2% depends on the nature of 
solvent and its concentration.  

3- The calculated energies of activation prove that the reactions are diffusion 
controlled type. 

4- The investigated adsorption isotherms indicate that protic solvents fit the 
Langmuir model.  

5- The rate of corrosion of copper in presence of diaphragm is less than that in 
absence of diaphragm due to the prevention of stirring of hydrogen evolved at 
cathode. 

6- The results agreed with the previous studies of mass transfer to rotating cylinder 
in turbulent flow. 
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