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The rotating cylinder electrode (RCE) and rotating disc electrode (RDE) are used for investigation of
dissolution behavior of copper in presence of surfactant (Triton x-100, SDS and CPC). The dissolution
of copper was studied in 8M H3PO, as a function of surfactant concentration (SXlO'7 -1x 102 M) at
25°C. Measurements were conducted based on potentiodynamic polarization method. The inhibition
behavior of low cost surfactants compounds was inspected. The inhibition efficiency of these
surfactants was depending on their concentration and their chemical structure. The rotation speed of
RCE and RDE effect was explored. The adsorption of surfactants on copper surface was found to be
not obeying Langmuir and followed Kinetic-thermodynamic adsorption isotherm. Activation energy,
the pre- exponential factor and adsorption free energy AG%gs are calculated and discussed. Scanning
electron microscope (SEM) was used to characterize the copper surface. Different reaction conditions
and the physical properties of solutions are studied to obtain dimensionless correlation among all these
parameters. Experimental result showed that the inhibition efficiency of SAS improved in presence of
alcohols. The synergism parameters are found to be greater than unity indicating that co-operative
adsorption of alcohols and SAS.

Keywords: Copper; rotating cylinder electrode (RCE); rotating disc electrode (RDE); surfactants;
scanning electron microscope (SEM).

1. INTRODUCTION

In spite of much advancement in the field of corrosion science and technology, the
phenomenon of corrosion (mainly of Fe, Al, Cu, Zn, Mg and their alloys) remains a major concern to
industries around the world. Copper and its alloys have a long history of use in marine applications and
continue to be widely used for many purposes despite the emergence in recent years of other materials
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that have technical or economic attraction. These related to their corrosion resistance, mechanical
workability excellent electrical, thermal conductive and resistance to microfouling. Copper alloys have
gained increasing importance for applications sea water environments such as heat exchangers of
power plants. Scale and corrosion products cause a decrease in the heating efficiency of the equipment,
which is why periodic descaling and cleaning in acid-pickling solutions are necessary. In order to
reduce the corrosion of the copper alloys during such Surface treatments, a corrosion inhibitor is
typically added [1, 2].

It is well known that corrosion never stops but its scope and severity can be lessened. The
addition of surfactants into aggressive media such as acid solutions is one of the methods for achieving
this goal. Surfactants are organic molecules that have a chemical structure combining both a polar
(amphiphobic) and a nonpolar (amphiphilic) group into a single molecule. When dissolved in a solvent
at low concentration, they have the ability to adsorb (or locate) at interfaces, thereby alter significantly
physical properties of the interfaces. Micellization is observed in surfactant solutions when
concentration exceeds the critical micelle concentration (CMC), whereas the physicochemical
properties of the aqueous solution change abruptly [3].

Surfactants are compounds that can be found in a multitude of domains, from industrial settings
to research laboratories and are the part of our daily lives. Due to their unique structure they can
drastically modify the interfacial properties. This effect is important for industrial processes such as
flotation, the cosmetic and food industries, drugs delivery, emulsification, chemical mechanical
polishing, as also for corrosion inhibition [4,5].

The majority of the studies on the dissolution of metals have been carried out under the static
conditions; therefore, the influence of flow on the dissolution process is an important issue to be
considerable in the design and operation of industrial equipment. The most common type of flow
conditions found in industrial processes is turbulent; however, few dissolution studies in controlled
turbulent flow conditions are available. With the increasing necessity to describe the dissolution of
metals in turbulent flow conditions, some laboratory hydrodynamic systems such as rotating cylinder
electrode (RCE) are used [6]. The use of rotating cylinder and disc electrode in dissolution process ,
fluid flow cause an increase in the rate of transport of chemical species to/from the metal surface ,
resulting in an increase of dissolution rate [7].

Phosphoric acid (H3PO,) is widely used in the production of fertilizers and surface treatment of
steel such as chemical and electrolytic polishing or etching, removal of oxide film, phosphating,
passivating, and surface cleaning [8]. The corrosion of copper in phosphoric acid was studied
previously in the presence of alcohols [9], amines [10], aldehydes [11], and amino acids [12]. Hence,
the aim of this work is to examine the dissolution behavior of rotating copper anode in HzPO, in
presence of surfactants (SAS) namely Triton x-100, anionic surfactant namely sodium dodecyl
sulphate (SDS) and cationic surfactant namely cetyl pyridinium chloride (CPC). The adsorption of the
surfactants on the metal surface can markedly change the dissolution —resisting property of the metal,
so the study of the relationship between the adsorption and dissolution inhibition is of great
importance.
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2. MATERIAL AND METHOD

2.1. Potentiodynamic measurements

The apparatus used in the present work consists of the cell and the electrical circuit. The cell
consisted of 15 cm diameter cylindrical plexiglass container of 30 cm height. The anode was a rotating
copper rod connected to the shaft of a variable speed motor through a plastic sleeve and copper
cylindrical cathode lining the inner wall of the container. The anode diameter is 2 cm was used, the
working area of the cylindrical anode is 12.56 cm? while the anodic disc is 3.14 cm? .Rotation speed
of rotating anode which ranged from 0 to 750 rpm was controlled with a variac and was measured by
an optical tachometer. The electrical circuit consisted of a 6V D.C. power supply, a multi range
ammeter connected in a series with cell. A voltammeter was connected in parallel with the cell to
measure its potential. 8 M phosphoric acid was prepared from analar grade H3PO, (85%).Ten
concentrations of surfactant solutions (Triton x-100, Sodium dodecyl sulphate and Cetyl pyridiunium
chloride) with 8 M HsPO, are used ranging from 5 X107 to 1 X10%M. In view of the large cathode
area compared to the anode area, the cathode was taken as a reference electrode against which the
anode potential was measured. The limiting current was determined from the current —potential curves
(polarization curves) which 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 anode was insulated with polystyrene lacquer and the active surface was polished
with fine emery paper, degreased with trichloroethylene, washed with alcohol and finally rinsed in
distilled water with a measured conductance 5.5x10° S/m . The temperature was regulated by placing
the cell in thermostatic water bath at different temperatures (25, 30, 35 and 40° C) +0.5 °C. The copper
used in this study of 99.98 weight % purity (0.001Cd, 0.001 Ag, 0.003Pb and 0.005Sn)

The structure of SAS is given below:
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2.2. Surface tension measurements

The surface tension was measured at 25°C using Du Nouy tensiometer (Kruss type 8451) for
various concentrations of the surfactants additives. The temperature was kept constant by circulating
the thermostatted water through a jacketed vessel containing the solution (+0.5°C). The critical micelle
concentration (CMC) was determined from the surface tension measurements at different SAS



Int. J. Electrochem. Sci., Vol. 8, 2013 9044

concentrations and checked by performing at least three separate experiments. The obtained (CMC)
values of the studied SAS are 5 X 10, 5 X 10*and 1 X 10 mol/l for Triton x-100, SDS and CPC
respectively [13].

2.3. Density and viscosity measurements

The density was measured by using DA-300 Kyoto electronic instrument. The viscosity was
measured by using Koehler viscosity bath (model K23400) (Table 1).The accuracy of the instrument is
2%.

Table 1. Physical properties of HzPO4 solution in the absence and presence of SAS at 25°C

SAS Triton x-100 SDS CPC

Conc. P n 10°D p n 10°D P n 10°D
mol I (g.cm®)  (gecm?sec?)  (cm?sec?) (g.cm®  (gemtsec?)  (cmisect) (g.cm®  (gcem?tsec?)  (cmisec?)
RCE RDE RCE RDE RCE RDE
0.0 1.2312 0.04200 1.92 3.55 1.2312 0.04200 1.92 3.55 1.2312 0.04200 1.92 3.55
5.0E-07 1.2516 0.05044 1.00 1.75 1.2330 0.04291 1.53 3.04 1.2817 0.05070 3.51 2.65
1.0E-06 1.2602 0.05121 0.77 1.55 1.2508 0.04388 1.02 2.89 1.2857 0.05184 2.42 2.29
5.0E-06 1.2702 0.05230 0.59 1.30 1.2695 0.04606 0.87 2.52 1.2932 0.05273 1.80 1.96
1.0E-05 1.2763 0.05305 0.45 1.11 1.3012 0.04647 0.70 2.03 1.3057 0.05373 1.20 157
5.0E-05 1.2831 0.05054 0.57 1.31 1.3043 0.05230 0.56 1.83 1.3077 0.05436 0.91 1.33
1.0E-04 1.2947 0.05106 0.46 1.24 1.3116 0.05267 0.47 1.56 1.3085 0.05519 0.73 1.10
5.0E-04 1.2989 0.05300 0.39 1.13 1.3146 0.05312 0.41 1.34 1.3108 0.05615 0.66 0.88
1.0E-03 1.3053 0.05423 0.36 1.06 1.3250 0.05759 0.37 1.18 1.3148 0.05101 0.62 1.01
5.0E-03 1.3111 0.05506 0.33 0.96 1.3292 0.06141 0.33 1.05 1.3157 0.05058 0.66 1.13
1.0E-02 1.3172 0.05667 0.32 0.72 1.3386 0.06522 0.30 0.91 1.3173 0.04660 0.67 1.23

2.4. Diffusion coefficients measurements

The diffusion coefficient of blank solution and of solutions in the presence of different
concentrations of SAS (Table 1) used in this study were calculated by measuring the limiting current
of the anodic dissolution of a copper rotating disc in H3PO4and applying the Levich equation [9].

iL = 0.62 n F Detr™ v ™*(Ceaticu ~Cb, cu) @ ¥* €Y

While Eisenberg equation applied to calculate diffusion coefficient foe copper dissolution using
rotating cylinder electrode [14].

i = 0.0791nFCe® d 03y 0344po-644 (2)

where i, is the limiting current density i.=I./A (A.cm™ and A is the cross-sectional area of Cu
disc or cylinder, n is the number of electrons involved in the reaction, F is Faraday constant, D is the
diffusion coefficient of dissolving species, v is the kinematic viscosity, ® is the electrode rotation rate
(o =27 rpm / 60), Csa,cu IS the saturation concentration of dissolved species and Cp, ¢, is the bulk
concentration which is zero . The saturation solubility of copper phosphate in different H3PO,
concentrations was determined by using Perkin Elemer 2380 atomic absorption spectrophotometer.
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2.5. Scanning electron microscope (SEM)

The scanning electron microscope images were taken using (JEOL, JSM-5300, scanning
microscope, OXFORD instrument).

3. RESULTS AND DISCUSSIONS

3.1. Polarization studies

Fig.1 shows polarization curve for copper RDE in 8M H3;PO, in the absence and presence of
various concentration of Triton x-100 as an example. It is clear that the presence of SAS causes a
markedly decrease in the dissolution rate. This may be ascribed to adsorption of SAS over the copper
surface [15, 16]. The values of limiting current (I.) and inhibition efficiency percentage (IE %) as
function of SAS concentration for RDE and RCE are represented in Table2.

The inhibition efficiency percentage (IE %) was calculated using the following equation :

[E% = IL(bIank) B IL(SAS) X100 A3)

L(blank)

Where I pianky and 1 sas) are the limiting current of dissolution process without and with SAS
respectively .

The inhibition behavior differ from surfactant to another , in case of Triton x-100, limiting
current of dissolution process decrease as concentration increase up to CMC value, at CMC value (5
x107), limiting current increases while when concentration exceed CMC, limiting current decrease as
Triton x-100 concentration increase (Table 2). The inhibition behavior of Triton x-100 was explained
on the basis of poly centric adsorption, which may take place as a result of the existence of many
oxygen atoms in the molecules. The interaction occurs between unshared electron pair and metal
surface in addition to protective layer formed by alkyl chain length which decreases the anodic
dissolution of copper metal. The high performance of Triton x-100 was attributed to presence of many
adsorption centers, large molecular size and the planarity of the compound [17]. The molecules can lay
flat to the surface and can also be oriented perpendicularly , in the first orientation, the hydrocarbon
chain also interact with metal surface so limiting current decrease and inhibition percentage increase
while at second orientation (expected when micelle formed, CMC) the molecules of Triton x-100
form a porous monolayer with strong lateral interaction between SAS molecules so IE % decrease, at
higher concentration of Triton x-100 , the surface is saturated and protective bilayer is formed so 1E%
increase [18].

In case of SDS, the limiting current decrease and IE % increase as SDS concentration increase
although the concentration exceed the critical micelle concentration. The inhibition action of SDS due
to electrostatic interaction between negatively charged anionic surfactant SDS and positively charged
copper anode. A great change in the dissolution process is observed jointly with a more significant
decrease of limiting current at concentration higher than 5 x10™. It might be explained by micellization
above critical micelle concentration where maximum efficiency is obtained , at or above this CMC ,
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the SDS molecules in solution forms a surfactant bi-layer (ad micelles ) on copper surface so 1E%
increase [18-20].

While the inhibition behavior of the third studied surfactant CPC, it was found that
delocalization of 7 orbital in the pyridine may increase the positive charge on nitrogen atom of the ring
which difficult to approach the positively charged copper surface due to repulsion, the presence of CI°
make the surface charge of copper metal is changed to negative by the specific adsorption of the anion
with the cation. Further, adsorption of some ions has been suggested to involve not only electrostatic
interaction but also partial charge transfer leading to covalent bond formation. The acceleration in
dissolution of copper observed after 5 x 10™mol/l can be attributed to when CPC micelle formed at1x
10 mol/I which carry concentrated positively charged heads with concentrated negatively charged
chloride counter ions, the higher concentration of aggressive chloride ions which lead to copper
dissolution promotion [21].

It is obvious from (Fig.2 & Table 2) that the inhibitive behavior of SAS is a function of
concentration. If the SAS are compared according to maximum inhibition efficiency, they are ranked
as follow

Triton x-100 > SDS > CPC (before CMC)

SDS > Triton x-100 > CPC (after CMC)
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Figure 1. Polarization curve of copper RDE dissolution in 8M H3PO, in the absence and presence of
different concentrations of Triton x-100 at 25°C.
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Figure 2. Inhibition efficiency percentage, (IE %) as a function of SAS for copper RDE at 25°C and
375 rpm.
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3.2. Effect of stirring

Fig. 3 shows typical polarization curve with a well defined limiting current plateau obtained
for the anodic rotating cylinder and disc copper electrode at different rotations speeds. The curve
shows three zones: the mixed control region where the primary reaction is controlled by both mass
transport and electron transfer; the plateau region where the primary reaction is under complete mass
transport control, and the final section where a secondary reaction (typically oxygen evolution) occurs
at the same time as the primary reaction. The limiting current arises due to convective- diffusion of the
reactant toward the electrode, and the presence of the plateau indicate that the transport of ions to the
working electrode achieved a maximum rate and is the determining step [22]

It is clear that the measured limiting current is affected by rotation rate of the electrode, as the
rotation rate of the electrode increases the measured value of limiting current also increase. According
to Grimm and Landolt [23] under these conditions , dissolution rate is mass transport controlled and
involves diffusion and migration of metal ions through a stagnant (Nernest ) diffusion layer so the
thickness of diffusion layer depend on rotation rate. It is evident from Fig. 3a-d that increases in
rotation rate, the height of the plateau (magnitude of limiting current) increases. Based on the above
statement, the increase in the rotation rate decrease the thickness of the Nernest diffusion layer,
causing shorter path length for the diffusion of ions and hence a higher magnitude of limiting current
and limiting current density.

Fig .4 compares the different measured and calculated current densities as a function of ® to a
power of 0.7 in 8 M HsPO, in presence of 102 M of SAS at 25°C (as an example). The analysis of
Fig.4 confirms that, as the rotation rate of the electrode increases the measured limiting current also
increases. It is also possible suggest that the measured limiting current can be associated to the
diffusion of Cu* ions [6]

Based on Levich behavior at the rotating disk electrode, Fig .5a shows a that the values of i is
proportional to @ °° at all velocity and in absence and presence of 102 M SAS indicating that
dissolution of copper electrode in absence and presence of SAS is under mass transfer conditions. A
plot of the reciprocal of the plateau current density as a function of the reciprocal of the square root of
disk rotation speed should form a straight line passing through the origin in the absence and presence
of SAS (Fig.5b). This behavior confirms the dissolution of copper at the current plateau was mass
transport controlled [24-28].
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Figure 4. Variation of current density , i with angular velocity , ® to a power of 0.7 in 8 M H3PQO, in
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3.3. Temperature effect and activated parameters of dissolution process

Temperature is an important parameter in studies of metal dissolution. To verify the effect of
temperature on the dissolution process for copper RDE and RCE in 8M H3PQO, in the absence and
presence of different concentrations of SAS, the experiment were undertaken in this study in the
temperature range of 25-40°C .Results obtained indicate that dissolution rate increases with increase in
temperature in the absence and presence of SAS (Fig.6) due to enhanced effect of temperature on the
dissolution process [29, 30].

25 30 35 40

Temperature(°C)

Figure 6. Variation of: limiting current (I.) with temperature at different concentrations of SDS for
copper RDE at 375rpm.

The comparison of values of activation energy and the pre-exponential factor of the dissolution
process in the absence and presence of SAS is commonly used to evaluate the adsorptive behavior of
SAS molecules on copper surface [31]. The dependence of the dissolution rate on temperature was
expressed by the Arrhenius equation:

Inl =In A—-EJ/RT 4)

Where A is the pre-exponential factor, E, is the activation energy of copper dissolution
reaction, R is gas constant and T is the temperature.

Fig. 7 shows the Arrhenius plots for the dissolution of copper with and without 10° M SAS
for RCE as an example, the plots obtained are straight lines and each regression coefficient was close
to 1, indicating that the linear relation between In I_and 1/T are good. The slope of each straight line
gave its activation energy, and intercept gave the pre-exponential factor. The results were summarized
in Table 2. The calculated activation energies are bigger than those of blank, suggesting the higher
energy barrier for the dissolution of the inhibited specimens.

The higher Ea values in presence of SAS in compared to 8 M H3PO, free solution can be
attributed to the decrease in surface area available for dissolution, because dissolution primary occurs
at surface sites free of adsorbed SAS molecules [32] and this behavior indicates the physical
adsorption behavior of the three studied surfactants [33].According to equation (4), it can be seen that,
the lower pre-exponential factor A and higher activation energy Ea lead to lower in dissolution rate, I,
for the present study, the values of A in the presence of SAS are higher than that in the absence of
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SAS. Therefore, the decrease in copper dissolution rate is mostly decided by the activation energy
[15].

o9t ] .

0.6 -
g -
=
0.3 = blank
©  Triton x-100
* SDS
A CPC S
3.20 3.25 3.30 3.35

10°THK™)

Figure 7. Arrhenius plot of the dissolution process recorded for RCE copper at 375 rpm in 8M H3PO,
solution containing 10° M of SAS.

The activated parameters for the dissolution process were calculated the following equations:

AH" = Ea-RT (5)
I_=RT/Nh exp(AS"/R) exp (-AH" /RT) (6)
AG" = AH *-TAS" ©)

Where h is the plank’ s constant, N is the Avogadros number, AH" is the enthalpy of activation,
AS" is the entropy of activation and AG” is free energy of activation. The data of activation parameters
of the dissolution process are represented in Table 2 which indicates that the addition of surfactants to
the dissolution medium leads to an increase in the AH* values; so these molecules increase the height
of energy barrier for the dissolution process.

In addition, the values of entropy of activation AS” are large and negative. This implies that the
activated complex in the rate determining step represent association rather than dissociation meaning
that the decrease in the disordering which takes place on going from reactants to the activated complex
[34]. In other words, surfactant is randomly presented in the solution, but when it is migrated to the
metal surface, it will be ordered on the metal surface. Hence, there will be a decrease in the disorder,
so that the AS” is negative value. The weak dependence of AG” on the composition of SAS can be
attributed largely to the general linear compensation between AH* and AS” for the given temperature
[35].
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Table 2. Values of limiting current 1. (A) , IE % at 25°C and activated parameters using RDE and
RCE in 8M H3PO, in absence and presence of SAS at 375 rpm.

= LA 1IE% Ea A*10° AH" -AS* AG* 1L(A) IE%  Ea A*10°  AH” -AS* AG*

§ (kJ/mol™) (kd/mol  (I/mol.K) (kJ/mol) (kJ/mol™) (kJ/mol) (J/mol.K) (kJ/mol

x ) )
0.0 § 0.992 24.67 20.33 22.19 170.60 73.05 2.6 21.54 10.40 19.06 176.24 71.61
5.0E-07 0.603  39.21  33.25 416.64 30.77 145.48 74.46 2.080 20.00  25.50 33.52 23.03 166.44 72.65
1.0E-06 0.592  40.32  33.08 384.61 30.61 146.20 74.20 1.800 30.77  19.70 3.26 17.22 185.87 72.64
5.0E-06 0576  41.94 3375 488.94 31.28 144.20 74.27 1.780 3154  23.30 13.06 20.82 174.34 72.80
1.0E-05 0.552 4435 3470 680.10 32.22 141.40 74.38 1.722 33.77  24.80 22.70 22.30 169.76 72.94
5.0E-05 0.600  39.52  36.23 1369.22 33.75 135.62 74.19 1.822 29.92  20.87 5.54 18.39 181.43 72.48
1.0E-04 0.582 4133  34.89 766.81 32.41 140.45 74.29 1.772 31.85  20.00 3.86 17.54 184.41 72.53
5.0E-04 0.554 4415  36.91 1639.66 34.43 134.09 74.41 1.742 33.00 19.91 3.70 17.44 184.90 72.57
1.0E-03 0.540 4556  37.87 2350.17 35.39 131.12 74.49 1.700 34.62  19.96 3.64 17.48 184.97 72.63
5.0E-03 0520  47.58  38.01 2397.65 35.53 130.93 7457 1.680 3538 20.19 3.87 17.71 184.47 72.71
1.0E-02 0.500  49.60  36.32 1178.79 33.84 136.91 74.66 1.620 37.69  19.69 3.07 17.22 186.39 72.79
0.0 g 0992 24.67 20.33 22.19 170.60 73.05 2.6 21.54 10.40 19.06 176.24 71.61
5.0E-07 @ 0674 3206  28.90 79.22 26.42 159.31 73.92 2.182 16.08  21.34 7.55 18.86 178.90 72.20
1.0E-06 0.640 3548  30.85 166.04 28.38 153.16 74.04 1.880 2769  15.33 0.68 12.85 198.96 72.17
5.0E-06 0.600  39.52  32.98 373.24 30.49 146.46 74.16 1.840 29.23 1617 0.92 13.70 196.43 72.26
1.0E-05 0.588  40.73  33.00 365.86 30.52 146.57 74.22 1.800 30.77  16.76 1.13 14.28 194.69 72.33
5.0E-05 0.500  49.60  40.13 5722.98 37.65 123.72 74.54 1.770 31.92 19.74 3.50 17.26 185.31 72.51
1.0E-04 0.475 5212  40.72 6969.12 38.24 122.11 74.65 1.710 3423 1973 3.36 17.25 185.67 72.61
5.0E-04 0.450  54.64  42.18 11875.64 39.70 117.60 74.77 1.650 36.54 1877 2.23 16.28 189.06 72.66
1.0E-03 0.406  59.07  45.83 48458.10 43.35 106.03 74.96 1.632 37.23 2011 3.64 17.63 184.96 72.78
5.0E-03 0360  63.71  49.93 224188.99  47.46 93.23 75.25 1.600 38.46  20.66 4.36 18.18 183.47 72.88
1.0E-02 0.300  69.76  54.30 1101567.4  51.82 79.92 75.65 1.550 40.38  21.36 5.54 18.88 181.50 73.00

9

0.0 Q  0.992 24.67 20.33 22.19 170.60 73.05 2.6 21.54 10.40 19.06 176.24 71.61
5.0E-07 O 0685 3095 29.85 118.18 27.37 156.02 73.89 2.520 308 2171 10.11 19.29 176.50 71.91
1.0E-06 0.662 3327 3114 190.99 28.66 151.99 73.98 2.500 385  22.82 14.91 20.34 173.21 72.00
5.0E-06 0.651 3438 3141 208.98 28.94 151.25 74.03 2.460 5.38  26.81 68.18 24.33 160.54 72.20
1.0E-05 0.640 3548  31.82 242.80 29.35 150.05 74.08 2.430 6.54  29.35 179.87  26.87 152.49 72.34
5.0E-05 0.632 3629  32.03 257.81 29.55 149.51 74.13 2.400 7.69  29.63 198.78  27.15 151.71 72.38
1.0E-04 0.612 3831  32.95 362.21 30.47 146.66 74.19 2.370 885  29.61 19291  27.13 151.92 72.42
5.0E-04 0.582  41.33  35.03 806.13 32.55 140.06 74.31 2.320 10.77  29.94 21321  27.46 151.05 72.49
1.0E-03 0.652 3427  32.35 296.55 29.87 148.34 74.10 2.360 923  28.40 121.78  25.92 155.73 72.35
5.0E-03 0.754 2399  26.98 31.57 24.50 165.14 73.74 2.400 7.69  26.93 70.96 24.45 160.27 71.24
1.0E-02 0.806  18.75  24.06 13.63 21.59 173.00 73.46 2.450 577 2434 26.63 21.86 168.40 72.07

3.4. Adsorption isotherm

The information on the interaction between the SAS molecules and metal surface can be
provided by the adsorption isotherms. Two main types of interaction can be describing the adsorption
behavior of the organic compound: physical adsorption and chemical adsorption. These are related to
the chemical structure of the inhibitor, the type of the electrolyte, the charge, and nature of the metal
[2]. The adsorption mechanism of SAS on copper surface was determined by fitting the 6 values to
different adsorption isotherms such as Langmuir and Kinetic-thermodynamic model by the following
equation [36, 37] :

Langmuir: C/6 =1/K+C (8)
Kinetic-thermodynamic: (KC)Y = (0 /1- 0) 9)

IL(bIank) - IL(SAS)

where 0 is the surface coverage 6 = , K 'is the adsorption equilibrium constant,

L(blank)
C is the concentration of SAS and y is the number of SAS molecules occupying a given active site.
Though the plot of C/0 versus C was linear (R*= 0.999). Although these plots are linear, the
gradients are never unity, Contrary to what is expected for the ideal Langmuir adsorption isotherm
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equation. The departure in the values of the slopes of Langmuir from unity may be advocated to be due
to the mutual interaction between adsorbed molecules in close vicinity. SAS having polar atoms or
groups which are adsorbed on the metal surface may interact by mutual repulsion or attraction [38, 39].

Linear- relationship can be obtained on plotting log 6/1-6 as a function of log C for all SAS at
25°C as shown in Fig.8. It is seems from Table 3 that, large values of K means better and strong
interaction. It is obvious that, the values of 1/y greater than unity imply the formation of multilayer of
the SAS on the copper surface [40]

The adsorptive equilibrium constant (K) is related to the standard adsorption free energy
(AG®,qs) obtained according to [41]:

AG®gs = -RT Ln (55.5 K) (10)

Generally, value of AG®s up to -20 kJ /mol is consistent with the electrostatic interaction
between the charged molecules and the charged metal (physical adsorption) while the value more
negative than 40 kJ/ mol involve sharing or transfer of electrons from the inhibitor molecules to the
metal surface to form a co-ordinate type of bond (chemisorption) [41]. At all SAS studied, the values
AG%qs are less negative than -40 kJ/ mol so, AG%gs Values designate that the adsorption mechanism of
SAS on copper surface in 8 M H3PO, using RDE and RCE is physical adsorption. The negative value
of AG®,gs indicated that the adsorption of SAS molecules was spontaneous process [42, 43].

Table 3. linear fitting parameters and calculated values of free energy of adsorption-AGags(kJ mol ™)
for different surfactants at 25°C for RCE and RDE at 375 rpm.

Electrode RCE RDE

Kinetic-thermodynamic adsorption isotherm

Surfactant y 1ty K R? -AGP%s y 1y R? K -AG s
(kJ/mol) (kJ/mol)

Triton x-100 0.16 5.93 7.51x10° 0.99 32.06 0.064 15.62 0.98 2.04 x10° 28.83

SDS 0.12 8.22 44.05 0.98 19.33 0.149 6.70 0.98 1.90x10° 28.65

CPC 0.21 459 26.48 0.98 18.06 0.057 17.28 0.98 2.84 12.54

0.2

= Triton x-100 b
o SDS
A CPC

03F

o
o
T

o
o
T

log (6/1-0)
log (6/1-9)

o
)
y

= Triton x-100
o SDS T
A CPC

09}

-0.4

log C log C

Figure 8. Kinetic-thermodynamic adsorption isotherm at 375 rpm and 25°C in the presence of SAS
using a) RCE and b) RDE.




Int. J. Electrochem. Sci., Vol. 8, 2013 9053

3.5. Data correlation

Dimensionless analysis using mass transfer concepts showed that the dissolution when
controlled by diffusion of one of the species between the bulk fluid and the surface could be modeled
completely by the rate of mass transfer on the rate limiting species.

When the fluid flow is generated entirely by RCE and RDE, the characteristic of mass transport
conditions can be described by a dimensionless group correlation of the following form:

Sh=aRe"Ssc %% (11)

where the Sherwood number(Sh = kd/D) describes mass transport by forced convection, the
Reynolds number (Re = Ud/v) is an indication of the fluid flow regime, and the Schmidt number (Sc =
v/D) relates the electrolyte transport properties. The average mass transport coefficient is k, cm sec™ (k
=i\ /zFCcy2+), d is the diameter of the rotating electrode (cm), D is the diffusion coefficient (cm?.sec™),
U is the peripheral velocity (U=or, cm sec™), v is the kinematic viscosity (cm®sec™) and a, b are
constants [44].

By plotting log Sh/Sc™** and log Re a straight line was obtained; its slope gives constant b and
intercept give the constant a. Fig.9 shows the mass transfer correlation for all parameters used in case
of RCE and RDE. From this figure, the data can be correlated by the following equations:

Sh =0.165 Sc ***Re *® + 0.0092 for RCE

Sh =0.912 Sc **Re *** + 0.0011 for RDE

The exponent in equation for RCE denotes a highly turbulent flow [44], which agree with the
previous mass transfer study in aqueous media while the exponent in the equation for RDE denotes
laminar flow which agrees with the previous mass transfer studies in aqueous media [9], also the high
value of Schmidt number in case of RDE indicates that the diffusion layer lie well within the laminar
sub layer [7].

0.33

3.6. Effect of alcohols

To study the effect of addition of alcohols (1-5 ml) on the dissolution rate of copper in 8M
HsPO,, four different types of alcohols were used (methanol, ethanol, propanol and butanol). Fig 10
shows the effect of alcohols volumes on the copper dissolution at 25°C and 500 rpm. Addition of
alcohols was found to decrease the limiting current of dissolution process (Table 4) and this behavior
may be attributed to the following:

1- The low dielectric constant of alcohols leads to a decrease of the activity of copper ions
to ion pair formation with a consequent decrease in the dissolution rate.
2- The addition of alcohols decrease the diffusivity of ions in the solution by changing the

composition of solvation shell [45].

The percentage reduction in dissolution process was found to decrease in the order: butanol >
propanol > ethanol > methanol. This may be explained as the hydrophobic character increase as the
length of hydrocarbon chain in alcohols increases so the molecules becomes more hindered to mass
transfer processes.
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Addition of alcohols to 8M H3PO, containing 1 x 10™*M SAS, lead to decrease in limiting
current of dissolution process and increase in inhibition efficiency percentage. This inhibition
efficiency depends on the type of alcohols and SAS and their concentration .These result indicate that
the efficiency of the surfactant is increased by alcohols addition which acts as co-surfactants [46].

18}

log (Sh/sc®®)

12}
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18}
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»
T

g
o
T
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3.00
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log Re
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Figure 9. The overall mass transfer correlation for dissolution process in the absence and presence of
different SAS at 25°C for a) RCE and b) RDE.

Table 4. The effect of mixed surfactants —alcohols on the limiting current for 8 M H3PO, at 25°C,500

rpm, RCE

Alcohols Alcohols IE % 1x10* mol/l IE % Triton x-100+ SDS + CPC +
volume SAS alcohols alcohols alcohols
1ml Methanol 6.93 Tritonx-100 27.42 28.21 28.96 26.73
2ml 7.92 28.61 29.60 27.42
3ml 8.81 SDS 28.22 29.45 30.69 28.22
4 ml 9.90 30.11 31.38 28.96
5ml 10.89 CPC 14.75 30.99 32.08 29.70
1ml Ethanol 7.82 Tritonx-100 27.42 28.91 29.60 27.23
2ml 8.81 29.60 30.69 27.97
3ml 9.41 SDS 28.22 30.69 31.13 28.71
4 ml 10.30 31.33 31.68 29.70
5mil 11.24 CPC 14.75 31.93 32.67 30.69
1ml Propanol 8.81 Tritonx-100 27.42 29.45 30.20 28.22
2ml 9.41 30.10 31.28 29.10
3ml 10.15 SDS 28.22 31.29 32.17 29.70
4 ml 10.89 31.68 32.67 30.69
5ml 11.88 CPC 14.75 32.38 33.66 31.58
1ml Butanol 9.8 Tritonx-100 27.42 30.69 30.69 29.20
2mil 10.89 31.69 31.72 30.24
3ml 11.78 SDS 28.22 32.27 32.18 31.18
4 ml 12.77 32.92 33.17 32.18
5ml 13.66 CPC 1475  34.40 34.55 33.16

Alcohol can be solubilized among the polar groups of surfactant molecules in the ad-micelle
formed at the liquid—solid interface. The existence of alcohol in the ad-micelle will enlarge the space
among the polar groups of surfactant molecules and decrease the contact of copper surface with the
acid solution. Therefore, the inhibition efficiency can be increased and the dissolution rate can be
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decreased by the addition of alcohol. It is observed that, there is a synergism between SAS and
alcohols (co-surfactants). Synergism parameter (Sp) can be calculated using the following equation [47,
48]
Se =1- 91+2 /1- 0’ 142 (12)
Whereb142 = (011 02)—( 61 02) , 0; and 0, are the degree of surface coverage in presence of
surfactant and alcohols respectively and 0 14, IS the degree of surface coverage in presence of both
species. It is noticed that all values of Sy were approximately unity. This may suggest that the
inhibition efficiency enhanced by the addition of alcohols to surfactant in 8M H3PO, and a synergistic
effect is obtained as a result as a co-operative adsorption between SAS and alcohols [49, 50].

—=a— Methanol
—o— Ethanol
12 —&— Propanol
—— Butanol

10 |

IE%

Alcohol volume (ml)

Figure 10. Effect of alcohols type on inhibition efficiency percentage (IE %) of dissolution process for
copper RCE at 500 rpm and 25 °C.

3.7. Scanning electron microscope (SEM)

Fig.11 shows the SEM image for copper surface before dissolution in which a rough, matt and
uneven surface was seen also large deep cavities and small pits are distributed over the surface. Fig
(12a-c) shows the surface morphology of copper RDE that were dissolved at 25°C with different
rotations speeds 250,500 and 750 rpm in 8 M H3PO4. A bad and uneven surface appearance is
obtained specially at higher rotation speed, 750 rpm (Fig 12.c) where cavities and large deep pits are
represented. We can say that, the radial flow for diffusion of the Cu?* is disturbed at higher rotation
speed which leads to dissimilar dissolution of copper RDE. According to the dreadful appearance of
copper RDE at 750 rpm , we used a constant rotation speed of 750 rpm to study the dissolution
behavior of copper RDE in presence of SAS ,1 x 10 M Triton x-100, 1 x 10> M SDS and 5 x 10* M
CPC (Fig.12d-f) . The surface appearance is enhanced in presence of SAS in which smooth and
completely uniform surface is obtained. This behavior is attributed to the involvement of SAS
molecules in the reaction sites of copper surface and this result indicates that the SAS molecules hinder
the dissolution of copper by formation of protective film on copper surface.
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! X5.800

f

Figure 12. surface morphologies of the copper RDE at 25°C after electrodissolution in 8M H3PO, a)
250 rpm , b) 500 rpm , ¢) 750 rpm, d) 750 rpm in presence of 1x 10 M Triton x-100 , €) 750
rpm in presence of 1x 10% M SDS and f) 750 rpm in presence of 1x 10 M CPC.
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Figure 13. surface morphologies of the copper RCE at 25°C after electrodissolution in 8M HzPO, a)
250 rpm , b) 500 rpm , ¢) 750 rpm , d) 750 rpm in presence of 1x 10 M Triton x-100 , €) 750
rpm in presence of 1x 102 M SDS and f) 750 rpm in presence of 1x 10% M CPC.

Fig .13a-c shows SEM — micrograph of the surface morphologies of the copper RCE were
dissolved in 8 M H3PO, at 25°C with different rotations speeds 250, 500 and 750 rpm. Only a slight
difference in the surface morphology was observed in which grain boundaries and small pits are
represented clearly at 750 rpm (Fig.13c). We can conclude that, the axial flow as result of RCE for
diffusion of the Cu®*" is significantly affected on the surface quality obtained specially at higher
rotation speed. So we will study the dissolution behavior of copper RCE in presence of SAS at 750
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rpm (Fig.13d-f), the copper specimen has a better morphology and uniform surface compared with the
absence of SAS which reflects the higher adsorption ability of SAS molecules, leading to filling up of
grain boundaries which leads to higher inhibition efficiency of the three studied SAS.

4. CONCLUSIONS

o As the rotation rate of the electrodes (RDE &RCE) increases the measured value of
limiting current of dissolution process also increase.

o With increasing the concentration of the used SAS, the limiting current decreases and
their inhibition efficiency due to their tendency towards adsorption.

o E. values of SAS were found to be larger than that of 8MH3;PO, free solution,
suggesting that the adsorption of SAS molecules leads to an increase in energy barrier of copper
dissolution.

o The adsorption of SAS obeys Kinetic —thermodynamic isotherm which indicates that
the main process of inhibition is adsorption and values of AG®gs indicate that the adsorption process is
physical adsorption.

o In presence of the three studied surfactant, surface morphology enhanced for RDE
and RCE copper surface at high rotation speed.
o The values of synergism parameter (Sg) are approximately unity showing the

dissolution inhibition brought about by SAS with alcohols is synergistic in nature and co-operative
adsorption between SAS and alcohols prevails over competitive adsorption.
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