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The effect of Triton x-100 (non-ionic surfactant) , sodium dodecyl sulphate (anionic ) and cetyl
pyridinium chloride (cationic) on the corrosion rate of copper in 8 M H3PO,4 was investigated using
potentiodynamic polarization and surface tension measurements . The inhibition behavior of these
surfactants was investigated. The surface parameters of each studied surfactant were calculated from
its surface tension. The parameters studied include the critical micelle concentration (CMC), maximum
surface excess (I'max), Minimum surface area (Amin) and effectiveness (mcmc).The thermodynamic
parameters of micellization (AGmic, ASmic) for the studied surfactants were also calculated. The greatest
reduction of surface tension (effectiveness, mcmc) and higher minimum area (Amin) Were achieved by
Triton x-100 relative to the other two surfactants. This behavior agrees with the highest inhibition
efficiency results achieved by Triton x- 100 obtained from potentiodynamic polarization method. The
effect of temperature on the dissolution behavior of copper was studied at temperatures ranging from
25 to 40°C_ A kinetic study of copper in uninhibited and inhibited acid was also discussed. The kinetic
and activated parameters were calculated for the dissolution process .The adsorption of surfactants on
copper surface in the acid solution was found to obey Kinetic-thermodynamic adsorption isotherm.
The thermodynamic parameters were calculated.
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1. INTRODUCTION

The corrosion of copper and its alloy has received great attention and industrial concern. The
corrosion of copper in acid media is important in the context of pickling, acid cleaning, acid descaling,
etc. Because of the general aggressiveness of acid solutions, the use of inhibitors to control the
destructive attack of acid environment finds widespread application in many industries. A variety of
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organic compounds with functional groups containing heteroatom (which can donate electron pairs)
are found to be useful as inhibitors in various media [1].

The effect of sodium dodecyl sulphate and benzotriazoles on copper corrosion in sulphuric
media has been studied [2]. The inhibition efficiency of imidizole derivatives on copper corrosion in
sulphuric acid was investigated [3]. The corrosion inhibition of a copper electrode in 0.1 M H,SO,4 was
studied using azoles compounds [4]. Recently, the addition of high molecular weight organic
compounds like surface active agents to hydrochloric and sulphuric acid solution, in order to reduce
the rate of corrosion of copper, has been proved to be effective method [5-10]. Phosphoric acid
(H3PO,) is widely used in surface treatment of steel such as chemical and electrolytic polishing or
etching, removal of oxide film, phosphating, passivating, and surface cleaning [11].

However, little work appears to have been done on the corrosion inhibition of copper in H3PO,.
The corrosion of copper in phosphoric acid was studied previously in the presence of alcohols [12],
amines [13], aldehydes [14] and amino acids [15]. Hence, the aim of this work is to examine the
corrosion behavior of copper in HzPO, in presence of cheap, less toxic and easy produced surfactants.
In the present study, potentiodynamic polarization method was performed to examine the acid
corrosion inhibition of pure copper by a nonionic surfactant (Triton x-100), an anionic surfactant
(sodium dodecyl sulphate ,SDS) and a cationic surfactant (cetyl pyridinium chloride ,CPC). The
surface parameters of each studied surfactant (SAS) were calculated (from its surface tension profile)
to correlate the inhibition efficiency of the inhibitors with their surface parameters.

2. MATERIAL & METHOD

2.1. Materials

Analar grade H3PO, (98% w/w), supplied by BDH Chemicals Ltd., was used for the
preparation of the electrolyte. The chosen surfactants were Fluka products of pure quality (>97%) and
used without purification. Doubly distilled de-ionized water was used in the preparation of solutions.

2.2. Perpration of solutions

Blank solution consists of 8M HsPO, and different concentrations of surfactants. The
concentrations of surfactants cover range from 5x10” to 1x 10M.

2.3. Potentiodynamic measurements

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 10 cm height and 5 cm width. Electrode separation was 5 cm; a porous PVC diaphragm was used to
prevent the stirring effect due to H, bubbles evolved at the cathode interfering with the natural
convection process at the anode. The electrical circuit consisted of a 6V D.C. power supply, a variable
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resistance and a multi range ammeter connected in a series with cell. A high impedance voltammeter
was connected in parallel with the cell to measure its potential. The steady state anode potential was
measured against reference electrode consisted of copper wire immersed in a cup of luggin tube filled
with phosphoric acid-surfactants 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 (1), was
determined, were plotted by increasing the applied current stepwise and measuring the corresponding
steady-state anode potential. Two minutes were allowed for reaching the steady state potential. Before
each run, the back of 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. The temperature was regulated by placing the cell in thermostatic water bath at
different temperatures (25, 30, 35 and 40°C). The copper used had the following chemical composition
(Wt % ): 0.0001 Cd, 0.001Ag, 0.003Ag, 0.003Pb, 0.005Sn and Cu is 99.98.
The structure of SAS is given below.
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2.4. Surface tension measurements

The surface tension was measured at 25,35and 45 °C using a Du Nouy tensiometer .The
temperature (+0.1°C) was kept constant by circulating the thermostatted water through a jacketed
vessel containing the solution. The concentration of the solution was varied by adding aliquots of stock
solution of known concentration to the known volume of the solution in the vessel.

3. RESULTS & DISCUSSION
3.1. Surface active properties

3.1.1. Determination of the CMC of SAS in 8 M H3PO,

The main importance of the CMC consists of the fact, at this concentration, most of the
physical and chemical properties of the surfactant solution present an abrupt variation [16].
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Measured values of the surface tension were plotted as a function of the logarithm of the
surfactant concentration in H3POgat different temperatures. The CMC was estimated from the break
point in the resulting curves. Representative plots of surface tension y (mN/m) versus the logarithm to

base ten of surfactant concentration log;oC are shown in Fig. 1.
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Figure 1. Variation in surface tension with concentration of Triton x-100, SDS and CPC in 8M H3PQO,

at different temperatures.
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The reproducibility of the surface tension versus concentration curve was checked by
performing at least three separate experiments. CMCs for Triton x-100, SDS and CPC in H,O are
3.0x10™, 8.0x10 and 1.24x107 [17,18] respectively and decrease in 8 M H3PO, to 5.0x107°, 5.0x10™
and 1.0x107,

Generally, SDS and CPC, posses higher CMC than Triton x-100. This can be explained on the
basis that, the free energy cost of bringing the polar heads together is much smaller when the head
group is uncharged than when it is charged [19]. In the absence of a charged head group, the driving
force of micellization is the hydrophobic force and Vander Waals attraction. The strong interaction
between water molecules repels the hydrocarbon chain from the water bulk phase.

This drives the surfactants to form aggregates, where the hydrophilic head groups conceal the
hydrocarbon chains. Micelle formation is therefore expected to take place at lower concentration for
non-ionic surfactant vis-a-vis ionic surfactants. For ionic surfactants, high concentrations are necessary
to overcome the electrostatic repulsion between ionic head groups during the aggregation process. So
Triton x-100 exhibits lower CMC than SDS and CPC .

The CMC is influenced by a number of factors that are dependant on the nature of SAS and the
agueous environment. The presence of HPO,* in the present study is one of the influential factors
being responsible for the shift of the CMC values with respect to their primary values in pure water.

These phenomena are related to the famous Hofmeister series, which is an empirical measure
of ions hydration degree. The Hofmeister series orders ions with increased salting in potency from left
to right, and is as a follows:

S0,%, HPO,#, OH", F,HCOO",CH3COO",CI',Br, NOs,I,SCN’,CIO,

HPO,* which is located to the left of chloride ion (CI™ represents in some way, a borderline
with the Hofmeister series) acts as water structure makers (salting out ions) or (cosmotropic ions). The
salting out effect is produced when HPO,* competing with surfactant for hydration water, reduces the
amount of water available in the micelles for polar chain hydration. Thus micelle formation will be
produced at lower surfactant concentration [20, 21]

Another explanation in case of Triton x-100 is it hydrogen bond formed with water molecules
through the oxyethylene unit required higher energy to broke, in order to surfactant aggregation, so the
micelles formed at higher concentration But in 8M H3PO, there is no hydrogen bond formed so
tendency of Triton x-100 molecules to form micelle is greater and formed at lower concentration
compared with water [22] .

While in case of SDS, a reduction in the electrostatic repulsion between anionic hydrophilic
head group and, consequently, a smaller contribution of repulsion opposing micellization . Therefore,
in 8M H3PO,4, SDS starts forming micelles easier and causes CMC of SDS to be lower than that
reported in distilled water[23].
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3.1.2. Effect of temperature on CMC values

The obtained CMC values show an increasing trend with increasing temperature (Table 1).
Rising temperature causes a decrease in the hydration of the hydrophilic group (which favour
micellization) or causes disruption of the structured water surrounding the hydrophobic group (an
effect that disfavors micellization ). The relative magnitude of these two opposing effects, therefore,
determines whether the CMC increases or decreases over a particular temperature range. From the data
in Table 1, it is clear that CMC increases by rising temperature which implies that the magnitude of
two factors is disfavouring micellization thus CMC increases [24, 25].

3.1.3. Surface active parameters

The surface active properties of pure surfactant, effectiveness (m cmc ), maximum surface excess
(I'max ) , minimum area per molecule (Anin) Were calculated using the following equations [26] :

Teme = Yo~ Yeme (1)

r, —— — 7 @)
2.303RT 5logC

Anmin = 10%°/] Tax .Nal ?)

where v, is the surface tension measured for pure water at the appropriate temperature and ycmc
is the surface tension at CMC (mN/m). (I'max) IS expressed as the concentration of surfactant molecules
at the interface per unit area(mol cm™), T is the absolute temperature, R is the molar gas constant
(R=8.314 J/mol.K) , C is the concentration of surfactant in mol/l . Na is the Avogadros number
(6.023x10% molecule/mol)

The thermodynamic parameters of micellization expressed by standard free energy AGn;c and
entropy of micellization ASp;care calculated from the equations:

AGnmic= RTIn CMC (4)

ASmic=(-8AGmic/ 8T) Q)
AGags=AGmic-[0.6022] X [Tt cmeX Amin] (6)
AS:4s=(-8AGaqs/ST) (7

From Table 1, it is clear that the lesser I'max , and the greater Anmin recorded for Triton x-100
relative to SDS and CPC . Also it is evident that Ani, increases with temperature. This is probably due
to the increased thermal motion. The values of = ¢mc indicate that Triton x-100 is the most effective
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surfactants which give large reduction in surface tension at CMC so that it act as effective inhibitor for
dissolution process [27].

Analyzing thermodynamic parameters of micellization (Table 1), one may conclude that
micellization process is spontaneous process (AGmic < 0) [28]. The AGp. for Triton x-100 is more
negative than SDS and CPC. This behavior shows that Triton x-100 form micelle more easily than
SDS and CPC which confirm the values of CMC for each one, where CMC of Triton x-100 is less than
SDS and CPC as mentioned above. Also, it is observed that AGmic decreases with increasing
temperature which confirmed that the values of CMC increase with increasing temperature [22].

We can observe that ASn. are positive value (Table 1). Higher positive value recorded by
Triton x-100 designates increasing in the randomness in the system upon transformation of surfactant
molecules into micelle. Investigation of thermodynamic parameters of adsorption (Table 1) showed
that; 1- AGags are negative values which are a sign of spontaneity the adsorption process.

2-the negative values of AG,gs are greater than AGp,c sShowing that surfactants favour adsorption
rather than micellization.

3-adsorption at interface is associated with a decrease in the free energy of the system. These
observations agree with the data reported before [29] which indicate that the steric factors inhibit the
micellization more than they affect adsorption at the air/aqueous interface.

Also, an examination of AS.ys values , it is observed that the AS,qs Values are all positive and
greater than the ASyc values reflecting the greater freedom of motion of the hydrocarbon chain at the
planar /air aqueous solution interface compared to that in the relatively cramped interior beneath the
convex surface of the micelle [22]. The relation between surface properties of the studied surfactants
and dissolution inhibition were discussed in the next section (3.2.2)

Table 1. Surface active properties for the surfactant at different temperatures

Surfactant Tritonx-100 :

Temperature °C 25 35 45 25 35 45 25 35 45

Parameters

CMC (mol/l) 5 x 8§x 10 1x10" 5 x 7x10° 1x 107 1x10°  3x107 5x

10-5 5 10-4 4 3 3 10-3

10"°T(mol/cm?) 1.80  1.67 152 257 204 190 295 250 1.95

Teme(MN/mM) 55.15 40.28 36.00 50.43 39.46 325  46.14 34.30 29.78

Anin(A?) 89.17 96.11 105.92 6245 78.68 84.47 545 64.20 82.31

AGmic(kJ/mol)  -2453 -2416 -2435 -18.83 -18.60 -18.26 -17.11 - -
14.87 14.00

AGags(kd/mol)  -27.48 -26.48 -26.63 -20.72 -20.46 -19.91 -18.62 - -
16.19 15.47

ASmic(kJ/mol.K) 0.079 0.060 0.049
ASags(kdJ/mol.K)  0.087 0.066 0.054
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3.2 Effect of SAS concentrations

3.2.1. Potentiodynamic measurements

Fig.2. shows polarization curves for dissolution of copper in the presence of different
concentrations of SAS, from which limiting current (I.) was obtained.

The dissolution rate (I values) and inhibition efficiency percentage (IE %) for the studied SAS
at concentration range from 5 x107 to 1x10 mol/l and temperatures ranged from 25 to 40°C are
given in Table 2.

Table 2. Values of limiting current and inhibition efficiency % for dissolution of copper in 8M
HsPO, in absence and presence of SAS at different temperatures and activated parameters for

process.
Conc. Activated parameters
(mol/l) = NN =T IL(A)  1E% IL(A) IE% IL(A) IE%  Ea A*10°  AHa -ASa
g8 kj.mol™ kjimol*  JmollK?

0.0 x 0448 - 0.570 - 0.642 - 0.744 - 25.52 13.49 23.04 174.06
5.0E-07 § 0.281 3728 0365 3596 0.436 32.09 0512 3118 30.76 69.56 28.28 160.40
1.0E-06 0.271  39.50 0.355 37.72 0422 3427 0491 3400 30.43 59.28 27.95 161.77
5.0E-06 0.262 4152 0.345 3947 0400 37.69 0480 3548 3055 59.87 28.07 161.67
1.0E-05 0.255 43.08 0.330 4211 0.384 40.19 0455 38.84 29.37 35.95 26.89 165.87
5.0E-05 0.290 3527 0.380 3333 0442 31.15 0515 30.78 29.16 37.79 26.68 165.45
1.0E-04 0.274  38.84 0.364 36.14 0422 3427 0493 3373 29.72 43.47 27.24 164.00
5.0E-04 0.262 4152 0349 3877 0412 3582 0478 3575 2817 50.01 28.17 161.24
1.0E-03 0.254 4330 0.330 4211 0.390 39.25 0455 38.84 29.80 43.04 27.32 164.42
5.0E-03 0.242 4598 0310 4561 0.362 4361 0432 41.94 29.43 36.68 26.96 166.11
1.0E-02 0.214 5223 0.291 4895 0.345 4626 0411 4475 33.11 138.69  30.63 154.68
0.0 g 0448 - 0.570 - 0.642 - 0.744 - 25.52 13.49 23.04 174.06
5.0E-07 @ 0310 30.28 0404 29.12 0470 26.79 0572 2312 30.92 81.63 28.44 159.07
1.0E-06 0.303 3237 0392 3123 0.460 2835 0562 2446 31.21 92.04 28.73 158.30
5.0E-06 0.292 3482 0380 33.33 0442 31.15 0543 27.02 31.27 88.43 28.79 158.41
1.0E-05 0.280  37.50 0.368 3544 0425 3380 0527 29.17 31.72 101.72 29.24 157.22
5.0E-05 0.270  39.73 0.353 38.07 0.413 3567 0.490 3414 30.25 54.72 27.77 162.43
1.0E-04 0.262 4152 0.341 4018 0.400 37.69 0470 36.83 29.75 43.47 27.27 164.34
5.0E-04 0.250 4420 0.320 43.86 0.380 40.81 0463 37.77 31.40 79.22 28.92 159.32
1.0E-03 0.233 47.99 0300 4737 0.362 4361 0433 4180 31.82 87.55 29.34 158.46
5.0E-03 0.215 52.00 0.282 5053 0.333 48.13 0402 4597 31.77 80.01 29.29 159.23
1.0E-02 0.170 62.05 0.242 5754 0300 5327 0.355 5228 37.73 71497 35.25 141.03
0.0 Q 0448 - 0.570 - 0.642 - 0.744 - 25.52 13.49 23.04 174.06
5.0E-07 © 0338 2455 0462 1895 0530 17.44 0.630 1532 31.21 101.72  28.73 157.22
1.0E-06 0.319 28.79 0.443 2228 0510 2056 0.600 19.35 31.70 118.18 29.22 156.00
5.0E-06 0.310 30.80 0.427 25.09 0495 2290 0584 2151 31.87 123.00 29.39 155.68
1.0E-05 0.302 3259 0418 26.67 0.480 2523 0.565 24.06 31.41 99.71 28.93 157.44
5.0E-05 0.296 33.93 0406 2877 0.471 2664 0555 2540 31.66 108.01  29.18 156.78
1.0E-04 0.290  35.27 0.382 3298 0452 2960 0540 2742 31.62 101.72 29.14 157.23
5.0E-04 0.282 37.05 0366 3579 0422 3427 0500 32.80 2893 33.52 26.45 166.48
1.0E-03 0.296 33.93 0400 29.82 0.456 2897 0.532 2849 29.42 43.47 26.94 164.32
5.0E-03 0.313  30.13 0.418 26.67 0.478 2555 0560 24.73  29.25 42.61 26.77 164.46
1.0E-02 0.336 25.00 0.441 2263 0.494 2305 0585 2137 27.64 23.86 25.16 169.29
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Figure 2. Typical polarization curves obtained for dissolution of vertical copper plate in 8 M H3PO4 in
presence of different concentrations of: a) Triton x-100, b) SDS and ¢) CPC at 25°C.
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It is clear (Table 2) that I_ decreases and IE % increases by increasing Triton x-100
concentration up to 1 x10°. At 5 x10° (the CMC of Triton x-100), I_ increases. At higher
concentrations of Triton x-100, I, of copper dissolution and IE% increases. For low concentration of
Triton x-100 (5 x10” - 1 x10™ mol/l), the first adsorbed layer is composed of monomer units (surface
is filling with adsorbed Triton x-100 from low coverage to mono layer coverage). At concentration 5
%10 mol/l, an additional phenomenon was observed, I, increases. This effect probably indicates the
poor stability of the adsorbed layer. When the concentration of Triton x-100 exceeds the CMC value,
I decreases, where increasing Triton x-100 concentration leads to saturation of the first adsorbed layer
and consequently the formation of the second layer is in progress.

The molecular structure of Triton x-100 is composed of fairly polar hydrophilic head
(OCH2CH3)100H and hydrophobic part from CgH;17,-CgHg , the structure of Triton x-100 suggests that it
is able to adsorb on the copper surface through two lone pairs of electrons on the oxygen atom of the
polar hydrophilic head group . On the other hand, 1E% after CMC (Table 2) is higher than that before
CMC. This may be due to change in orientation of Triton x-100 at the interface resulting from
hydrophobic interaction between the chains. When Cryiton x-100 < CMC , the Triton x-100 is lying flat on
the copper surface but when Cryiton x-100 > CMC , it is likely that surfactant molecules bind
perpendicularly to the surface which lead to increase in the number of adsorbed molecules and this
lead to increase in inhibition properties of Triton x-100 [ 30].

The inhibitive action of SDS results from the physical (electrostatic) adsorption of the
C12H25SO,4™ ion on the positively charged copper surface. It is obvious that I, decreases and IE %
increases at all studied concentration range (before and after CMC). This seems to be due to micelle
formation; the micelles are highly charged and because of the higher electrostatic attraction, the
adsorption of SDS increases and consequently reduces I of copper dissolution process. At higher
concentration of SDS (1x10 mol/l) a double layer of adsorbed SDS may form [6], in this case IE % is
maximum (62.05).

On further inspection of Table 2 , it is observed that addition of CPC leads to decrease in I of
copper dissolution process and increase in the value of IE % up to 5 x10™ mol/l. Further increase in
CPC concentration leads to increase in I and subsequent decrease in 1E%. To understand the dual
role of CPC as dissolution inhibitor and promoter, we must show the structure of CPC which consists
of CxHsgN™ and counter chloride ion CI". CPC as cationic surfactant exhibits retardation behavior for
dissolution of positively charged copper electrode. This can be attributed to the adsorption of chloride
ion firstly at the electrode solution interface through the electrostatic attraction and create excess
negative charge toward the solution phase which favour more adsorption of positively charged cetyl
pyridnium cation, so CI" anion acts as an adsorption mediator of an adsorption composite film in which
ClI ions are sandwiched between copper anode and positively charged part of CPC [10, 31]. To explain
this observation, Ma et al [32] suggest that the specific adsorption of catalytically active chloride
counter ions from CPC molecules on the copper electrode promotes dissolution process at surfactant
concentration above 5 x10™M, where CPC micelle formed carry concentrated positively charged heads
with concentrated negatively charged chloride counter ions, the higher concentration of aggressive
chloride ions lead to copper dissolution promotion [33].
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Also another reason for inhibition behavior of the three studied surfactants is that the
concentration of the SAS molecules at the electrode- solution interface may increase the interfacial
viscosity with consequent decrease in the diffusivity of electroactive ions .This lead to hinder the flow
of solution past the electrode surface and consequently decrease in the values of limiting current [34].

From the above discussion, we can conclude that the inhibitive behavior of SAS is a function of
CMC. 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)

3.2.2 The relation between dissolution inhibition and surface properties of the studied surfactants.

The Gibbs equation (equation 2) was applied to calculate the area per surfactant molecule
(Amin) at the air/liquid interface (section 3.1.3, Table 1). This value was used to calculate the
monolayer coverage of surfactant at the copper/electrolyte interface. Assuming that the occupied area
per surfactant molecule at the copper /electrolyte interface is the same as that at the air/liquid interface
[35].

Surface active properties data of surfactants (Table 1) show that lower I'max , higher Anin and
greatest reduction in surface tension, n .mc Were achieved by Triton x-100 compared to SDS and CPC.
This is in harmony with maximum inhibition efficiency results achieved by Triton x-100 from
potentiodynamic measurements (Table 2) .Increasing Amin leads to increasing the area of metal surface
covered by surfactant molecule,as a result increasing the IE % [36,37]. The greatest reduction of
surface tension (effectiveness, m .mc) was achieved by Triton x-100 compared to that obtained by other
two surfactants. This is in good agreement with the inhibition efficiency results achieved by Triton x-
100 [27, 38]. (Table 2)

3.3. Effect of temperature and activation parameters of dissolution process

To verify the effect of temperature on the dissolution process for copper metal in 8M H3PO,4
acid in the absence and presence of different concentrations of the studied surfactants,
potentiodynamic measurements were undertaken in this study in the temperature range of (25-40°C).
Results obtained indicate that the dissolution rate (I,) increases with increasing temperature both in the
absence and presence of surfactants, while IE % decreases with temperature rise (Table 2). This
increase could be explained on the basis that increasing temperature enhances the transfer rate of the
PO, ions and increases the conductivity. So the dissolution rate may be affected by the transfer of the
aggressive ions in solution. Also the increase in temperature reduces solution viscosity with a
consequent increase in Cu?* diffusivity which leads to increase in the dissolution rate [9].
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If (1) pank 1S the limiting current in absence of surfactant and (I.) sas in the presence of
surfactant, then IE % can be calculated from the following equation

IE% = IL(bIank) B IL(SAS) X100 (8)

L (blank)

Table 2 shows that IE% caused by surfactants ranged from 62.05 % to 15.32 % depending on
their type and concentration. The decrease in IE% is due to the desorption of surfactant molecules from
Cu surface by increasing temperature. The decrease in inhibition efficiency (IE %) with increasing
temperature is suggestive of physical adsorption of the used surfactants on copper surface [39].

The thermodynamic activated functions were obtained by applying the Arrhenius and the
transition-state equations

In I.=-(E&/RT) +In A 9)
IL = ( RT/Nh) exp (AS4/R) exp (-AH,/RT) (10)

where I is the limiting current , Ea is the apparent activation energy , R is the molar gas
constant, T is the absolute temperature ,A is the frequency factor, AH, is the enthalpy of activation ,
AS, is the entropy of activation and N is the Avogadros number.

Arrhenius and Transition state plots obtained from the electrochemical measurements were
constructed for copper in8 M H3PO, solutions containing various concentrations of the three tested
surfactants in the range of temperature (25-40°C). Fig.3 and 4 represent the Arrhenius and Transition
state plots, obtained from electrochemical measurements of Cu in 8 M H3PO, solutions containingl
x10 mol/l Triton x-100, SDS or CPC (as an example). Similar trend was obtained for the other tested
concentrations of the inhibitors. The values of thermodynamic activation functions were calculated
from these plots and listed in Table 2 as a function of each inhibitor concentration.

From Table 2, it is clear that the values of Ea in presence of SAS are higher than that of 8M
H3;PQO, free solution indicating that the dissolution reaction of copper is inhibited by the three studied
surfactants molecules hence supports the phenomena of physical adsorption. Higher values of Ea in the
presence SAS can be correlated with increasing thickness of the double layer which enhances the Ea of
the dissolution process. [40-42].

It is also noticed that higher values of AH, in presence of Triton x-100, SDS and CPC
comparing to value of AH, for free acids solution (Table 2). This implies that the addition of these
three surfactants increases the height of energy barrier of the dissolution reaction to an extent depend
on the type and concentration of surfactants [40].

The values of AS, are large and negative both in the absence and presence of SAS which
implies that the activated complex in the rate determining step represents an association rather than
dissociation step meaning that a decrease in disorder takes place on going from reactants to the
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activated complex . Thus a greater degree of order appears during its transformation from reactants to
activated complex [41, 43].

In 1 (A)

blank
Triton x-100
SDS
CPC

15

D*Om

3.20 3.25 3.30 3.35
10°TH(K™)

Figure 3. Arrhenius plot of the dissolution process recorded for copper in 8 M H3PO, solution
containing 1x 10 mol/I Triton x-100, SDS and CPC.
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Figure 4. Transition state plot of the dissolution process recorded for copper in 8M H3PO, solution
containing 1x 10 mol/l Triton x-100, SDS and CPC

The pre-exponential factor in the Arrhenius equation ( A), for heterogeneous reaction is related
to the number of active centers. The adsorbed inhibitor s molecules block an essential part of the active
sites, i.e., those with the lowest Ea value, on the metal surface. On the other hand these active centers
have different energies, if energetic surface heterogeneity is assumed. There are two possibilities: in
the first case (Eaagditives > Ea, free acia ) Which observed in the three studied SAS , where the values of A
in case of SAS is greater than that of blank (Table 2). The surfactants molecules are adsorbed on the
most active adsorption sites (having the lowest energy) and the dissolution process takes place
predominantly on the active sites of higher energy. In the second case (Eaadditives < Ea, free acid) , the
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values of A in presence of additives lower than in pure acid . i.e. a smaller number of more active
sites remain uncovered which take part in the dissolution process . [9, 42]

3.4. Adsorption isotherm

In order to gain more information about the mode of adsorption of surfactants on the copper
surface at different temperatures, the experimental data have been tested with two adsorption isotherms
(Langmuir, and Kinetic-thermodynamic model).

The adsorption isotherm relationships of Langmuir and Kinetic-thermodynamic model are
represented by equations 11 and 12 [44, 45]

C/0=1/Kqqs+C (11)

log (6/1-0) =logK'+ylogC (12)
| —1

where 0 is the surface coverage , § = 2™ ___L(AS) (13)

L (blank)

Kags 1S the equilibrium constant of adsorption process, C is the surfactant concentration in the
bulk solution. y is the number of inhibitor molecules occupying one active site. Values of y greater
than one imply the formation of multilayers of the inhibitor on the metal surface; however, values of y
less than one indicate that the given inhibitor will occupy more than one active site. K’ is a constant
related to the binding constant of adsorption process K by the following relationship [46].

K=K’ " (14)

where 1/y represents ,the number of active sites of the surface occupied by one molecule of the
inhibitor [46].

Langmuir isotherm considers uniform activity over the surface for adsorption to takes place and
no interaction among adsorbed molecules. But this is not true in the case of large organic compounds
(such as surfactanst) having polar atoms or groups which can adsorbed on the active sites of the metal
surface. Such adsorbed species interact by mutual repulsion or attraction [41, 47].

Experimental results obtained in this study were fitted into the modified form of Langmuir
isotherm known as El-Awady kinetic thermodynamic adsorption model which can appropriately
represent the adsorption behavior of the studied surfactants onto copper surface. Curves fitting the
experimental data to the kinetic thermodynamic are shown in Fig.5. Straight lines were obtained
suggesting the validity of this model for the three studied surfactants. The calculated values of K, Y
and 1/Y are given in Table 3
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The data (Table 3) reveals that values of y are less than one .This indicate that surfactants will
occupy more than one active site [15]. The high value of K for Triton x-100 compared to the other
surfactants (CPC, SDS) indicates stronger adsorption of Triton x-100 on copper surface. The higher
the K is, the stronger and more stable adsorbed layer is forming, which increase the inhibition
efficiency of Triton x-100 [48]. K is related to the free energy of adsorption AG,gs by the equation

AGags = -RT In (55.5 K) (15)

where R is the universal gas constant , T is the absolute temperature and the value of 55.5 is the
concentration of water in the solution .

The negative values of AGygs (Table 3) calculated from equation (15) are consistent with the
spontaneity of the adsorption process and the stability of the adsorbed layer on the copper surface.
Generally, the energy values of -20 kJ/mol or less negative are consistent with an electrostatic
interaction between the charged molecules and the charged metal surface physisorption; those of 40
kJ/mol or more negative are associated with chemisorptions which results of a charge sharing or
transfer of electrons from the additives molecules to metal surface to from a coordinate covalent bond
[49].

Table 3. Adsorption parameters, calculated values of free energy of adsorption -AGags (kJ mol ™) at
different temperatures and thermodynamic functions for adsorption process.

Surfactant Kinetic adsorption -AGags AH® AS°

isotherm (kJ mol ™) (kImol ™)  (@.mol™.K™Y)

y K

Triton x-100 0.070 14.28 3767.0 30.3 29.9 28.6 27.4 -90.4 -234.1
SDS 0.111 9.010 827.38 26.6 25.1 22.4 22.0 -87.4 -363.3
CPC 0.076 13.06 27.93  18.2 17.2 15.3 15.0 -85.4 -259.1

In present study (Table 3), - AGggs Values obtained for CPC are ranging between -15.0 and -18.2
which are lower than -20 kJ/mol. This indicates that the adsorption is physical [41]. While the
calculated values of - AGygs in case of Triton x-100 and SDS are ranging between -30.3 and -26.6
kJ/mol .This indicates that the adsorption mechanism of Triton x-100 and SDS on copper surface is
neither typical physical adsorption nor typical chemisorptions but it involves both electrostatic
adsorption and chemisorptions (where Triton x-100 and SDS posses unpaired electron pairs on oxygen
atoms which can interact with d-orbital of copper) and physisorption is predominant mode of
adsorption [50] . This assumption is supported by data obtained from temperature dependence of
inhibition process (Table 2).
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3.5. Thermodynamic parameters of the adsorption process

In studying the mechanism of copper dissolution inhibition, thermodynamic parameters are
important. The heat of adsorption (AH®) and entropy of adsorption (AS®) are calculated using the Van't
Hoff equation [48]

In K = - AHOadS /R l/T+ Asoads /R (16)

AH’ is calculated by linear regression between In K and 1/T,( Fig. 6 ) shows the straight lines
of In K verses 1/T having slope of these straight lines is equal to - AH%gs /R and intercept equal
ASOads IR )

All the calculated thermodynamic parameters are listed in Table 3. Adsorption is generally
accompanied by release of energy, that is, most adsorption process is exothermic in nature. An
endothermic adsorption process (AH® >0) signifies unequivocally chemisorption , while an exothermic
adsorption process (AH® < 0) may involve either physisorption or chemisorption or a mixture of both
the process. [51]

The obtained AH® values are -90.4,-87.4 and -85.4 kJ/mol for Triton x-100, SDS and CPC
respectively. The AH® values in presence of SAS onto metal surface are large and negative indicating
that the adsorption of SAS onto metal surface is an exothermic process, physisorption is distinguished
from chemisorptions by considering the absolute value of AH®, for the chemisorptions process AH®
approach 100 kJ/mol while for the physisorption process, it is less than 40 kJ/mol [52]. In the present
study, the AH® value is larger than the expected physical adsorption but smaller than the one for
chemical adsorption. This result suggests that the adsorption mechanism of three studied SAS on
copper surface at the studied temperatures could involve both physisorption and chemisorptions.
Chemisorptions of the SAS molecules could occur due to the formation of links between the d orbital
of copper atoms, involving the displacement of water molecules from the metal surface, and lone SP?
electron pair present on N or O atoms of SAS

Triton x-100 ,R°=0.98

-0.16 |

-0.24 |

log (6/1-8)

-0.32 |

-6.0 -5.5 -5.0
logC
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Figure 5. Kinetic-thermodynamic adsorption isotherm for a) Triton x-100 b) SDS and c) CPC at

different temperatures
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Figure 6. The relation between In (binding constant ) and 1/T for the surfactants on copper surface
obtained by applying Kinetic adsorption model data
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The obtained large negative value of AS° indicates a reduction of translational degree of
freedom. This means that an increase of order takes place in going from the free SAS molecules to the
more orderly inhibitor molecule on the metal surface [51].

4. CONCLUSIONS

e For each surfactant studied the dissolution rate of copper decreases with the increase of
concentration and inhibition efficiency is a function of SAS concentration.

e The critical micelle concentration considers a key factor in determining the effectiveness of
SAS as corrosion inhibitors.

e Surfactant compounds increase the value of activation energy of dissolution process and
consequently decrease the rate of dissolution of copper in HsPO, solution.

e The adsorption of surfactants on copper surface does not obey Langmuir adsorption isotherm
but obey Kinetic —thermodynamic model. The adsorption process is spontaneous and exothermic
accompanied by a decrease in entropy.

e The inhibition mechanism is attributed to the strong adsorption ability of the selected
surfactants on copper surface, forming a good protective layer , which isolate the surface from the
aggressive environment.

References

=

A. Lalitha ,S. Ramesh , S. Rajeswari. Electrochim. Acta, 51 (2005) 47.

R.F.V. Villamil, G.G.O. Cordeiro, J. Matos, E. D_Elia, S.M.L.K. Agostinho, Mater. Chem. Phys.
78 (2002) 448.

3. E. Stupnisek-Lisac, A. Gazivoda, M. Madzarac, Electrochim. Acta 47 (2002) 4189.

4. G.K. Gomma, Mater. Chem. Phys. 56 (1998) 27.

5. S.A.Abd EI-Maksoud. J. Electroanal. Chem. 565 (2004) 321.

6. R.Fuchs-Godec, V. Dolecek, Colloid Surf. A: Physicochem. Eng. Aspects. 244(2004) 73.

7

8

9

N

R.F.V. Vallamil, P. Corio, J.C. Rubim, S.M.L. Agostinho,. J. Electroanal. Chem. 535 (2002) 75.
M. Ajmal, M.A. Jaya Rawat, Quraishi, Bull. Electrochem. 15 (1999) 8.
. M.A. Amin, M.A. Ahmed ,H.A. Arida , T.Arslan , M.Saracoglu , F.Kandemirli . Corros. Sci. 53

(2011) 540.

10. X. Li, S. Deng, G. Muc, H. Fu, F. Yang, Corros. Sci. 50 (2008) 420.

11. X. Li, S. Deng .H. Fu. Corros. Sci.53(2011)664.

12. A.A.Taha, Anti-Corros. Method Mater. 47(2)(2000)94.

13. S.M Abd El-Haleem, A.M.Ahmed and A.E.EI- Nagger, J. Dispersion Sci. Technol.,
31(4)(2010)512.

14. N. M. Elmalah, S.M.Abd Elhaliem, A.M.Ahmed and, S .M.Ghozy, Int. J. Electrochem. Sci., 7 (2012)
7720.

15. H.H. Abdel Rahman, A.H.E. Moustafal, M.K. Awad, Int. J. Electrochem. Sci., 7 (2012) 1266 .

16. A.M.EI-Sabagh , N.S.Tantawy, N.M.Nasser ,M.R.Mishrif , J.Dispersion Sci. Technol
30(2009)1411.

17. M. Hosseini, F.L. Mertens, M.R. Arshadi, Corros. Sci. 45 (2003) 1473.

18. R.F.V. Villamil, P. Corio, J.C. Rubim, S.M.L. Agostinho, J. Electroanal. Chem. 472 (1999) 112.



Int. J. Electrochem. Sci., Vol. 8, 2013 6762

19. D.F.Evans and H.Wennerstrom , The Colloidal Domain, (Second Ed.), Wiley-VCH, New
York(1999).193.

20. R. Fuchs-Godec, , Electrochim. Acta .54 (2009) 2171.

21. R. Fuchs-Godec ,M. G. Pavlovic, Corros. Sci. 58 (2012) 192.

22. A.M. Al Sabagh, N.Gh. Kandil, A.M. Badawi ,H. EI-Sharkawy , Colloid Surf. A: Physicochem.
Eng. Aspects. 170(2-3)(2000)127.

23. T. Tobsin, P. Bangchit, V. Sirikullertrat , S. Sutthiruangwong, Thammasat Int. J. Sc.
Tech.,15(3)(2010)40.

24. Z. Abdel Hamid, Materials Letters. 57 (2003) 2558.

25. N. Tantawy. The Annals Of University “Dunarea De Jos *“ Of Galati Fascicle Viii, 2005, Issn 1221-
4590 Tribology.

26. M.A. Migahed,M. Abd-EI-Raouf, A.M. Al-Sabagh , H.M. Abd-EI-Bary: Electrochim. Acta,
50(24)(2005) 4683.

27. M.A Migahed , E.M.S Azzam , A.M Al-Sabagh, Mater. Chem. Phys. 85( 2-3)( 2004) 273.

28. K. Szymczyk ,B.Janczuk, Colloid Surf. A: Physicochem. Eng. Aspects .293(1-3)(2007)39.

29. A.M. Al-Sabagh, M.E. Abdul-Raouf , R. Abdel-Raheem, Colloid Surf. A: Physicochem. Eng.
Aspects. 251 (1-3) (2004)167.

30. R.F.Godec Electrochim. Acta 52(15)(2007)4974.

31. A.A.Elmaghraby ,T.Y.Soror. Adv.Appl.Sci.Res., 1(2)(2010)156.

32.H.Y.Ma, S.HChen,.;S.Y .zZhao, X.Q .Liu,. D. G. Li, J. Electrochem.Soc. 148 (2001) 482.

33. C.M.Murira, C.Punkt , H.C.Scniepp, B.Khusid , I.A.Aksay Langmuir . 24(2008)14269.

34. A.A.Taha . J.Colloid Interf. Sci. 275(2004)235.

35. Z.Wei, P.Duby , P.Somasundaran, J.Colloid Interf. Sci. 259(2003)97.

36. N.A. Negm,A.M. Al Sabagh, M.A. Migahed, H.M. Abdel Bary ,H.M. El Din:, Corros.
Sci.52(6)(2010) 2122.

37. D. Asefi, M. Arami, A.A. Sarabi and N.M. Mahmoodi. Corros. Sci., 51 (2009) 1817 .

38. M.A. Hegazy , Corros. Sci.51(11)(2009)2610.

39. A.Kumar ,. International Journal of Physical Sciences .3(5) (2008)140.

40. A.S. Fouda , A.A. Al-Sarawy , F.Sh. Ahmed , H.M. EI-Abbasy ,Corros. Sci 51(3)(2009)485.

41. M.M. Solomon, S.A. Umoren ,.I. Udosoro , A.P. Udoh , Corros. Sci . 52.(4)(2010)1317.

42. A. Popova, M. Christov, A. Vasilev, Corros. Sci 49(8)(2007) 3276.

43. M.A. Quraishi, M.Z.A. Rafiquee, S. Khan and N. Saxena. J. Appl. Electrochem., 37 (2007) 1153.

44. 1. Langmuir, J. Am. Chem. Soc. 40 (1918) 1361 .

45. A A. ElI-Awady, B.A. Abd-El-Nabey, S.G. Aziz, J. Electrochem. Soc. 139 (1992) 2149.

46. S. S. Abd El Rehim , H. H. Hassan , M.A. Amin, Corros. Sci. 46(1)(2004)5-25.

47. M.A. Migahed, H.M. Mohammed , A.M. Al-Sabagh, Mater. Chem. Phys. 80 (2003) 169.

48. 1. Ahamad, R. Prasad , M.A. Quraishi, Corros. Sci .52(4)(2010)1472.

49.L.Li,Q.Qu,W.Bai,F.Yang, Y. Chen,S. Zhang, Z.Ding, Corros. Sci. 59 (2012) 249.

50. S.A. Ali, HA. Al-Muallem, M.T. Saeed, S.U. Rahman, Corros. Sci.50(3)(2008)664.

51. M.P. Desimone , G. Gordillo, S.N. Simison , Corros. Sci. 53(12)(2011)4033.

52. E.A. Noor , A.H. Al-Moubaraki, Mater. Chem. Phys. 110 (2008) 145.

© 2013 by ESG (www.electrochemsci.org)



http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DAl%2520Sabagh,%2520A.M.%26authorID%3D6701499397%26md5%3D579034a8fc10a309f3bff599fb443068&_acct=C000041101&_version=1&_userid=739499&md5=b322af228477952f041a1108be011af6
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DKandil,%2520N.Gh.%26authorID%3D8310686100%26md5%3D3dcf8e8d82fec745cad9dbabfda53afb&_acct=C000041101&_version=1&_userid=739499&md5=d7863f309151d3cec98e2dcee26ba53d
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DBadawi,%2520A.M.%26authorID%3D7005226595%26md5%3D9bc229dd554941c4d25f4c239993b333&_acct=C000041101&_version=1&_userid=739499&md5=d5fb44928ea99b3b9780559b8d49751b
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DEl-Sharkawy,%2520H.%26authorID%3D7801444273%26md5%3Dc84f9b85dd9ccf820d0b51ce2fcee530&_acct=C000041101&_version=1&_userid=739499&md5=e399dc7f139f302278d0dfdb50257aeb
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DMigahed,%2520M.A.%26authorID%3D8542352200%26md5%3D077a8ea6abffc3ae107e2337201e7d0f&_acct=C000041101&_version=1&_userid=739499&md5=0b2aaa4c33df89fe049621e64b53ea92
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DAbd-El-Raouf,%2520M.%26authorID%3D8541666000%26md5%3Dd6436af16ca3bf1f258bdd187b20ad37&_acct=C000041101&_version=1&_userid=739499&md5=2163d2482f1500160c49c48a3e92b2f6
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DAl-Sabagh,%2520A.M.%26authorID%3D6701499397%26md5%3Db06a13a633df24582c28ebd52d7ead89&_acct=C000041101&_version=1&_userid=739499&md5=362f166247473cd0fbb0189b92443f7a
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DAbd-El-Bary,%2520H.M.%26authorID%3D8541666200%26md5%3D6db5ff5287acfd3535ff2038d297234e&_acct=C000041101&_version=1&_userid=739499&md5=80cec174ea2f69805ee065fe8051dbe7
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DAbd-El-Bary,%2520H.M.%26authorID%3D8541666200%26md5%3D6db5ff5287acfd3535ff2038d297234e&_acct=C000041101&_version=1&_userid=739499&md5=80cec174ea2f69805ee065fe8051dbe7
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DMigahed,%2520M.A%26authorID%3D8542352200%26md5%3D6f8b0e4d2aa166ce074468ea7d5ee47f&_acct=C000041101&_version=1&_userid=739499&md5=e2dc8f66cb9027ad2743398bc3b5564a
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DAzzam,%2520E.M.S%26authorID%3D7004513098%26md5%3D535d2d022bbd99383cda266dec9c5532&_acct=C000041101&_version=1&_userid=739499&md5=d3dad5046e27823d499de5328bfaa10b
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DAl-Sabagh,%2520A.M%26authorID%3D6701499397%26md5%3D4ea984d011f62f022b5b52be3ee35752&_acct=C000041101&_version=1&_userid=739499&md5=dac86c22f9e3cb95167a1674946353d3
http://www.sciencedirect.com/science?_ob=PublicationURL&_hubEid=1-s2.0-S0254058400X02234&_cid=271571&_pubType=JL&view=c&_auth=y&_acct=C000041101&_version=1&_urlVersion=0&_userid=739499&md5=273e272c63d8d41356870b7f38d4588e
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DSzymczyk,%2520Katarzyna%26authorID%3D9234217000%26md5%3Ddc3f08b461405a0ffb67902fddf6f88d&_acct=C000041101&_version=1&_userid=739499&md5=31095bcc64905e5fc6dbcee77d14d665
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DJa%25C5%2584czuk,%2520Bronis%25C5%2582aw%26authorID%3D7005572700%26md5%3D8d578151e27b53fc08d31d7ec57fac30&_acct=C000041101&_version=1&_userid=739499&md5=c2e5869995fc52c037f4956de815a781
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DAl-Sabagh,%2520A.M.%26authorID%3D6701499397%26md5%3Db06a13a633df24582c28ebd52d7ead89&_acct=C000041101&_version=1&_userid=739499&md5=362f166247473cd0fbb0189b92443f7a
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DAbdul-Raouf,%2520M.E.%26authorID%3D6503960766%26md5%3D7742b525ed63f427b06866a7ae24b0b9&_acct=C000041101&_version=1&_userid=739499&md5=268e1a50846491f6ddfba7d88c711315
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DAbdel-Raheem,%2520R.%26authorID%3D6505731612%26md5%3Da02ac12842c10cfeead9995b08395e3a&_acct=C000041101&_version=1&_userid=739499&md5=ab5a35e5e7a9d618c23b24597e23825e
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DNegm,%2520N.A.%26authorID%3D8267587800%26md5%3D3d96bab65019acc5964f0a7250ba3e35&_acct=C000041101&_version=1&_userid=739499&md5=d205ce8316995f74ea382d3581d27f4b
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DSabagh,%2520A.M.%2520Al%26authorID%3D35796182400%26md5%3D3e62d822e34a895b48e3bedb9ee2bbec&_acct=C000041101&_version=1&_userid=739499&md5=c4a1f2575f3b316a4ebf08c681f80263
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DMigahed,%2520M.A.%26authorID%3D8542352200%26md5%3D077a8ea6abffc3ae107e2337201e7d0f&_acct=C000041101&_version=1&_userid=739499&md5=0b2aaa4c33df89fe049621e64b53ea92
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DBary,%2520H.M.%2520Abdel%26authorID%3D35621437300%26md5%3Df775b2177214c4a4bd8242afa6b0f584&_acct=C000041101&_version=1&_userid=739499&md5=55aa0cb39f6362dc87e8b9abb3e2cd9c
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DDin,%2520H.M.%2520El%26authorID%3D35795291200%26md5%3D888d39caef9c92ee14556bd2d1df638c&_acct=C000041101&_version=1&_userid=739499&md5=4bfd039c13d558c1080abcbb5b59aaf8
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DDin,%2520H.M.%2520El%26authorID%3D35795291200%26md5%3D888d39caef9c92ee14556bd2d1df638c&_acct=C000041101&_version=1&_userid=739499&md5=4bfd039c13d558c1080abcbb5b59aaf8
http://www.electrochemsci.org/

