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ABSTRACT

The corrosion of silver in acetic acid was studied using potentiodynamic polarization technique in absence and
presence of different concentrations of urea, thiourea and N-allylthiourea. The inhibition efficiency was found to depend on
both the inhibitor type and concentration. The inhibitive action of these compounds is based on the formation of salt
complex and/or the adsorption of the protonated species on the metal surface according to Temkin's isotherm. The
thermodynamic parameters Kags and AG°,4s for the adsorption process are calculated and discussed.
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I. INTRODUCTION

Acid solutions are widely used in industry, e.g., chemical cleaning, descaling and pickling, which leads to corrosive
attack. Therefore, the consumption of inhibitors to reduce corrosion has increased in recent years. The corrosion control
by inhibitors is one of the most common, effective and economic methods to protect metals in acid media [1, 2].

The majority of the well-known inhibitors are organic compounds containing heteroatoms, such as oxygen, nitrogen or
sulphur, and multiple bonds, which allow an adsorption on the metal surface [3, 4]. It has been observed that the
adsorption of these inhibitors depends on the physico-chemical properties of the functional groups and the electron
density at the donor atom. The adsorption process occurs due to the interaction of the lone pair and/or Tr-orbital’s of
inhibitor with d-orbital’s of the metal surface atoms, which evokes a greater adsorption of the inhibitor molecules onto the
surface, leading to the formation of a corrosion protection film [5-7]. The adsorption is also influenced by the structure and
the charge of the metal surface, and the type of testing electrolyte [8-11]. The choice of effective inhibitors is based on
their mechanism of action and electron-donating ability. Urea and their derivatives are well known as corrosion inhibitors
and can effectively protect various metals from corrosion [12-14].

According to Hoar and Holliday [15] inhibitor molecules may adsorb to a different extent at different types of surface
site and influence the anodic and cathodic reactions unequally. Also, the adsorption of inhibitor molecules reduces the
number of electrode reaction sites and thus, inhibition becomes more predominant when the surface is covered with at
least a monolayer of inhibitor [15]. However, the degree of coverage of the metal surface by adsorbed inhibitors is often
less than equivalent to a monolayer, with the rate of corrosion process reduced by several orders of magnitude.

It has been proposed that organic inhibitors adsorbed on the metal surface change the electrolyte double layer
structure and thus affect the electrochemical reactions. In this way, the metal is partly isolated from the corrosion and it is
more difficult for the metal atoms to pass from the lattice into the solution as ions [16]. In the present study urea, thiourea
and N-allylthiourea are investigated as corrosion inhibitors for silver in 0.1M CH3COOH. Also, the effect of solution
temperature on the inhibition processes is also studied. The thermodynamic activation parameters were computed and
discussed.

II. EXPERIMENTAL

The working electrodes employed in the present work were made from a pure silver rod (99.99%, Koch Light
Laboratories, Colnbrook Bucks, England). The electrodes employed in the present work were cut as cylindrical rods
welded with Cu-wires for electrical connection and mounted into glass tubes of appropriate diameter using Araldite resin to
offer an active flat disc shaped surface of 0.01 cm? geometric area to contact the test solution. Prior to each experiment
the surface pretreatment of the working electrode was performed by mechanical polishing using polishing machine
(Model Jean Wirtz TG 200 and TF250, Germany) with successive grades of emery papers, using ethanol as lubricant till
reaches the metal surface to a mirror finish. The electrode was then rinsed with acetone, distilled water, and finally dipped
in the test solution. Experiments were carried in a three-compartment glass cell. The cell has a double wall jacket through
which, water at the adjusted temperature was circulated. A platinum wire was used as an auxiliary electrode. The
electrode potential was measured relative to the saturated calomel electrode (SCE) via a salt bridge filled with test solution
and whose tip was close to the working electrode. The treated electrode was left into the test solution to attain a steady
state free corrosion potential, Ecor. Then, the polarization experiment started stepwise from the corrosion potential where
the applied current is increased progressively into anodic direction using a constant power supply (Model 382270 High
Precision Quad Output DC Power Supply) and the resulting potentials were recorded.

The anodic-cathodic polarization curves of silver electrode in 0.1 M CH3COOH solutions, at 25°C were studied. The
inhibition efficiency of urea and its derivatives such as, thiourea and allylthiourea as inhibitors for corrosion of Ag in 0.1M
CH3COOH solution was also investigated using Tafel extrapolation technique. Polarization measurements for Ag in 0.1M
CH3COOH in the absence and presence of 0.1M inhibitor were carried, at 10-50 °C. The solution temperature was
controlled within + 1°C using an Ultra Thermostat Model 1268-02 (Cole Parmer, USA).

. RESULTS AND DISCUSSION

The anodic-cathodic potentiodynamic polarization curves of silver electrode in 0.1M CH3COOH in the absence and
presence of different concentrations of N-allylthiourea is shown by the curves of Fig.1, at 25°C. Similar curves are
obtained in presence of thiourea and urea as inhibitors (curves not shown). At all applied current densities, during
polarization, the potentials were recorded at regular intervals, starting from steady state conditions. The results show that,
in free acid solution and in absence of inhibitor a pronounced effect on the corrosion current density, J°.o,
and consequently the anodic dissolution rate of the metal [17-21]. The value of the corrosion current densities
were calculated by extrapolating the linear Tafel lines to the respective corrosion potential, E.,,. The anodic
corrosion behavior of silver electrode in 0.1M acetic acid is accompanied by hydrogen evolution reaction on
the metal surface. It has suggested that, the corrosion mechanism takes place through the adsorption of
undissociated CH;COOH molecules and H" ions on the metallic surface [22]. It is generally accepted that
hydrogen evolution occurs via the parallel reduction of the free protons and the acetic acid which are already

adsorbed on the electrode surface, Eqs 1 and 2 [23, 24].
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Fig 1. The anodic-cathodic potentiodynamic polarization curves of Ag in 0.1M CH3COOH in the absence and presence of
different concentrations of N-allylthiourea, at 25°C.

However, from the curves of figure 1 and similar ones, it is clear that, the presence of the organic compounds (N-
allylthiourea, urea and thiourea) cause a decrease in the corrosion rate as evident from the shift of the anodic polarization
curves to more positive potentials and the cathodic polarization curves to more negative values. The value of the corrosion
current density, Jeon, is decreased as the organic additive concentration is increased. This behavior could be attributed to
the adsorption of the molecules of these organic compounds or their protonated forms on the metal surface [18, 27-29].

The calculated electrochemical corrosion parameters obtained from the potentiodynamic polarization curves, that is,
the corrosion potential, Ecor, anodic Tafel slopes, ba, corrosion current density, Jeor, Surface coverage degree, 6, and the
inhibition efficiency, n, in the presence of various concentrations of the used urea derivatives, at 25°C, are listed in Table

1.
The surface coverage degree, 6, and the inhibition efficiency, n, are calculated from:
6 = [1' (Jcorr/ Jocorr)] (3)
n = [1' (Jcorr/ \]ocorr)] XlOO (4)

where J°r. and Jeorr are the corrosion current densities measured in absence and presence of the organic inhibitors,
respectively. Inspection of the curves of the curves of Fig. 1 and the like and the kinetic parameters reported in Table 1
reveals the following:

()The anodic Tafel slopes, ba, decrease while the cathodic Tafel slopes, b increases with increasing the inhibitor
concentration, indicating that, N-allylthiourea, thiourea and urea behaves as mixed inhibitor type[26], they are assumed to
block both the anodic and cathodic active sites on the metal surface through adsorption [18,27-29].

(ii) The values of the corrosion potentials, Ecor, change more slowly to less negative direction, while the corrosion
current density, Jeorr, and consequently the corrosion rate decrease with increasing the organic additives concentration.

(iii) The values of the surface coverage degree, 6, and the inhibition efficiency, n, are markedly increased with
increasing the organic additives concentration. This behavior reflects the inhibition action of these additives.

(iv) In presence of constant concentration of the different organic additives e.g. 0.3 M, the inhibition efficiency, n,
decrease in the following order: N-allylthiourea > thiourea > urea.

Fig. 2 represents the variation of the corrosion current density, Jcor, 0f Ag in 0.1M CH3COOH in presence of different
concentrations of organic inhibitors, versus the inhibitor concentration, Cinn, 0n a double logarithmic scale. The relation
between the two variables was given by the equation:

|Og Jcorr = qay - Bl |Og Cinh. (5)

where a; and B; are constants which depend on the inhibitor-type, Table 2. The constant a; represent the corrosion
current density at Cinn = 1 M. The nearly constant value of lines slopes, B1, means that the mechanism of corrosion
inhibition is nearly the same for the tested compounds.
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Fig 2.Variation of the corrosion current density, jcor, Of Ag electrode with the inhibitor concentration, Cinn, 0n a double
logarithmic scale.

Table 1. The electrochemical corrosion parameters for Ag in 0.1M CH3;COOH in the absence and presence for different
concentrations of organic additives

Conc.,M Ecorr, MV Tafel slopes V/decade Jeorr, Acm™ 6 n%
ba be
Free -290 543 -492 30 - --
Urea
0.1M -230 535 -495 25.0 0.164 16.4
0.3 -237 546 -499 20.9 0.304 30.4
0.4 -274 549 -503 19.9 0.338 33.8
0.5 -303 553 -505 19 0.368 36.8
0.7 -304 553 -510 17.5 0.412 41.2
Thiourea
0.1M 139 528 -501 23 0.233 23.3
0.3 -190 525 -503 18.8 0.373 37.3
0.4 -330 514 -514 17.6 0.414 41.4
0.5 -370 506 -525 16.8 0.441 44.1
0.7 -370 505 -535 15.6 0.486 48.6

N-Allylthiourea

0.1M -329 525 -513 21.3 0.293 29.3
0.3 -303 524 -517 16.6 0.447 44.7
0.4 -370 522 -520 155 0.485 48.5
0.5 -340 520 -526 14.4 0.520 52.0
0.7 -304 518 -528 12.8 0.574 57.4
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Table 2. The values of the constants a; and B1 of Eq. 5.

Inhibitor a1, PAcm” M B1, PAcm?® M™
N-allylhiourea 1.087 -0.222
Thiourea 1.170 -0.188
Urea 1.225 -0.182

Effect of Temperature

The effect of temperature, 15-40°C, on the anodic-cathodic potentiodynamic polarization curves of Ag in 0.1 M
CH3COOH was further investigated. The data indicated that, raising the solution temperature caused an increase in both
the anodic and cathodic current densities, and the polarization curves were shifted into the more active direction. This
means that, the rise in solution temperature enhances the rate of both the cathodic and the anodic reactions [18].

Also, the effect of temperature on the potentiodynamic polarization curves of Ag in 0.1 M CH3COOH in presence of 0.1
M of different inhibitors (N-allylthiourea, urea and thiourea) are carried (curves not shown). The data indicated that, the
temperature has a clear effect on the general shape of the polarization curves. It is found that, the corrosion current
density, Jeorr , increases with increasing the solution temperature, T, in kilven scale, both in uninhibited and inhibited
solutions. The relation between the corrosion current density, Jeor, and temperature, T, is shown in Fig. 3, and can be
represented by the following equation:

Jeorr. = a2 + BZT (6)

where a, and B, are constants depend on the type of the test solution (Table 3). The constant az represent the corrosion
current density at absolute temperature. The nearly constant values of lines slopes, B2, means the mechanism of
dissolution of silver electrode doesn't change by inhibitor additions, it is nearly the same for the tested compounds.
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Fig 3. Variation of the corrosion current density, Jcorr, With the solution temperature, T.

Table 3. The values of the constants a, and B, of Eq. (6).

Inhibitor az, pAcm™ M B2, pAcm? M
Free -44.92 0.250
Urea -56.27 0.250
Thiourea -57.32 0.250
N-allylhiourea -57.43 0.245
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Activation Energy

The apparent activation energy, AE’, of the corrosion reaction was determined using Arrhenius plots. Arrhenius
equation could be written as [28]:

Jeor = A exp (-AE*/RT) @

where Jcorr is the corrosion current density, A is the Arrhenius pre-exponential constant, AE  is the apparent activation
energy, R is the universal gas constant and T is the absolute temperature. Arrhenius plots (i.e., logarithm Jcor against 1/T)
can be plotted in Fig. 4. Straight lines, with coefficients of correlation very close to unity are obtained for 0.1M CH;COOH
in absence and presence of 0.1M inhibitors. The calculated value of AE” for dissolution reaction of Ag in 0.1M CH3;COOH
is 13.84 kJ mol This value is nearly consistent with the data obtained by Martinez et al. [21]. The values of the activation
energy, AE', in presence of inhibitors, urea, thiourea and allylthiourea are 21.51, 22.22 and 23.47 kJmol ™ , successively,
Table 4. The relatively higher values of AE’ in presence of the organic additives compared to that in free acid are
interpreted as an indication of physi-sorption process on silver electrode surface[32]. An Alternative form of Arrhenius [28]
equation is transition state equation:

Jeor = RT/ Nh exp (AS” /R) exp (-AH*/ RT) (8)

where h is Plank’s constant 6.6261 x 10 Nis the Avogadro's number 6.0225 x 10% mol™, AS  is the entropy of activation
and AH is the enthalpy of activation. F|g 5 shows a plot of log (Jeor/T) against 1/T for Ag in 0.1M CH3COOH in the
absence and presence of 0.1 M of organic inhibitors. Straight lines, with correlation coefficients approach tol are obtained,
with slope (- AH/2.303R) from which the values of AH’ can be calculated, Table 4. From the intercept of log (Jeor/T) — axis
the entropy of activation AS’ can be calculated (Table 4). The positive signs of enthalpies AH reflect the endothermic
nature of dissolution process of Ag. The large negative values of entropy of activation (AS) implies that the activated
complex is the rate determining step represents an association rather than dissociation, resulting in a decrease in
randomness on going from the reactants to the activated complex [32].
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Fig. 4. Arrhenius plots (logarithm Jcorr against 1/T) for Ag in 0.1 M CH3COOH in the absence and presence of 0.1 M
inhibitors.
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Fig 5. A plot of log (Jcon/T) against 1/T for Ag in 0.1 M CH3COOH in the absence and presence of 0.1M of inhibitors.
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Table.4. The values of thermodynamic parameters of activation of anodic dissolution of silver in 0.1M CH3COOH in
absence and presence of 0.1 M inhibitor.

Solution AE*, kJ/mole AH* k J/mole AS , J/mole
Free acid 13.84 3.03 -206.2
Urea 21.51 6.80 -197.8
Thiourea 22.22 7.22 -196.2
Allylthiourea 23.47 7.64 -195.7

Adsorption Isotherm

The action of an inhibitor in aggressive acid media is assumed to be due to its adsorption at the metal/solution
interface. The adsorption process depends on the electronic characteristics of the inhibitor, the nature of metal surface,
temperature, steric effects and the varying degrees of surface-site activity [32]. In fact, the solvent H,O molecules could
also be adsorbed at the metal/solution interface.

However, the inhibition by nitrogen-containing compounds is primarily due to the adsorption of these compounds at
the metal surface, and the greater adsorption, the greater inhibition. The surface of the electrode in aqueous solution is
considered to be covered with water dipoles. Therefore, for inhibition to occur, a quasi-substitution process between the
organic molecules in the aqueous phase, Org (aq) and water molecules at the electrode surface H>Os) [33, 34].

Org (ag) + X H20¢) < Org(s) + N H20(aq,) 9)

where Org @q)and H>O) are the organic molecules and water molecules in the aqueous solution, respectively. x, the size
ratio representing the number of water molecules replaced by one molecule of organic adsorbate.

It is widely acknowledge that, adsorption isotherms provide useful insight into the mechanism of corrosion inhibition.
Often, the most frequently use adsorption isotherms are Langmuir, Temkin, Frumkin, Hill de Boer, Parsons, Flory-Huggins
and Dhar-Flory-Huggins and Bockris-Swinkel [35]. All isotherms are often of the general form:

f (8, x) exp (-2a) = KagsC (10)

where f (8, x) is the configurational factor (heterogeneous factor of the metal surface) which depend upon the
assumptions underlying the derivation of the isotherm, and gives the variation of adsorption energy with the coverage [27-
30]. O is the surface coverage, a is the attraction constant, x is the size ratio, Kags is the adsorption equilibrium constant of
the adsorption process, and C is the inhibitor concentration in the electrolyte.

Attempts were made to fit the values of 0 for each inhibitor varied at constant temperature with the concentration, C,
of the inhibitor to various known adsorption isotherms. The best fit was conformed to Temkin adsorption isotherm. The
Temkin isotherm characterizes the adsorption of uncharged molecules on a heterogeneous surface, where 6 is a linear
function of InC [36].

9 = (1/f) |I’1 Kads C (11)

A plot of 8 values against the corresponding values of log C, Fig 6, was found to be linear, provide that the assumptions of
the Temkin model isotherm are valid. The calculated values of the adsorption parameters f and Kags are shown in Table 6.
The standard free energy of adsorption, AG®,4s was calculated from equilibrium constant using the following equation [37].

K =1/55.5 exp (-AGCqs/RT) (12)

The AG%gqs values for all inhibitors are present in Table 5. The negative values of AG®,gs imply that the adsorption of urea
and its derivatives on the metal surface is allowed from thermodynamics point of view and indicated that the inhibitor is
strongly adsorbed.

Table.5. Linear correlation coefficient, R2, and the adsorption parameters, f, K, AG® for Ag in 0.1M CH3COOH in absence
and presence of 0.1 M inhibitor.

Solution R? f K, mol™ AG®, k J/mole
Urea 0.999 7.86 36.0 -18.83
Thiourea 0.997 7.70 60.3 -20.11
Allylthiourea 0.998 7.0 76.6 -20.80
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Fig 6. Temkin adsorption isotherm for Ag in 0.1M CH3COOH in the absence and presence of 0.1 M of organic inhibitors.

Mechanism of Inhibition:

Among the effective corrosion inhibitors, organic compounds containing one or more polar functions groups (with N,
O and S atoms ) have shown to be quite efficient to prevent corrosion [38,39], in addition to heterocyclic compounds
containing polar groups and T electrons [40]. The inhibition action of these organic compounds is usually attributed to
interactions with metallic surfaces by adsorption. The polar function is frequently regarded as the reaction center for
adsorption process established [41]. The adsorption bond strength is determined by the electron density and polarizability
of the functional group [42]. The inhibition efficiency of homologous series of organic substances, differing only in hetero
atoms, is usually in the following sequence: P >Se >S >N > O [42, 43]. Every and Riggs [44] reported that mixtures
of nitrogen and sulphur compounds are often better than either type alone.

In this study, a series of organic nitrogen containing compounds such as urea, and N-allylthiourea. Referring to the
curves of theses inhibitors and the values reported in Table 1 indicates that the surface coverage, 6, and the inhibition
efficiency, n , of the compounds of the group increases in the following orders: urea < thiourea < N-allylthiourea.

Urea was previously used as corrosion inhibitor for copper [12], brasses in HNO3 [12,13], Al in HCI [45]and Ni in
alkaline medium [14]. For copper and brasses [12,13], urea was found to be a cathodic type inhibitor. In alkaline medium,
urea behaves bifunctionally, inhibiting pitting corrosion of Ni when present in low concentrations and promotes corrosion at
higher concentrations. The inhibiting effect of urea was assumed to be due to the formation of a Ni-urea complex [14].
However, in acid solutions urea behaves as a mono acidic base [ HoN-C(OH)-NH,]* (I) which in presence of acetate ions
could form the acetate salt base [H2N-C(OH)-NH,]"CH3COO", (Il). However, the inhibition action of urea towards the
corrosion of Ag in 0.1M CHsCOOH solutions could be attributed to the precipitation of the acetate salt (Il) on Ag surface
as well as the adsorption of the cationic species () on the cathodic sites of the metal surface. From Table 1, the anodic
Tafel slopes (Ba) is affected in presence of urea and other used these compounds, therefore, it is assumed to act as an
anodic inhibitor, and inhibition of the corrosion of Ag in CH3COOH solutions takes place by the precipitation of the acetate
salt on the anodic sites of the metal surface.

Thiourea (TU) has been recommended before as inhibitor for dissolution of metals in acid media [46-48]. It has
been also used as a restrainer in the descaling and pickling baths [49]. This compound is specifically adsorbed on the
metal surface when present in low concentrations [46, 47]. It affects the partial cathodic reaction [50], the partial anodic
reaction [51] or both [52], depending on the type of metal and solution composition. However, when present in higher
concentrations, TU behaves as corrosion promoter rather than corrosion inhibitor [47, 48]. Thiourea acts as corrosion
inhibitors when present in lower concentrations via an adsorption mechanism. It is assumed that the primary adsorption of
TU on the metal surface causes the retardation of dissolution. This occurs until the bulk concentration of the additive
allows the formation of an adsorption monolayer [48]. This layer acts in one way or the other, as a bridge between the
metal and the incoming TU molecules, which facilitates their reduction to HS™ and/or S* [47, 53].

(NH2)2,CS + 9H" +6e — H,S+ CHs" +2NH4" (13)

At the same time thiourea, TU, and its derivatives N-allylthiourea like other adsorption inhibitors are known to undergo
specific adsorption, i.e. they are adsorbed in the inner part of the electrical double layer. The protonated products of these
compounds Il and IV and perhaps some of their reduction products would also undergo specific adsorption [47].
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These protonated species are assumed to replace some of the Hz0" ions from the outer Helmholtz plane. The process
limits the accessibility of the surface to the reacting HzO" ions and thus blocks part of the metallic surface and hence
decreases the corrosion rate. Specific adsorption modifies the structure of the electrical double layer and affects the Zeta
potential and the apparent activation energy [47]. A species which decreases the Zeta potential, i.e., increases the
apparent activation energy and thus decreases the reaction rate, i.e., acts as corrosion inhibitors [54], replace some of
HzO" ions from the outer Helmholtz plane [47]. This causes a decrease of the accessibility of the surface to the reacting
H:O" ions. The additives are assumed to block part of the surface and hence decrease the reaction rate with a
consequence increase in the inhibition efficiency.

The decrease in the inhibition efficiency of the studied inhibitors urea, thiourea and N-allylthiourea, follow the order:
urea < thiourea < N-allylthiourea, could be explained on the basis of action of these organic species on the transition of
metal/solution interface from a state of active dissolution to the passive state. This can be attributed to the adsorption of
the inhibitor species on the metal surface forming a protective film. A process which depends on various factors among
which:

(i) The electrostatic forces between ionic charges or dipoles of the adsorbed species and the electric charge on the metal
surface.

(i) The formation of a coordinate type of link between the inhibitor species and the metal surface via the electron transfer
from the adsorbed species to the vacant electron orbital of low energy in the metal [54]. Therefore, the decreased
efficiency of the studied additives in the sequence: urea < thiourea < N-allylthiourea, could be attributed to:

1- The increased degree of surface coverage which is always larger with urea derivatives than with the base urea
molecules. This is due to the fact that volume or the area of the derivatives molecules becomes larger than urea
molecules.

2-The change in the orientation of the adsorbed species which is likely to be different, due to different charge
distribution on the urea and derived species of thiourea and N-allylthiourea.

CONCLUSIONS

From the potentiodynamic polarization study of Ag in 0.1M CH3;COOH in the absence and presence of different
concentrations of urea, thiourea and N-allylthiourea the following conclusion could be drawn:

e The presence of the organic inhibitors cause a decrease in the corrosion rate as evident from the shift of the
anodic polarization curves to more positive potentials and the cathodic polarization curves to more negative
values.

e The value of the corrosion current density, Jcorr, is found to depend on the inhibitor-type and is decreased as
inhibitor concentration is increased .

e The inhibition is attributed to adsorption of the inhibitor molecules on silver surface. According to Temkin
adsorption isotherm.

e The inhibition efficiency increases in the order: Urea < thiourea < N-allylthiourea
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