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Abstract

The adsorption of 4-amino-5-phenyl-4H-1, 2, 4-triazole-3-thiol (APTT) as a corrosion
inhibitor on mild steel surface in hydrochloric acid (HCI) solution was studied using the
weight loss technique. The surface coverage with the adsorbed APTT was used to
calculate the free energy of adsorption, AG%g, of APTT using Bockris—Swinkels
isotherm. The dependence of free energy of adsorption, AG®,4s, on the surface coverage,
0, is ascribed to the surface heterogeneity of the adsorbent. The effect of APTT was
discussed from the adsorption model viewpoint. The adsorption of APTT molecules on
the surface occurs without modifying the kinetic of corrosion process.
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Introduction

Acid solution is widely used in industry as acid cleaning, acid descaling, acid
pickling and oil well acidizing. In these acid solutions the corrosion inhibitors are
required in order to restrain the acid erosion of metallic materials [1, 2].

Inhibitor adsorption on metal surface plays a very important role in the
development and understanding of electrochemical processes viz: double layer,
electrokinetics, corrosion and its inhibition, electroorganic synthesis on metal
surface, and the concept related to surface process on metals and alloys, and
catalysis. The mechanism of adsorption of the inhibitor molecules on the metal
surface is clearly of importance, since the degree of protection of the metal is a
function of adsorption, and a detailed mechanism for inhibition of the metal and
the development of new corrosion inhibitors for metals are not possible without
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understanding the adsorption process [3,4]. In different media, for a given metal,
the efficiency of the inhibitor depends on the stability of the formed complex,
and the inhibitor molecules should have centers, which are capable of forming
electrostatic attraction with the metal surface via an electron transfer. Generally,
a strong co-ordination bond causes higher inhibition efficiency; the inhibition
increases in the sequence O < N <S <P [5, 6].

A number of studies have been carried out in the determination of the adsorption
of various compounds at the electrode/solution interface [7-10]. The type of
interaction of the inhibitor on the metal surface during corrosion has been
deduced from its adsorption characteristics by several authors [3, 11-16].

In this work, a 4-amino-5-phenyl-4H-1, 2, 4-trizole-3-thiol (APTT) was
investigated as corrosion inhibitor for mild steel in 1 M hydrochloric acid (HCI)
as corrosive solution, at 30 °C. This molecule contains one co-ordinate (=N-,
-NH,) and one covalent (-S-H) groups which can form a protecting film on the
surface of mild steel. Weight loss methods were used in this investigation to
predict the corrosion inhibition efficiency of this agent on the surface of mild
steel sample.

Experimental

The working electrode employed in this work has been made from mild steel as
cylindrical rods. Weight loss corrosion inhibition tests were performed using
cylindrical coupons measuring 0.9 cm in diameter and 1.1 cm in height, exposing
about 3.11 cm® effective surface area. These coupons were first mechanically
polished using SiC paper in successive grades from 200 to 1500, washed with
deionized water thoroughly, degreased with absolute ethanol and dried. The
weight loss (in mg cm?) was determined at different immersion times by
weighing the cleaned samples before and after hanging the coupon into 150 mL
of the corrosive solution, namely 1 M HCI (in open air) in the absence and
presence of various ATTP concentrations at 30 °C. After that, elapsed the
cleaning procedure consisting on wiping the coupons with a paper tissue and
washing them with distilled water and methanol, dried at room temperature until
time of use.

Results and discussion

The variation of the weight loss (mg cm™) for mild steel electrode in 1 M HCl at
30 °C with the immersion time, in solutions without and with various
concentrations (from 5x107 to 80x10”° M) of APTT at 30 °C, is presented in Fig.
1. The slope of each line (mg cm?” h') represents the corrosion rate of mild steel
at the specified conditions. Addition of APTT inhibitor to the acidic solution
retards the weight loss of mild steel. This is clearly seen from the decrease in
weight loss, corresponding to a noticeable decrease in the slope of each line (mg
cm™ h'l), with increase in the inhibitor concentration. This trend is due to the
adsorption and surface coverage increases with the increase in APTT
concentration; thus the surface is separated from the medium [17, 18].
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Figure 1. Variation of weight loss data (in mg cm™) with immersion time for mild steel

in 1 M HCI solution without and with APTT at 30 °C.

The inhibition efficiency (IE%) values were calculated at 30 °C, using equation
(1) [19, 20].

R ... —R. ...
IE% — uninibit inhibit XlOO (1)

uninhibit

where Ryinnivic and Rinnivie are the corrosion rates of specimens without and with
the inhibitor. Fig. 2 shows the variation of inhibitor efficiencies (IE%) and the
corrosion rate values as a function of concentration of the inhibitor (In C). It is
obvious from the data of Fig. 2 that the inhibition efficiency generally increases
with an increase in inhibitor concentration. Table 1 collects the values of
inhibitor efficiency and corrosion rate (mg. cm™>.hr") obtained from weight loss
measurements for different concentrations of the inhibitor in 1 M HCI. Fig. 2 and
Table 1 indicate that the addition of APTT to the electrolyte (1 M HCI solutions)
decreased the corrosion rate of the metal, signifying the inhibition of the mild
steel corrosion in the HCIl solution, with the maximum 89.28 % protection
efficiency.

Table 1. Variation of corrosion rate and % protection (IE%) with APTT concentration
in 1 M HCI solution.

CMM) 10” Corrosion rate (mg. cm'z.hr'l) 1E%
0 12.356 0
5 8.592 30.46
10 5.773 53.27
20 3.364 72.77
40 2.188 82.29
80 1.324 89.28

223



A.A. Khadom et al. / Port. Electrochim. Acta 28 (2010) 221-230

9 100

90

80

70

60

1IE %

50

Corrosion Rate (mg.cm‘z.hr‘l)

40

\'\ Corrosion Rate

30
W Surface Coverage

-10.5 -10.0 -9.5 -9.0 -8.5 -8.0 -7.5 -7.0
nC M)

Figure 2. Variation of the corrosion rate and surface coverage with APTT concentration
in 1 M HCl at 30 °C.

For organic corrosion inhibitor acting via adsorption mode, as shown in Figs. 3
and 45-the apparent corrosion rate of the inhibited metal sample is proportional to
the ratio of the surface covered by the inhibitor, 6, being that not covered denoted
by (1- 8) [21,22]. Consequently, the surface coverage 0, at the electrode was
estimated on the basis of a relative decrease in the rate of corrosion of mild steel
sample (mg cm™ h™") in the electrolytes, as described by equation 2:

R .
0 — 1 _ inhibt (2)

uninhibit

where 0 is the electrode coverage, and Rinnivic and R are given as in equation
(1). The extent of retardation of the corrosion rate (mg. cm'z.hr'l) (Fig. 3)
depends on the degree of the surface coverage, 0, of the metal with the adsorbate.
The surface of the electrode in aqueous solution is considered to be covered with
water dipoles, and for adsorption of organic molecules to occur, these water
dipoles must be replaced by organic molecules in a reaction that is formally
equivalent to a chemical reaction as follows [23]:

nH,0,

electrode

+Organi & Organig, +nH,0, o (3)

The thermodynamics of the substitution process depends on the number of water
molecules (n) removed by the organic molecules. The values of the apparent free
energy change, AG®,q, for the adsorption process can be evaluated from 6 values
with the help of Bockris—Swinkels equation [12, 24], which is written in the
form:

QOlution lectrode

224



A.A. Khadom et al. / Port. Electrochim. Acta 28 (2010) 221-230

55.50 [0+(1-6)n]""
C,(1-9) n"
where 0 is the surface coverage, n, the number of water molecules being
replaced, and C,, the concentration of the organic compound in the bulk solution.

AG?, =-2.303RTlog 4)

Corrosion Rate [mg cm™ h‘l]
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Figure 3. Variation of the corrosion rate (mg cm™ h™) of mild steel coupon with surface
coverage of APTT in 1 M HCI solution in 30 °C.

By considering n=1, then equation (4) can be simplified in the form given in
equation (5). Based on the substitutional adsorption process for the space filling
models [24,25] of adsorption of organic molecules on the electrode surface, for
adsorption of APTT on mild steel surface, the values of AG®,4 for the adsorption
process were calculated from 0 values using equation (5).

Bockris and Reddy [23] had pointed out that for simplified analysis, when n = 1
(as in equation 5) yields qualitatively the same type of behavior as does the
complicated analysis, when n > 1 (as in equation 4).

v 55.56
AG?, 2.303RT10g{C0 ) } 5)
The dependence of AG®,y, of APTT with 6 in 1 M HCI solutions is given in Fig.
4. In this figure, the negative AG®,q, increased with the increase of 0.

As shown in Fig. 4, the adsorption behavior of APTT on the mild steel surface
forn=1and n=3 (n > 1) is very similar: the curves for APTT for the two cases
are similar in shape. The AG®, dependences on the coverage of the metal by
APTT, obtained for the simple case, n = 1, resemble qualitatively those obtained
for the complex case, n = 3. This is in agreement with the reported by Bockris
and Reddy [23].

The variation of negative AGOadS of the adsorbate on 0 can be rationalized as due
to the surface heterogeneity of the adsorbent. Unlike a liquid electrode, the
surface of a solid electrode can be heterogeneous with respect to the adsorption
energy, due to the fact that the free surface energy depends on the orientation of
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the metal crystals, and concentration of flaws (such as dislocations, vacancies,
micro distortions of crystal lattice, etc.) at the interface [25,26]. Consequently, all
sites are not equivalent on the surface of a solid electrode due to heterogeneity;
there will be a hierarchy of sites and a hierarchy of adsorption energies as
observed experimentally and can be realized clearly in Fig. 4.

The negative values of AG°®,, indicate the spontaneous adsorption of APTT
molecules and are usually characteristic of strong interaction with the metal
surface. Generally, values of AG’, up to -20 kJ.mol"' are consistent with

electrostatic interaction between the charged molecules and the charged metal
(physisorption), while those around -40 kJ.mol"' or higher are associated with
chemisorptions as a result of sharing or transfer of electrons from the organic
molecules to the metal surface, to form a coordinate type of bond [27,28]. Other
researchers suggested that the range of AG?, of chemical adsorption processes for

organic inhibitor in aqueous media lies between —21 to —42 kJ.mol™' [29].
For the present study the mean AG®,y values of -33.688 kJ mol ™, for,n= 1, and -
36.734 kJ mol'l, for, n = 3, for 1 M HCI are consistent within the range of

chemical adsorption.
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Figure 4. AG°, for APTT on mild steel as a function of surface coverage in 1M HCI
solution at 30 °C.

In this study, the weight of mild steel at time t is designated as Wy, which is
calculated from the loss of mass of mild steel in 1 M HCI at regular time
intervals. The kinetics of mild steel corrosion in HCI and HCl-adsorbate systems
were investigated. The plots of logarithm of W (weight at time t) versus time in
electrolytes and electrolytes—adsorbate systems are reported in Fig. 5. The
resulting lines in the absence and presence of the adsorbate (APTT) confirm a
deviation from first-order reaction kinetics in 1 M HCI solution.

The similarity of the curves in the presence and absence of the adsorbate suggests
that its adsorption does not change the kinetics of the hydrogen evolution
reaction, though it significantly reduces its rate, as seen in Figs. 2 and 3. This
also confirms that the adsorbate inhibits via a blocking adsorption mechanism.
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The corrosion of iron in HCI solutions is an electrochemical process, which is
largely accomplished by the action of a network of short-circuited electrolytic
cells on the metal surface. Iron ions go into solution at the anodes of these cells
in an amount chemically equivalent to the reaction at the cathodes. The anodic
reaction of iron in HCI solution is,

Fe — Fe™ +2e (6)
and the cathodic reaction, the rate determining steps in strong acids [30],

H" +e—H,, (7)
followed by:

Hads + Hadx - H2 (8)

Fig. 5 reflects the reaction order with respect to iron. From the results of this
figure, it could be said that the adsorption of APTT molecules does not influence
the anodic reaction order.

The APTT adsorption hinders the cathodic process (Egs. (7) and (8)) of hydrogen
evolution on mild steel (Fig. 1). The rate of this process on mild steel in the
electrolytes (1 M HCI) containing APTT (curve y80) decreases to several times
compared to that in the pure electrolyte (curve y0).

Due to adsorptionof the inhibitor molecules, APTT perhaps prevents the
adsorption of H" on the surface of the electrode, thereby slowing down the
cathodic reaction, i.e., the rate determining steps in strong acids, and
consequently slowing down the anodic reaction. This is usually observed by the
decrease in the corrosion rate, which depends on the surface coverage [4,30,31].
This 1s in good agreement with the observed result, as seen in Fig. 4, that the
corrosion rate decreases linearly with the coverage 0 by the adsorbate.
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Figure 5. Variation of log Wy, for mild steel coupons corrosion in 1 M HCI solution
with and without APTT at 30 °C.
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Adsorption models for the adsorption of APTT on mild steel surface in HCI
solution may be proposed on the basis of the experimental results.

In acidic solutions, APTT exists as cationic species R* by being protonated at the
sulphur atom, since thiol compounds such as APTT are known to be protonated
at the sulphur atom [32, 33]. The protonated APTT can be adsorbed on the mild
steel surface on previously adsorbed chloride ions, since organic compounds with
heteroatoms of N and S are able to adsorb on the metal surface even at high
concentration of chloride ions [34].

o CI'R* o CI'R* o R*Cl

2 2 2

G: R Q: + - G: +

= CI'R = R Cl = R Cl

175} wn w2

2 3 2

2 CI'R* 2 CI'R* 2 R*Cl

= < =

> CI'R* > R*CI > R*Cl
CI'R* CI'R* R*Cl
CI'R* R*CI R*Cl
Model Model Model

I II III

In model I, at low concentrations (5><10'5 M), APTT cations (R") from solution
cluster around the chloride ions by columbic attraction on the mild steel surface
where chloride ions are already adsorbed, then as a result tend to be weakly
bound to the chloride ions, resulting in low coverage (= 0.3) of the electrode
surface. Abiola [35] proposed a similar model for adsorption of AMMPTC
inhibitor and its derivative on mild steel surface in HCI solution.

Model 1I represents a situation of weak adsorption of chloride ions; R at high
concentration tends to withdraw the chloride ions on the surface into the solution.
Hence, co-adsorption of cations and chloride ions is possible as in model II, on
increasing the concentration of APTT from 10 %107 to 20 x10”° M.

The degree of desorption of chloride ions from the surface depends on the degree
of adsorption of R" which is a function of the concentration of APTT. When the
concentration of APTT is increased to 40 x10™ and 80 x107 M, the chloride ions
on the surface provide a better electrostatic condition, which promotes a direct
adsorption of cations on the surface through its polar group, as seen in model III.

Conclusion

The corrosion rate of mild steel in HCI solution in the presence of APTT
decreased with the increase in the surface coverage value, 6. APTT molecules in
cationic form adsorb on the mild steel surface through chemisorptions interaction
with the mild steel surface. The negative values of free energy of adsorption,
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AG®q, suggest the spontaneous adsorption of APTT on the mild steel. The
dependence of AG®, on surface coverage, 0, is due to the heterogeneous nature
of the mild steel surface. APTT adsorbs on mild steel surface in the supporting
electrolyte without modifying the kinetics of the corrosion process.
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