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Abstract

Methylene blue dye (MB) was investigated as a corrosion inhibitor for mild steel in 2 M sulphuric acid solution using gravimetric and
thermometric techniques. The inhibition efficiency of MB increased with concentration and synergistically increased in the presence of
the halide additives, namely KCI, KBr and KI. The trend of inhibition efficiency with temperature suggests that inhibitor molecules are
physically adsorbed on the corroding metal surface at lower concentration (0.01-0.5 mM), and chemically adsorbed at higher concentration
(1.0-5.0mM). These results were further corroborated by kinetic and activation parameters for corrosion and adsorption processes evaluated
from experimental data at the temperatures studied. MB was found to obey Langmuir and Frumkin adsorption isotherms in the concentration
range investigated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction or chemically adsorb on a corroding metal surface. It has been
suggestefll4,15]that physisorbed molecules are attached to

The study of corrosion inhibitors gives insight into the the metal atlocal cathodes and essentially retard metal disso-
mechanisms by which materials added to a fluid aggressivelution by stifling the cathodic reaction, whereas chemisorbed
environmentretard the reaction between the corrodent and thanolecules protect anodic areas and reduce the inherent reac-
metal[1,2]. Corrosion inhibitors may be divided into three tivity of the metal at the sites where they are attached. The
broad classes, namely oxidizing, precipitation and adsorp- more efficient inhibitors appear to protect anodic areas pref-
tion inhibitors[3]. Adsorption inhibitors are usually organic erentially by chemisorptiofi3]. In any case, adsorption is
substances containing polar functions with nitrogen, sulphur general over the metal surface and the resulting adsorption
and/or oxygen in the conjugated syst¢#-8]. Such sub- layer functions as a barrier, isolating the metal from the cor-
stances have been reported to function by adherence to theodent[16,17].
metal surface through metal ions still in place in the lattice  In recent times, in this laboratory, attention has been
and thereby retard metal dissolution by virtue of adsorption, focused on the investigation of organic dyes as potential
with the polar group acting as the reaction centre for the inhibitors in metal-corrodent systems. The results so far
adsorption proceg6—11]. The adsorption bond strength is obtained reveal that the processes involved in corrosion inhi-
dependent on the composition of the metal and corrodent,bition are not uniform with respect to all the classes of com-
inhibitor structure and concentration as well as temperature pounds studied, and are not even constant or consistent with
[10-13] Generally, inhibitor molecules may either physically one inhibitor in a given system. Indeed, the overall process is

afunction of the metal, corrodent, inhibitor structure and con-
* Corresponding author. Tel.: +234 8037026581; fax: +234 83233948, Centration, as well as temperature. Again, efficiency ofinhibi-
E-mail addresspguziemeka@yahoo.com (E.E. Oguzie). tionis closely related to inhibitor adsorption abilit{@8—20]
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which was observed in most cases to be enhanced in the preswhereT, is the maximum temperature amgthe initial tem-
ence of halide ions. Methylene blue, the inhibitor chosen for perature of the system studied when put into the reaction
this study, has been assessed as an inhibitor for aluminiumvessel, and is time interval (min).

corrosion in acidic and alkaline media. The compound is a

heterocyclic dye with molecular structure as follows:

/(IND\ 3. Results and discussion
(H;C)N S N(CHz);

3.1. Weight losses and corrosion rates
cr

The corrosion rates of metals and alloys can be determined The anodic dissolution of iron in acidic solutions has been
using different electrochemical and non-electrochemical "€POrted to proceed according to the mecharjg2a 25}
techniques. In the present study, the corrosion behaviour of - +

) . . RS F H = F H 2
mild steel in 2 M sulphuric acid solution in the presence and e+0 €Okbas + te (23)
absence of methylene blue dye was investigated by gravimet- rds

ric and thermometric techniques. The effects of temperature FeOhgs— FeOH" +e (2b)

and halide additives were also determined. The activation pa-peoH+ 4 H* — Fe?* + H,0 (2¢)
rameters that govern steel corrosion in acidic media were also

evaluated. As a consequence of these reactions, including the high

solubility of the corrosion products, the metal loses weight

in the solution. Corrosion inhibition is initiated by the dis-
2. Experimental placement of adsorbed water molecules by inhibitor species

leading to the specific adsorption of the inhibitor on the metal

The experiments were performed on mild steel sheets with surface[6,22]. The weight loss of the mild steel coupons in
weight percentage composition as follows: C, 0.05; Mn, 0.6; 2M H,SO, was determined for different inhibitor mixtures
P, 0.36; Si, 0.03. Each sheet, which was 0.14 cm in thickness,as shown irifable 1
was mechanically pressed-cut into coupons of dimension  Fig. 1a and b show plots of weight loss (g dR) versus
3cmx 3cm. These coupons were used as procured withouttime (h) in the blank corrodent and in the presence of 5.0 mM
further polishing, but were degreased in absolute ethanol, MB at 30 and 60C, respectively. The plots indicate that MB
dried in acetone, weighed and stored in a moisture-free des-actually retarded mild steel corrosion in 2 M$0, and that
iccator prior to use. All reagents were BDH grade, and used corrosion rates in both inhibited and uninhibited corrodent
as source without further purification. Distilled water was increased with rise in temperature. The plots also suggest that
used for all solution preparations. 2 Mp8O4 solution was the inhibitor is more effective at higher temperature. Plots of
employed as blank. For experiments involving methylene weight loss as a function of MB concentration at 30 and@0
blue dye (MB), the solid was added to the blank solution to are given irFig. 2 Weight loss decreases with increasing MB
reach final concentrations of 0.01, 0.1, 0.5, 1.0 and 5.0 mM. concentration at any given temperature, indicating that the
Solutions of 0.1 mM of the halides KCI, KBr and Kl were extent of corrosion inhibition depends on the amount of MB
prepared in the blank solution and in 5.0 mM MB solution.  present.

Gravimetric experiments were conducted under total im-
mersion conditions in 250 ml of test solutions maintained 3.2
at 30-60°C. All tests were made in aerated solutions. Test
coupons were retrieved at 2 h intervals progressively for 10 h,
immersed in 20% NaOH solution containing 200§ lof
zinc dust, scrubbed with bristle brush, washed, dried and
reweighed. The weight loss was taken as the difference be-
tween the weight at a given time and the initial weight of the 0 W1
coupon. 1 (%) = (1— Wz) x 100 (3)

The reaction vessel used in the thermometric experiments
has been described elsewh§&]. Test coupons of dimen-
sion 1.0 cmx 6.0 cm were immersed in 15 ml of the test elec-
trolyte and the initial temperature was maintained at@0

Inhibition efficiency

The characterization of the free corrosion of mild steel in
the different inhibitor/corrodent solutions was carried out by
an assessment of the inhibition efficienty%) defined by:

Table 1
Different inhibitor systems studied for mild steel corrosion in 2 yS@y

. Methylene blue conc. (mM Halide conc. (mM
Temperature change was measured:th05°C on a cali- y (m) (mM)
brated thermometer. This allowed for the evaluation of the 9-01-50 0.00
tion number as follows: 0.00 0.5 (KC1, KBr, KI)
reac : 5.0 0.5 (KCI)

) T — T 5.0 0.5 (KBr)
RNCCmin1) = % 1) 5.0 0.5 (KI)
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12 . . .
hanced by an increase in temperature at higher MB concen-
trations.
10 The inhibition efficiency of MB in 2M HSQy, as de-
termined by thermometric method, was assessed from the
T gl percentage reduction in the reaction number as foll@6§
5 RN; — RN
2 1 2
I (%)= ———— x 100 4
g ] (%) RN (4)
5 where RN and RN are the reaction numbers in the presence
2 ol and absence of inhibitor, respectively. A comparisoh &b
calculated from gravimetric and thermometric methods, as
giveninTable 3 indicates that the two techniques give almost
2 identical values for all systems studied.
./.—————4—"" o M8 3.3. Adsorption considerations
0 T T T
2 4 6 8 10

An investigation of the influence of temperature on the

Ti h . T .. . . .
(b) ime () protective effect of an inhibitor is important in elucidating

Fig. 1. (a) Variation of weight loss with time for mild steel corrosion in 2M

H2SO in the presence and absence of MB atB0(b) Variation of weight Table 2 o . . )
loss with time for mild steel corrosion in 2 M4$0y in the presence and Calculated values of inhibition efflcu_ency, QA)) for dlffer_ent concentrations
absence of MB at 60C. of MB and 5.0 mM MB + 0.5 mM halide mixtures at different temperatures
System Inhibition efficiencyl ( %)
whereW; andW, are the corrosion rates in inhibited and 30°C 60°C
uninhibited corrodent, respectively. The calculated values o1 mm vB 4615 36.05
are given inTable 2 In Fig. 3, the inhibition efficiency 0.1mM MB 4769 37.72
of MB is compared at various levels of concentration 0.5mM MB 5385 53.09
at different temperatures. The plots show that efficiency 1.0mMMB 5846 72.35
increased with an increase in MB concentration at any given ggmm '\K"gl _66153 22"1‘2
temperature. This suggests that more inhibitor molecules 5, kar 3692 64.74
were adsorbed on the metal surface at higher concentrationp.s mm ki 44,62 79.00
leading to greater surface coveragég. 3. also reveals that MB+KCI 73.85 91.36
adsorption rate at lower MB concentrations is diminished MB+KBr 80.00 92.63

B+KI 84.62 97.46

by an increase in temperature, whereas adsorption is enM
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Fig. 3. Variation of inhibition efficiency with mild concentration for mild
steel corrosion in 2 M HISOy at different temperatures.

the mechanism of adsorption on a corroding metal surface.
Although the border line between chemical and physical ad-
sorption is blurred and their distinction difficult, a number
of experimental criteria make this possible. According to
Ebensd5], Oguzie et al[10], EI Rehim et al[27] and Al-
Mayouf[28], a decrease in inhibition efficiency with rise in

temperature suggests that inhibitor molecules are physically
adsorbed on the metal surface, while the reverse behaviour

suggests chemisorption. Accordingly, the trend of inhibition
efficiency with temperature as illustratedliable 2andFig. 3

suggests that MB molecules were physically adsorbed at the

lower concentration range (0.01-0.5 mM) and chemically ad-

sorbed at higher concentrations (1.0-5.0 mM). The reason for

this behaviour is still not quite clear and several factors may
possibly play a role.
Orientation of adsorbed aromatics is a function of several

variables among which are adsorbate molecular structure
and solute concentration, and the reactivity of these adsorbeclrc

intermediates is a sensitive function of their orientaf@®i.
For heterocyclic compounds, adsorption normally occurs
with the aromatic ring parallel to the metal surface and the de-

gree of adsorption depends mainly on the electronic structure

Table 3
Comparison of inhibition efficiency values obtained from gravimetric and
thermometric techniques

System Inhibition efficiencyl o)
Gravimetric (30°C) Thermometric
5.0mM MB 61.54 59.89
MB +KClI 73.85 72.26
MB + KBr 80.00 82.04
MB +KI 84.62 83.57
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of the moleculd30]. Generally, the mechanism by which a
given inhibitor may attach to a metal depends on the func-
tional group present in its molecule. Some functional groups
are normally held more firmly than others. According to
Fragnani and Trabane|[l81], sulphur-containing substances
easily chemisorb onto the surface of iron in acid media
whereas nitrogen-containing compounds tend to favour
physisorption. This suggestion is corroborated by the results
of other authorg8-12]. Hackermar{14] also reported that
the presence of more than one functional group in a molecule
might influence its adsorption by causing changes in the
electron density of the molecule. Considering structure of the
methylene blue molecule, it is thus possible to suggest that
at lower concentrations, the adsorbed molecules are oriented
with the nitrogen atom functioning as the reaction centre for
the adsorption process, and as concentration is increased,
reorientation of adsorbed molecules takes place and the sul-
phur atom becomes the anchor. This behaviour is consistent
with the earlier suggestion by Sh&82] that a molecule may
first physically adsorb and then slowly react with the metal
surface to form a chemisorbed layer. Thus, MB functions
by dual inhibitory mechanism and, depending on the
concentration, inhibits both cathodic and anodic reactions.

The corrosion behaviour of the mild steel specimen in the
presence of MB indicates that the inhibitor molecules were
well adsorbed over the metal surface, and that surface cov-
erage changed with temperature as well as inhibitor concen-
tration. The results suggest that the adsorption intermediate
formed at the metal solution interface at lower MB concen-
tration becomes soluble at elevated temperature, leading to
desorption of some adsorbed molecules. This leaves an un-
covered area of the metal surface, facilitating the attack of
the corrodent. At higher MB concentrations, however, the
adsorbed layer becomes insoluble, possibly due to reaction
with the metal surface. In addition, since reaction rates nor-
mally increase with temperature, MB adsorption at higher
concentrations is also enhanced, resulting in the observed
increase in inhibition efficiency with rise in temperature.

Surface coverage data are quite useful in determining in-
hibitor adsorption characteristics. Such data are applied in
onstruction of adsorption isotherms, which give detailed in-
ormation on adsorption mechanisnisg. 4 represents the
Langmuir isotherm given by the equatifh12]:

0 Qads
—— | = ACeXx
whereA is a constantC, the inhibitor concentratiorQags

the heat of adsorption arst] the degree of surface coverage
related to the inhibition efficiencl; %, as follows:

I (%)
= 6
100 ©
A linear plot was obtained with a slope of 0.12. Devi-
ation of the slope from unity suggests interaction between

adsorbed molecules on the metal surff@je The existence
of molecular interactions on the adsorbed layer was further

(5)
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Fig. 4. Curve fitting of the corrosion data of mild steel in 2 M sulphuric acid
solution in the presence of MB to Langmuir isotherm.

confirmed by the fit of the experimental data into Frumkin
isotherm given by10,12}

| eeem = ™)
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Fig. 5. Curve fitting of the corrosion data of mild steel in 2 M sulphuric acid
solution in presence of MB to Frumkin isotherm.

and plotted a® versus logC in Fig. 5 K is the equilib-
rium constant for adsorption arfdepresents the variation

of adsorption potential with coverage, which depends upon
molecular interactions in the adsorption layer. The fit of the
experimental data to the above isotherms suggests an oc-
currence of multilayer physical adsorption on top of the
chemisorbed monolayer formed at higher MB concentrations
[32].

3.4. Synergism parameter

Inspection of the data iffable 2reveals that the halide
additives further enhanced inhibitor chemisorption on the
metal/solution interphase, thus increasing the inhibition ef-
ficiency of methylene blue. The surface of iron is positively
charged in sulphuric acid solutiof30] and halide ions will
be strongly adsorbed on the metallic part of the double layer,
where they form intermediate bridges between the metal sur-
face and the inhibitof33]. Hence, the inhibitor molecules
are not directly adsorbed on the metal surface itself, but
rather by coulombic attraction to the adsorbed halide ions
on the metal surface. This synergistic effect increased with
rise in temperature and was observed to increase in the or-
der CI" <Br~ <17, suggesting a possible role by the radii
of the halide ions, which also increase in the order Cl
(0.09nm)<Br (0.114nm) <t (0.135nm).

The synergism paramet8y was evaluated from the equa-
tion [7]:

1-1
[ p——— (8)

1- Ii+2
whereli+2=(I1+12); 11 is the inhibition efficiency of the
halide, | the inhibition efficiency of MB andy  , the inhibi-
tion efficiency of MB in combination with halide. The values
obtained are given iffable 4 Synergism parameter greater
than unity suggests that the enhanced inhibition efficiency
resulting from addition of halides to the inhibitor is only due
to synergistic effecf7].

3.5. Kinetic considerations
The apparent activation energi&g)for mild steel corro-

sion in 2M H,SO, solution in the absence and presence of
inhibitor were evaluated from Arrhenius equatida].

E 1 1
log?2=_-2 (~_ =~ 9)
P1 2303R\Th T»
Table 4
Synergism paramete§( for various halides at 30 and 6C
Halide Synergism parametes {
30°C 60°C
KCI 0.83 1.40
KBr 1.23 1.61
Kl 1.26 1.69
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Table 5
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Calculated values of activation enerBy (kJ mol1), heat of adsorptio@ads (kJ mot1) and rate constarkt(s~1) for mild steel corrosion in 2 M SOy with

MB as inhibitor

System Activation energ, (kJ mol1), 30-60°C Heat of adsorptio®ags (kJ mot1), 30-60°C Rate constark (s™1) x 1072, 30°C
2M H2SOy 82.98 - 0.915
0.01mM MB 87.89 -10.19 0.505
0.1mMMB 88.03 —-1263 0.501
0.5mMMB 83.42 -1.12 0.496
1.0mMMB 71.60 17.40 0.390
5.0mMMB 55.04 34.80 0.386

wherep1 and p, are the corrosion rates at temperatufes
andT>, respectively. An estimate of heat of adsorption can be

creases with MB concentration at all temperatures stud-
ied.

obtained from the trend of surface coverage with temperature (ii) Halide additives synergistically increased the inhibition

as follows[34].

Qads(kJ morl) — 2.303R {mg <1 3292)
61 T, 1>
oo Zg)|Fnn @

wheref; andd, are the degrees of surface coverage attemper-
aturesT1 andTo,. The rate constant for the initial dissolution
of the mild steel specimen in 2 M3$0, containing different
concentrations of MB was assessed from the relationship:

1
k(571 = ;m%

wherey is the experimental net weight of the mild steel
coupons at various time intervats of the corrosion process
andyy is the initial weight of the coupoifable 5shows calcu-

(11)

efficiency of MB in the order KCI<KBr <KI.

(i) The trend of inhibitor adsorption with temperature sug-
gests that MB molecules are physically adsorbed on the
mild steel surface at lower concentrations and chemi-
cally adsorbed at higher concentration.

(iv) The adsorptive behaviour of MB was approximated by
Langmuir and Flory—Huggins adsorption isotherms.
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