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Abstract

The inhibitive effect of congo red dye (CR) on mild steel corrosion in sulphuric acid solution was studied at different temperatures using
gravimetric techniques. The influence of halide additives namely: KCI, KBr and Kl on the inhibition efficiency of CR was also investigated.
Inhibition efficiency increased with CR concentration but decreased with rise in temperature. Corrosion activation energies of 82.98 anc
96.92 kJ mot! were observed in the absence and presence of CR, respectively. The observed corrosion data suggest that inhibition of milg
steel corrosion is due to physical adsorption of the CR molecules on the metal surface, which follow Flory—Huggins isotherm. Inhibition
antagonism and synergism were respectively observed at 30 &&dd0addition of halide salts to inhibited systems containing CR. The
inhibition efficiency of CR in the presence of halides increased with rise in temperature and corrosion activation energy in these system:
decreased to 40.63 kJ mél These observations indicate a chemical adsorption mechanism, thus suggesting that the halide ions reversec
the mechanism of CR adsorption within the concentration range studied. The calculated values of heat of adsorption confirm physisorptiol
and chemisorption mechanisms respectively for CR adsorption in the absence and presence of halides.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction It has been suggest¢a-5] that anions such as CJ 1~
SO4>~ and $~ may also participate in forming reaction
The corrosion behavior of mild steel has been extensively intermediates on the corroding metal surface, which either
studied in various aqueous corrosive environments. Theinhibit or stimulate corrosion. It is important to recognize
mechanism for anodic dissolution of iron in acidic solution thatthe suppression or stimulation of the dissolution process
has been found to be influenced by the anions present inis initiated by the specific adsorption of the anion on the
solution. Perhaps the most important factor is the effect metal surface. Halide ions have been repoje®] to inhibit
of OH~ ions, which are found in every aqueous solution. the corrosion of some metals in strong acids and this effect
These form catalytic complexes on the metal surface which depends on the ion size, the electrostatic field set up by the
facilitate the dissolution proce$s,2]. A number of mech-  charge of the ions on adsorption sites and the concentration
anistic studies on the anodic dissolution of Fe in acidic of the halide ions. Indeed, this effect on mild steel is due to
sulphate solutions have been undertaken, and the hydroxylthe ability of halide ions to replace hydroxyl ions adsorbed
accelerated mechanism proposed initially by Bockris and on the metal surface, thus reducing the catalytic effect of the

Drazic[2] has gained overwhelming acceptance hydroxyl ions[1].
Mild steel corrosion in acidic solution has been effec-
Fe+ OH™ = FeOHys+H" +e (1a) tively controlled by the use of organic substances containing
nitrogen, oxygen or sulphur in the conjugated system as in-
FeOHSldsgS FeOH" +e (1b) hibitors [6—12]. Corrosion inhibition occurs via the adsorp-

tion of the organic molecules on the metal surface following

FeOH" + HT — F&' + H,0 (1c) some known adsorption isotherms. The resulting adsorption
film subsequently protects the metal from the aqueous cor-
rodent and the inhibition efficiency depends on the mechani-

"% Tel.: +80 37026581; fax:+83 233948. cal, structural and chemical characteristics of the adsorption
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The corrosion of iron may proceed, depending on the difference between the weight of the coupons at a given time
pre-history of the metal and environment conditions, via and its initial weight.
different reaction routes. Thus, a substance may be required
to perform more than one function in order to be an effective
corrosion inhibitor. Since acid inhibitors are known for their 3. Results and discussion
specificity of action, combinations of inhibitors are more
likely to provide the multiple services required for effective 3.1. Weight losses and corrosion rate
corrosion inhibition. Interestingly, addition of halide salts
to sulphuric acid solution containing any organic compound The corrosion rates of metals and alloys can be determined
has been reportetg,ls] to result in a Cooperati\/e effect USing different electrochemical and non-electrochemical
which inhibits Ee dissolution. techniques. In this study, gravimetric techniques were em-
Congo red be|0ngs to a group of Organic dyes found to be ployed The Welght losses of the mild steel test coupons
effective as inhibitors of metal corrosigb4,15] The congo  (@dm2) in 2M H,SOy without inhibitor and in the pres-
red molecule is large and contains two azo bonds havingence of CR and CR- halides as a function of time at 3G
4-amino-1-naphtalenesulphonic acid groups at each end ag'e plotted inFig. 1a while Fig. 1b shows similar plots
shown below. Talati and JOS[1.|6] studied the Compound as at 60°C. |nSpeCti0n of these plOtS reveal that CR inhibits

an inhibitor for aluminum in aliphatic amines. corrosion of mild steel in sulphuric acid and that weight
loss increased with rise in temperature in both inhibited
NH; NH; and uninhibited solutiongzig. 1a and kalso show that the

s - corrosion rate of mild steel in 2M 50O, solutions con-
©© R NN o ©© taining CR was enhanced by addition of halides at@Gp
while at 60°C, the same halide additives diminished the

SO;3;Na SO3Na corrosion rateFig. 2 illustrates the variation of weight loss

The present report investigates the corrosion of mild steeIW'th inhibitor concentration at 30 and 6. Weight loss

. : : : . . .~ is observed to decrease with increase in the concentration
in sulphuric acid solution containing congo red using gravi-

metric techniques. The effect of halide ions on the mecha- 9f CR at .bOth temperatures, suggesting that the extent of
nism of CR adsorption has also been examined inhibition is dependent on the amount of CR present.
' According to the Bockris mechanism outlined earlier,

Fe electro-dissolution in acidic sulphate solutions de-
2. Experimental pends primarily on the adsorbed intermediate Fg@H
Ashassi-Sorkhabi and Nabavi-An{iti8] proposed the fol-
Tests were performed on mild steel sheets with weight lowing mechanism involving two adsorbed intermediates to
percentage composition as follows: C, 0.05; Mn, 0.6; P, 0.36 account for the retardation of Fe anodic dissolution in the
and Si, 0.03. All reagents were BDH grade, used as sourcedPresence of an inhibitor.

without further purification. 2 M sulphgric ac_id solut?on_vyas Fe+ HoO = Fe- HoOgags (2a)

employed as blank. For experiments involving the inhibitor,

congo red dye (CR), the solid was added to the blank solution Fe- HyOads+ Y = FeOH, ;. + HY +Y (2b)

to reach final concentrations of 2 1074, 1 x 1073, 5 x

1073, 1 x 102 and 5x 10-2M. Solutions of 5x 1074M  F& H2Oads+ Y = F€Yags+ H20 (2c)

concentration of the halides KCI, KBr, and Kl were prepared rds

in the blank solution and in & 10~4M CR solution. FeOH,4,— FeOHuast+ e (2d)
Gravimetric experiments were conducted on mild steel

coupons of dimension 3cm 3cm x 0.14cm, used as pro- 7€ Yads= FeYe+e (2e)

cured without further polishing but were however degreased FeOHyge+ FeY;rdS: FeYage-+ FeOH" 29

in absolute ethanol, dried in acetone, weighed and stored in
a moisture fr_ee desi_ccator pri_o.r to use. Tests were conductedeg o+ +HT = Fé#t + H,0 (29)
under total immersion conditions in 200 ml of test solu-

tions maintained at 30—6. The pre-cleaned and weighed where Y represents the inhibitor species.

coupons were suspended in beakers containing the test so- Considering the inhomogeneous nature of metallic sur-
lutions using glass hooks and rods. All tests were made in faces resulting from the existence of lattice defects and dislo-
aerated solutions and were run in triplicate. To determine cations, a corroding metal surface is generally characterized
weight loss with respect to time, the coupons were retrieved by multiple adsorption sites having definite activation ener-
from test solutions at 2-h-interval progressively for 10 h, im- gies and heats of adsorption. Inhibitor molecules may thus be
mersed in 20% NaOH solution containing 2004 bf zinc adsorbed more readily at surface active sites having suitable
dust, scrubbed with bristle brush under running water, dried adsorption enthalpies. According to the detailed mechanism
and re-weighed17]. The weight loss was taken to be the above, displacement of some adsorbed water molecules on
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Fig. 1. (a) Variation of weight loss with time for mild steel in 2 M8y
without inhibitor (blank) and containing CR and CRhalides at 30C
and (b) variation of weight loss with time for mild steel in 2 M, 8O
without inhibitor (blank) and containing CR and GRhalides at 60C.
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Fig. 2. Variation of weight loss with CR concentration for mild steel in
2M H2SO; at 30 and 60C.

degree of surface coveragh (vere evaluated by comparing
the weight losses in the presence and absence of inhibitor
as follows[19]

1% = (1— ﬂ) x 100 3)
w2
p—1- 21 4)
w2

wherew; andw2 are the weight losses in the presence and
absence of inhibitor, respectively. Calculated values of inhi-
bition efficiency and surface coverage for mild steel corro-
sion in 2 M H,SOy containing CR, halides and CR halide
mixtures are given irmable 1 Fig. 3 illustrates the varia-
tion of inhibition efficiency with CR concentration at 30 and
60°C. The plots show that inhibition efficiency increased
with an increase in CR concentration at both temperatures.
The observed corrosion inhibition may be attributed to the
adsorption of CR molecules at the metal/solution interface.
The inhibition efficiency however decreased with rise in tem-
perature, suggesting that an increase in temperature resulted
in desorption of some adsorbed CR molecule from the metal

the metal surface by inhibitor species to yield the adsorbed surface. Such behavior suggests that the inhibitor molecules
intermediate FeYys (Eg. 2c) reduces the amount of the are physically adsorbed on the metal surf@@21]

species FeOHyqys available for the rate-determining step

and consequently retards Fe anodic dissolution.

3.2. Inhibition efficiency

The inhibition efficiency (1%) of CR on the electrochem-

3.3. Adsorption considerations

According toEq. (2c) the adsorption of an organic in-
hibitor on the surface of a corroding mild steel specimen
may be regarded as a substitution process between the or-

ical corrosion of mild steel in sulphuric acid solution and the ganic compound in the aqueous phase and water molecules
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Table 1 5.0
Calculated values of inhibition efficiency (1%) and degree of surface
coverage ) for mild steel in 2M KBS0y solution with inhibitor, halides
and inhibitor+ halide mixtures at different temperatures

4.5 -
System Inhibition efficiency  Surface coverage

(1%) ®)
30°C 60°C 0°C  60°C

4.0 -
1 x 1005M CR 4241 4121 042 041
1x 10*M CR 4567  42.10 0.46 0.42
5 x 10*M CR 52.26  44.52 052 045
1x 108M CR 57.12 4553 057 0.46 & 354
5x 10°M CR 61.71 51.11 0.62 051 S
5 x 1074M KCI -6.15 42.16 —0.06 0.42 4
5 x 107*M KBr 36.92 67.74 037 0.68 -
5 x 1074 M Kl 4462 79.00 0.45 0.79 8.0
5 x 10°M CR + KCl 30.77 83.60 031 084
5 x 10°3M CR + KBr 43.08 87.56 043 0.88
5 x 1073M CR + Kl 5231  90.17 052 0.90 054
adsorbed on the metal surface. Indeed, the adsorption of CR
on the mild steel surface was found to follow the substitu- 204
tional isotherm of Flory—Huggins, given 422]

LI LI LA B |
(5) -0.44-0.42-0.40-0.38-0.36-0.34-0.32-0.30-0.28-0.26-0.24-0.22

Log (1 -6)

LI NN B N B N S B S

log <%) =logK + xlog(1 — 6)

whered is 'the degree of surface coveraggthe inhibitor Fig. 4. Flory—Huggins isotherm for CR adsorption on mild steel in 2M
concentrationy the number of water molecules replaced by H,S0, solution.
one inhibitor molecule anK is the equilibrium constant for

the adsorption proceskig. 4illustrates the Flory-Huggins  decreases with rise in temperature. This suggests that the
adsorption isotherm for CR. adsorbed molecules mechanically screen the coated part of
The corrosion behavior of the mild steel specimen in the the metal surface from the action of the corrodent. This can
presence Of CR reVealS that the InthItOI’ m0|ecu|es are We” be exp'ained on the basis that adsorption takes p|ace via the
adsorbed over the metal surface and that surface coveragglectron-rich nitrogen atoms of the functional azo groups
[14] as well as through the delocalized pi electrons of the
phenyl groups, which lie parallel to the metal surfd6g
J resulting in wider surface coverage. All the results obtained
30°C suggest that the CR molecules are adsorbed as aggregates in
the protective film due to intermolecular association in the
adsorbed layer.

65

60

55 3.4. Effect of halide ions

In acid solution, halides are known to both inhibit and
stimulate corrosion of metals, depending on the halide ion
concentration, ionic radii and/or electronegativity and pre-
vailing experimental conditions. The dataTable 1show
that KBr and Kl inhibited mild steel corrosion in 2 M330,
at 30°C, while KCl was found to be a corrosion accelerator.
At 60°C however, all the halides exhibited enhanced inhi-
bition efficiencies, indicating that halide ion adsorption is
40 enhanced at higher temperature. Inhibition efficiencies (1%)
of the halides increased in the orderGt Br— < |~ which
on the basis of ionic radii, suggests that the iodide ion ra-
dius is more predisposed to adsorption than the bromide and
chloride ions. Halide ions inhibit Fe anodic dissolution by
replacing some adsorbed catalytic Okbns on the metal
surface. The mechanism proposed by Chin and Na@Bg

60°C
50

Inhibition efficiency (1%)

L T T T 1
-5.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0

Log C (M)

Fig. 3. Variation of inhibition efficiency with logarithmic concentration
of CR for mild steel in 2M HSQO, at 30 and 60C.
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Table 2
Synergism parameter for the various halides at®0

Halides Synergism parametes; |
KCI 1.12
KBr 1.36
KI 145

for Fe dissolution in acidic chloride solutions may thus be
generalized for all the halides as follows

Fe+HO+ X~ = FeXOH -+ H" +e (6a)
FeXOH,, /& FeXOH+ e (6b)
FeXOH+ HT = Fe?t + X~ + Hy0 (6¢)

where X represents the halide ion.
Inspection of the data iffable 1also reveals that the
inhibition efficiency of CR in 2M HSQO, synergistically

E.E. Oguzie/Materials Chemistry and Physics 87 (2004) 212-217

The data inTable 1suggests that ion-pair interactions be-
tween CR and halide ions might have occurred via the second
mechanism. It is obvious that the higher amounts of halide
ions adsorbed on the mild steel surface at®0nay facili-
tate adsorption of CR via the phenomenon of anion-induced
adsorption, possibly favouring the formation of CR-halide
ion-pairs on the metal surface as is obvious from the greater
surface coverage and higher inhibition efficiencies observed
for these systems at 6C. This suggestion is consistent with
earlier reports by Fishtik et k4] that the dominating factor
in adsorption layer formation is the electrostatic interaction
between the ions in the inner part of the double layer and as
such direct adsorption of ion pairs from the bulk of the solu-
tion becomes energetically unfavourable. Ar8however,
the halide additives diminished the inhibition efficiency of
CR. The low surface coverage by halide ions atGGug-
gests that the concentration of adsorbed halide ions may
be insufficient to promote ion-pair interactions with the in-
hibitor. The halide ions may rather interfere with the forma-

increased on addition of the halide salts to the solution at tion of the adsorbed intermediate Fg¥(Eg. (2c), thereby

60°C. The synergism parametef§)were calculated using
the relationshif8,13]

1-1142

1- Ii+2

S; = ()
wherel112 = (I1 + 12); 11 is the inhibition efficiency of the
halide, I, the inhibition efficiency of CR and_, the in-
hibition efficiency of CR in combination with halide. The
calculated values presented Table 2for the halides are

reducing the concentration of CR molecules adsorbed on the
metal surface.

An interesting observation in this study was the reversal
in the mechanism of CR adsorption on the metal/solution
interface in the presence of the halide additives. The in-
crease in inhibition efficiency of the CR halide systems
with rise in temperature as indicated Table 1suggests a
chemisorption mechanism for CR on the mild steel surface
in the presence of halides possibly due to columbic attrac-

tion efficiency resulting from the addition of halides to the in contrast to the physisorption mechanism observed in the
inhibitor is due to synergistic effect. absence of halides.

Corrosion inhibition synergism results from increased sur-
face coverage arising from ion-pair interactions between the 3.5. Kinetic considerations
organic inhibitor and the halide ions. According to Fishtik
et al.[24], two possible mechanisms account for the adsorp-  The apparent activation energij for mild steel corro-
tion of such ion pairs on the metal surface. According to one Sion in 2M H SOy solution in the presence and absence of
mechanism, the ion-pairs are formed in the bulk of the so- inhibitor was calculated from Arrhenius equatifi8,15]
lution and then adsorbed from the solution on to the metal ~ /,

Ea 1 1
surface as follows: ogp1 = 230\, " T

Ys+Xs = (YX)s (8a) wherep; and p; are the corrosion rates at temperatufes
(8b) andsT,, respectively. Calculated values Bf are given in
Table 3 The data shows that corrosion activation energy in-
In the second mechanism, the halide ion is first adsorbedcreased from 82.98 kJ mol in the uninhibited solution to
on the metal surface and the inhibitor is then drawn into @ mean value of 86.92 kJmdi in inhibited solutions con-
the double layer by the adsorbed halide ion such that thetaining CR without halides. The difference in the activation
ion-pair formation occurs directly on the metal surface energies may indicate that CR affects the corrosion rate by
decreasing the available sites for dissolution reactifl.
(92) This observation is in agreement with the earlier suggestion
(9b) of CR physisorption on the steel surface. On addition of
halides to the inhibited system containing CR, the corrosion
Ys, Xs and (YX) represent the inhibitor, halide ion and activation energy dropped significantly to 40.63 kJ ol
ion-pair, respectively in the bulk of the solution whilggg Such reduced activation energy in inhibited systems com-
Xadsand (YX)ags refer to the same species in the adsorbed pared to the blank has been reporf&d,22] to suggest in-
state. hibitor chemisorption on the corroding metal surface. This

(10)

(YX)s = (YX)ads

Xs —> Xads

Ys+ Xads— (YX)ads
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Table 3 centration but decreased with rise in temperature. The
Corrqsion activatiqn energie&4) and heats of adsorptio@ﬁds) for mild _ inhibitor molecules are physically adsorbed on the metal
steel in 2M S0y in the absence and pzesencz_a of different concentrations ¢\t~ following Flory—Huggins isotherm. Synergistic ef-
of CR, and mixtures of CR and & 10~*M halides . Sy - .

— _ fects increased the inhibition efficiency of CR in the pres-
System Activation energy  Heat of adsorption ence of halide additives at 6C while antagonistic effects

(Ea, kymol™) (Qacs kI mor™) were observed at 3. The efficiency of the CR- halide

i'\: Téfso,f,, (glsnk) g;l'ff 116 mixtures increased with rise in temperature, indicating a

1 x 10“M CR 85.02 _453 chemical adsorption mechanism. This suggests that halide
5 x 104M CR 87.20 _7.85 ions reverse the mechanism of CR adsorption on the mild

1x 10°3M CR 89.56 —12.37 steel surface. The values of activation energy and heat of
g x igzm EE ccl 53-288 *228-672 adsorption confirm physisorption and chemisorption mech-

5 ;( 10-3M CR i KBr 4043 6361 anisms respectively for CR in the absence and presence of
5x 103MCR+K  38.77 59.52 halides.

observation again indicates that the adsorption behaviour of pcknowledgements
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