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Benzoic acid and substituted benzoic acids as
interfacial corrosion inhibitors for copper in HCIO,
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Corrosion of copper in HCIO, solution containing various concentrations (10™7-10"*M) of benzoic acid,
p-toluic acid, p-nitrobenzoic acid, phthalic acid and terephthalic acid has been studied at 30° C. These
compounds inhibit corrosion effectively even in trace concentration. The corrosion rate is a function of
temperature, concentration and nature of the inhibitor. The inhibitor efficiency calculated from weight

loss and polarization methods are in good agreement. Thermodynamic parameters for adsorption of
inhibitors have been evaluated by using the Bockris-Swinkels adsorption isotherm with # = 5 as the
configurational function. The corrosion inhibition is discussed from a view point of adsorption of

inhibitor molecules at the metal-solution interface.

1. Introduction

The industrial importance of corrosion inhibitors
is widespread, ranging from pickling to water-
cooled systems. The selection of inhibitor for a
given system depends on the corrosive medium,
the nature of the metal, the magnitude of the
charge at the metal-solution interface and the
cathodic reaction [1]. The study of adsorption of
organic compounds at electrode—electrolyte inter-
faces is a subject with pronounced practical signi-
ficance in view of its relevance to electrochemical
energy conversion, electro-organic synthesis and
corrosion inhibition. The latter is most popular
since such compounds effectively inhibit the
corrosion process even when present in trace
amounts [2]. It is known that inhibitor efficiency
depends on the mode of adsorption of inhibitor
molecule, electron density at the electroactive
centre [3] and the state of the surface [4].

Copper is extensively used in various industrial
operations and the study of its corrosion inhi-
bition is of great importance. Most investigations
on the corrosion of copper have been carried out
on etched surfaces which may not give steady
corrosion rates. Oxygen- and nitrogen-containing
organic compounds have been tried as corrosion
inhibitors for metals [2, 5-7]. The present paper
deals with the effect of benzoic acid and substi-
tued benzoic acids on the corrosion of electro-
polished copper in perchloric acid.
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2. Experimental

Chemicals used were of analytical grade. The
solutions were made from freshly prepared
triple distilled water. All the experiments were
carried out under stirred and aerated conditions
at 30° C. Copper, in the form of cylindrical rod
(99.99%), was fixed in Tygon tubing, such that
only a surface area of 0.5 cm* was exposed to
the corrosive medium. The copper surface

was mechanically polished on 4/0 emery paper
using ethanol as lubricant and was subsequently
electropolished in 60% orthophosphoric acid at
a cell potential of 1.2V for 30 min, using copper
foil as the cathode. The electropolished surface
was thoroughly washed with triple distilled
water and then introduced into the corrosive
medium.

The chemical dissolution and polarization
studies were carried out in stirred 0.1 M HCIO,4
with and without various concentrations of the
inhibitors. During chemical dissolution, the rate
of dissolution was calculated by estimating the

"quantity of copper in solution colorimetrically.
For polarization measurements, a 90 V battery was
used as a constant current source across a series
of variable resistances. A saturated calomel elec-
trode and AR copper foil were employed as
reference and auxiliary electrodes respectively.

Corrosion potentials and overpotentials were
recorded using a d.c. vacuum-tube voltmeter with
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Fig. 1. The variation of dissolution rate of copper with
inhibitor concentration in 0.1 M HCIO, at 30°C.

an accuracy of £2 mV. The detailed experimental
procedure has been given elsewhere [8, 9].

3. Results
3.1. Weight loss measurements

The free dissolution of copper in 0.1 M HCIO,
with and without addition agents such as benzoic
acid (BA), p-nitrobenzoic acid (p-NBA), p-toluic
acid (p-TA), phthalic acid (PA) and terephthalic
acid (TPA) was carried out for one hour at 30° C.
From weight loss data the corrosion rate

(mgem >h™!) was calculated for different con-
centrations (107-107* M) of addition agents. The

corrosion rate of copper in HCIO, decreased
appreciably in the presence of traces of BA,
p-NBA, p-TA, PA and TPA. Fig. 1 shows the
variation of corrosion rates with inhibitor concen-
tration. The extent of inhibition of corrosion was
found to depend on the nature and concentration
of inhibitor. The. dependence of corrosion rate
with concentration of inhibitor was the same for
all the inhibitors. The decrease in corrosion rate
was significant at low concentration of the
inhibitor, whereas it varied only slightly at higher
concentrations.

The inhibitor efficiency (y) of each inhibitor on
the copper surface at different concentrations was
calculated using the equation

WO_W

0

y = x 100

where W, and W are the corrosion rates of copper
without and with inhibitor respectively. The values
of v at different concentrations of inhibitor are
given in Table 1. It is clear from the table, that PA
and TPA are more effective acid corrosion
inhibitors for copper than BA, p-NBA and p-TA.
The v of inhibitors at a given concentration was in
the order

TPA>PA > p-TA > p-NBA > BA.

Copper was also dissolved for different periods of
immersion in 0.1 M HCIO, containing 107> M
inhibitors at 30° C, in order to investigate the
effect of immersion time on 7. The weight loss
linearly increased with time. The straight line
(Fig. 2) indicates the time independence of -y

Table 1. Inhibitor efficiency in 0.1M HCIO, solution with various concentrations of inhibitors at 30° C. The values from

the electrochemical method are given in parentheses

Concentration of Inhibitor efficiency v

inhibitor (M)

BA p-NBA p-TA PA TPA
1.0Xx10°7 - - - - 15(18)
2.5 x1077 - - - 17(14) 26(28)
5.0%1077 - - ~ 29(27) 35(40)
7.5X107" - - - 37(32) 44(45)
1.0x107¢ - 14(10) 22(20) 45(41) 53(58)
2.5x10° 19(16) 29(25) 33(30) 50(51) 62(64)
50107 30(28) 38(34) 45(42) 56(55) 70(69)
7.5 X107 38(40) 46(45) 52(49) 60 76
1.0X107¢ 45(47) 52(50) 62(59) 66 80
1.0X107 76 78 80 80 90
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Fig. 2. The variation of weight loss of copper with immer-
sion time in 0.1 M HCIO,, with and without 10™*M inhibi-
tors at 30°C.

and reveals that there is no film formation during
corrosion inhibition.

The effect of temperature on the corrosion rate
of copper in HCIO,, solution containing 10™°M
inhibitor was studied. The corrosion rate increased
with increase in temperature, both in the presence
and absence of inhibitors. y decreased with
increasing temperature (Table 2).

The corrosion potentials were recorded at differ-
ent time intervals during the dissolution of copper
in HC1O, with and without various amounts of
inhibitors. The corrosion potential decreased
slightly with time and attained a steady value both
in the presence and absence of inhibitors. The
initial and final corrosion potentials in HC1O, were
not affected by the presence of inhibitors at lower
concentrations (< 10™M for BA, p-NBA and

tial increased slightly with increase in the concen-
tration of inhibitors.

3.2. Polarization measurements

Anodic polarization of copper was carried out
under galvanostatic conditions in 0.1 M HC1O,
with and without different concentrations of
inhibitors at 30° C, between the current densities
0.02 and 2 mA cm ™2 At all current densities,
during polarization, the overpotentials were
recorded at regular intervals until the metal
removed from the surface was equivalent to a
thickness of 5 C cm ™. At each current density, the
overpotential was found to depend on the nature
and the concentration of inhibitor. For a given
concentration and current density the overpoten-
tial was in the order

NteA - MPA > Np-TA - Mp-NBA - NBA-
Fig. 3 shows the Tafel plots for copper in HCIO,4

Table 2. Inhibitor efficiency at different temperatures in 0.1 M HCIO, containing 10™° M inhibitor

Temperature Dissolution rate Inhibitor efficiency v
C0) (mgem™?h™t)

BA p-NBA p-TA P4 TPA
30 0.170 45 52 62 67 80
40 0.249 38 46 54 58 75
50 0.321 29 39 48 47 68
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and in the presence of 107>M inhibitors. The
anodic Tafel slope of 40 = 5 mV/decade obtained
in HC1O, was not altered by the addition of
inhibitors. However, the Tafel lines were shifted
to higher potential regions in the presence of
inhibitors. The corrosion current density was
evaluated by extrapolating the Tafel lines to the
free corrosion potential values. The values of
inhibitor efficiencies (v) of different inhibitors
from polarization are given in Table 1. Consistency
in the value of y for a given inhibitor concen-
tration from weight loss and electrochemical
methods was noticed.

4. Discussion

The metallic surface is heterogeneous on the
atomic scale. The instability of the metallic sur-
face in the given environment is due to the
presence of surface defects which initiate the
corrosion process. The corrosion of copper in
aerated acidic solution is a result of the reactions
[10,11]

Anodic
2Cu~2Cu*+ 2e
Cathodic
2Cu*+ O, + 4H™ + 2e »2Cu? + 2H,0

where the cathodic reaction is the rate determining .

step. The observed Tafel slope (~ 40 + 5mV/
decade) in the presence of inhibitor is more con-
sistent with the rapid formation of Cu” as an inter-
mediate in the anodic reaction, followed by the
rate controlling oxidation of Cu* to Cu?®,

Cu=Cu*+e
Cut>Cu* +e.

Oxygen reduction may be catalyzed by the
presence of cuprous ions, and in the absence of
inhibitors it is probable that it would be under
diffusion control. However, the initial and final
corrosion potentials were not affected by the
presence of inhibitors. This suggests that the
inhibitors were influencing the anodic and cath-
odic reactions equally. This would not be the case
if one were activation controlled whilst the other
was diffusion controlied. Therefore, the results
appear to indicate that the cathodic reaction is not
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Fig. 4. Variation of overpotential with surface coverage of
inhibitors at 30°C.

diffusion controlled under any of the circum-
stances examined. It may be that the influence of
the inhibitor on the coverage of the surface with
Cu'ions controls both anodic and cathodic reac-
tion rates. Under these situations, one can also
expect an increase in overpotential in the presence
of inhibitors. The extent of this effect depends on
the degree of surface coverage (6 = (1 —i%)/i,
where /* and i are the corrosion currents with and
without inhibitors) of the adsorbed inhibitors.
This is also supported by the experimental fact
that the overpotential increases linearly with sur-
face coverage (Fig. 4).

The inhibitors under investigation are weak
acids and hence one would expect appreciable
depression of the dissociation of these compounds
in acidic solution. The observed corrosion data in
the presence of inhibitors, namely (a) the decrease
of corrosion rate with increase of concentration of
the inhibitor (Fig. 1), (b) the linear variation of
weight loss with time (Fig. 2), (c) the parallel shift
in Tafel lines to higher potential regions (Fig. 3)
and (d) the decrease in corrosion inhibition with
increasing temperature (Table 2), indicate that the
acid corrosion inhibition of copper is by adsorption
of these inhibitors in the molecular form at the
electrode-solution interface [11, 12].

The nature of inhibitor interaction on the metal
surface during corrosion inhibition has been
deduced in terms of its adsorption characteristics
[13]. The metal surface in aqueous solution is
always covered with adsorbed water dipoles.
Therefore, the adsorption of inhibitor molecules
from aqueous solution is a quasi-substitution
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Fig. 5. Bockris—Swinkels adsorption isotherms for adsorp-
tion of p-toluic acid on copper in 0.1 M HCIO, at 30°C.

process [ 14], the thermodynamics of which
depends on the number () of water molecules
replaced by the inhibitor molecule (# is the con-
figurational function or the size factor and is
related to the mode of adsorption of the inhibitor
molecules). Correct evaluation of the standard free
energy (AGQ) of a solvent-substitution adsorption
process has been made using an adsorption
isotherm [15] by introducing the configurational
function in 6

AG2 = —2303 RT log

5540 [0+n(—o)"”
Corg(1—0) n®

where C,,, is the concentration of the inhibitor in
the bulk of the solution. A plot of the left-hand
side of the above equation against the concen-
tration of inhibitors was made to evaluate the
exact value of n. Fig. 5 shows the adsorption

isotherm for different values of x for p-toluic acid.

The straight line with » = 5 passes through the
origin indicating that 5 is the most probable value
for p-toluic acid. The most probable value of n
for all the inhibitors lies between 4 and 6. It is
known [16] that water forms groups of 4-5
molecules in tetrahedral arrangement which are
displaced off the surface as a result of adsorption
[17]. The range of n-value for different inhibitors
indicates that the inhibitors adsorb in one
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Fig. 6. Different modes of adsorption of inhibitor. (a)
Vertical, (b) planar.

particular orientation. The vertical orientation
(Fig. 62) is more likely than the planar one

(Fig. 6b) in view of the significant substituent
effect on the inhibitor efficiency. Experiments
with a constant concentration of nitrobenzene,
benzoic acid, p-nitrobenzoic acid and acetic acid,
revealed that the benzene ring attached to the
carboxyl group is also the effective portion for
corrosion inhibition. In benzoic acid, the elec-
tronic configuration of the carboxyl oxygen atom
may conjugate with the m-orbital system of the
benzene ring thereby assuming some degree of
w-orbital character between the carboxyl carbon
and the benzene ring. The degree of participation
of the unshared pair of electrons of oxygen with
the n-ring system may be altered by substitution
in the para position. The amount of 7-orbital
character depends on the nature and structure of
the substituent.

The value of AG,_ was calculated for various
inhibitors with different 6 values. It is seen that
for the most probable value of n (n = 5) for each
inhibitor, AG, is almost independent of 6. The
entropy of adsorption (ASY) was evaluated from

Table 3. Thermodynamic parameters for adsorption of
inhibitors on to a copper surface in 0.1 M HCIO, con-
taining 10™°M inhibitors at 30°C

Inhibitors ~— AG) AS2 — AHS
n=3) (calK™Y) (kcal mol™!)
(kcal mol™")

BA 8.6 25.0 1.02

PA 9.6 17.0 3.47

p-TA 9.3 10.0 6.3

TPA 10.6 15.0 6.0
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the relation [13] between AG? and T. From the
values of AG? and AS?, the heat of adsorption
(AHY) was calculated. Table 3 gives the values of
AG2, AH? and AS? at 107 M of different
inhibitors. The magnitudes of the values of AS?
and AH? are in accordance with the occurrence of
a replacement process during adsorption of
inhibitor molecules on the metal surface [18].

5. Conclusion

Benzoic acid and substituted benzoic acids are
effective acid corrosion inhibitors for copper. The
benzene ring attached to the carboxyl group con-
tributes to the inhibitor efficiency, which is
further influenced by the substituent in the
benzene ring. The corrosion rate depends on the
stirring rate of the medium, temperature and
concentration of the inhibitor. The Bockris—
Swinkels adsorption isotherm fits the system well.
Polarization measurements and thermodynamic
-data reveal that these compounds act as both
anodic and cathodic interfacial inhibitors.
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