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Abstract The inhibition of xanthene (XEN) on the corrosion of mild steel in 0.5 M H2SO4 was

studied by gravimetric and UV–visible spectrophotometric methods at 303–333 K. Results obtained

show that XEN act as inhibitor for mild steel in H2SO4 solution. The inhibition efficiency was found

to increase with increase in XEN concentration but decreased with temperature. Activation param-

eters and Gibbs free energy for the adsorption process using Statistical Physics were calculated and

discussed. The corrosion process in 0.5 M H2SO4 in the absence and presence of XEN follows zero-

order kinetics. The UV–visible absorption spectra of the solution containing the inhibitor after the

immersion of mild steel specimen indicate the formation of a XEN–Fe complex. Quantum chemical

calculations using DFT were used to calculate some electronic properties of the molecule in order to

ascertain any correlation between the inhibitive effect and molecular structure of xanthene.
ª 2010 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.
1. Introduction

Corrosion of steel is the most common form of corrosion,
especially in acid solution. It has practical importance, for
example, in the acid pickling of iron and steel, chemical clean-
067476065.

(I.B. Obot).
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Saud University.
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ing of scales in metallurgy, in the oil recovery and petrochem-
ical industry (Ashassi-Sorkhabi et al., 2009). The corrosion of

iron materials is interpreted in terms of electrochemical reac-
tions of local cells operating on the corroding surface. The
overall corrosion reaction may be split into the anodic and

cathodic partial reactions (Solomon et al., 2010):

Fe! Fe2þ þ 2e� ð1Þ
2Hþ þ 2e� ! 2HadsH2 ð2Þ

Thus, the attack of metal is mainly linked to the reduction of
hydrogen ions in acid solution (Benabdellah and Hammouti,

2005). The isolation of a metal from this corrosive agent is
the most effective way to prevent electrochemical corrosion.
Among the different methods available (Jones, 1992; Fontana,

1986), the use of corrosion inhibitors is usually the most
appropriate way to achieve this objective.

mailto:proffoime@yahoo.com
http://dx.doi.org/10.1016/j.arabjc.2010.08.004
http://dx.doi.org/10.1016/j.arabjc.2010.08.004
http://www.sciencedirect.com/science/journal/18785352


122 N.O. Obi-Egbedi, I.B. Obot
Detailed studies fromour laboratory (Obot et al., 2009, 2010;

Obot and Obi-Egbedi, 2008a,b, 2009, 2010a,b,c; Obot, 2009;
Ebenso et al., 2008) reveal that most of the efficient inhibitors
are organic compounds which mainly contain oxygen, sulphur,
nitrogen atoms and multiple bonds in the molecule through

which they are adsorbed on metal surface. The effectiveness
of the adsorption depends on the nature and surface charge of
the metal, the corroding medium and the chemical structure of

the inhibitor molecule such as functional groups, aromaticity,
p-orbital character of the donating electron, steric factor, and
electron density at the donor atoms (El-Naggar, 2007; Umoren

and Ebenso, 2007; Lebrini et al., 2006; Bentiss et al., 2000).
Xanthene (9-H-xanthene or 10H-9-oxaanthracene) is a yel-

low organic heterocyclic compound. Its chemical formula is

C13H10O. Its melting point is 101–102 �C and its boiling point
is 310–312 �C. Xanthene is used as a fungicide and is also a
useful intermediate in organic synthesis. Among other uses
are the basis of a class of dyes which includes fluorescein,

eosins and rhodamines (Wikipedia encyclopedia, 2010). The
choice of xanthene for the present investigation was based
on the consideration that it contains several p-electrons and

oxygen heteroatom, which can induce greater adsorption of
the inhibitor molecule onto the surface of mild steel. Further-
more, the molecule is planar and has a higher molecular weight

(182.22 g/mol) which can effectively cover the metal surface,
thus, isolating the metal from the aggressive acidic medium.

The aim of this paper therefore is to explore the use of xan-
thene as corrosion inhibitor for mild steel surface in sulphuric

acid solution using gravimetric method. The effect of temper-
ature on corrosion and inhibition processes are thoroughly
assessed and discussed. Kinetic and thermodynamic parame-

ters were also calculated and discussed. UV–Vis spectroscopy
together with quantum chemical study using density functional
theory were further employed to provide additional insight

into the mechanism of inhibitory action.

2. Experimental method

2.1. Material

Test was performed on a freshly prepared sheet of mild steel of
the following composition (wt.%): 0.13% C, 0.18% Si, 0.39%
Mn, 0.40% P, 0.04% S, 0.025% Cu, and bal Fe. The metal

specimens were prepared, degreased and cleaned as previously
described (Obot et al., 2010; Obot and Obi-Egbedi, 2010a).

2.2. Inhibitor

Xanthene (XEN) was purchased from Sigma–Aldrich and used

as inhibitor. Stock solution was made in 10:1 water:methanol
mixture to ensure solubility (Ahamad and Quraishi, 2010).
This stock solution was used for all experimental purposes.

Fig. 1 shows the molecular structure of XEN.
Figure 1 Molecular structure of xanthene (XEN).
2.3. Solutions

The aggressive solutions, 0.5 M H2SO4 were prepared by
dilution of analytical grade 98% H2SO4 with distilled water.

The concentration range of XEN prepared and used was
2 · 10�6–10 · 10�6 M.

2.4. Gravimetric measurements

The gravimetric method (weight loss) is probably the most
widely used method of inhibition assessment (Musa et al.,

2010; Khadom et al., 2010; Bouklah et al., 2006; Mercer,
1985). The simplicity and reliability of the measurement
offered by the weight loss method are such that the technique

forms the baseline method of measurement in many corrosion
monitoring programmes (Afidah and Kassim, 2008). Weight
loss measurements were conducted under total immersion using

250 mL capacity beakers containing 200 mL test solution at
303–333 K maintained in a thermostated water bath. The mild
steel coupons were weighed and suspended in the beaker with

the help of rod and hook. The coupons were retrieved at 2 h
interval progressively for 10 h, washed thoroughly in 20%
NaOH solution containing 200 g/l of zinc dust (Obot and
Obi-Egbedi, 2010b) with bristle brush, rinsed severally in deion-

ized water, cleaned, dried in acetone, and re-weighed. The
weight loss, in grams, was taken as the difference in the weight
of the mild steel coupons before and after immersion in differ-

ent test solutions. Then the tests were repeated at different tem-
peratures. In order to get good reproducibility, experiments
were carried out in triplicate. In this present study, the standard

deviation values among parallel triplicate experiments were
found to be smaller than 5%, indicating good reproducibility.
A visual examination was carried out after the weight loss mea-
surements were over. It should be noted that in the absence of

inhibitor the uniform corrosion attack was observed, while on
the other hand in the presence of XEN, such an attack was
not observed: therefore the surface area was bright and did

not present any corrosion form which is an indication that no
attack has occurred on the surface area of mild steel.

The corrosion rate (q) in g cm�2 h�1 was calculated from

the following equation (Umoren et al., 2010):

q ¼ DW
St

ð3Þ

whereW is the averageweight loss of threemild steel sheets,S the

total area of onemild steel specimen, and t is the immersion time
(10 h). With the calculated corrosion rate, the inhibition effi-
ciency (%I) was calculated as follows (Umoren et al., 2009a,b):

%I ¼ q1 � q2

q1

� �
� 100 ð4Þ

where q1 and q2 are the corrosion rates of the mild steel cou-
pons in the absence and presence of inhibitor, respectively.

2.5. Spectrophotometric measurements

UV–visible absorption spectrophotometric method was carried
out on the prepared mild steel samples after immersion in

0.5 M H2SO4 with and without addition of 10 · 10�6 M of
xanthene at 303 K for 3 days. All the spectra measurements
were carried out using a Perkin–Elmer UV–visible Lambda 2

spectrophotometer.
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2.6. Computational details

B3LYP, a version of the DFT method that uses Becke’s three
parameter functional (B3) and includes a mixture of HF with

DFT exchange terms associated with the gradient-corrected
correlation functional of Lee, Yang and Parr (LYP) Lee et al.,
1988, was used in this paper to carry out quantum calculations.

Then, full geometry optimization together with the vibrational
analysis of the optimized structures of the inhibitor was carried
out at the (B3LYP/6-31G (d) level of theory using Spartan’06
V112 program package (Spartan and Wavefunction, 2006) in

order to determine whether they correspond to a maximum or
a minimum in the potential energy curve. The theoretical
parameters were calculated for xanthene molecule in aqueous

phase. It is well known that the phenomenon of electrochemical
corrosion occurs in liquid phase. As a result, it was necessary to
include the effect of a solvent (water) in the computational cal-

culations. In the Spartan’06 V112 program, SCRF methods
(self-consistent reaction field) were used to perform calculations
in solution. These methods model the solvent as a continuum of

uniform dielectric constant and the solute is placed in the cavity
within it.

3. Results and discussion

3.1. Weight loss and corrosion rate

Corrosion inhibition performance of organic compounds as
corrosion inhibitors can be evaluated using electrochemical

and chemical techniques. For the chemical methods, a weight
loss measurement is ideally suited for long term immersion test.
Corroborative results between weight loss and other techniques

have been reported (Shukla and Quraishi, 2009; Singh and
Quraishi, 2010; Fouda et al., 2006; Noor and Al-Moubaraki,
2008). Moreover, de Sauza and Spinelli (2009) reported that

weight loss provides more reliable results than electrochemical
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Figure 2 Variation of weight loss against time for mild steel corrosi

XEN at 303 K.
techniques for the determination of corrosion rates and inhibi-

tion efficiency.
The effect of addition of XEN at different concentrations

on the corrosion of mild steel in 0.5 M H2SO4 was investigated
using gravimetric (weight loss) technique at temperature range

of 303–333 K after 10 h of immersion period. Fig. 2 shows the
plot of weight loss against time for mild steel in 0.5 M H2SO4

containing XEN in 303 K. Similar plots were also obtained for

other temperatures (313–333 K). The figure clearly shows that
XEN actually inhibited the acid induced corrosion of mild
steel as evident in the reduction in weight loss of the metal cou-

pons in the presence of XEN compared to the free acid solu-
tion. Inspection of the figure further revealed that the loss in
weight of the coupons decreases as the concentration of the

inhibitor increases.
The corrosion rate values of mild steel with different con-

centrations of XEN in 0.5 M H2SO4 at 303–333 K are shown
in Table 1. The corrosion rate values decrease as the concen-

tration of the inhibitor increases, i.e. the corrosion inhibition
enhances with inhibitor concentration. This behavior is as-
cribed to the fact that the extent of adsorption and the cover-

age of inhibitor on mild steel surface increases with inhibitor
concentration (Li et al., 2009a). Also, the values in Table 1
show that the corrosion rate increases with increasing temper-

ature both in uninhibited and inhibited solutions. The corro-
sion rate increases more rapidly with temperature in the
absence of inhibitor (Fig. 3). These results confirm that XEN
acts as an efficient inhibitor in the range of temperature

studied.

3.2. Effect of XEN concentration and temperature on inhibition
efficiency

The values of inhibition efficiency obtained from the weight

loss (%I) for different XEN concentrations in 0.5 M H2SO4

are shown in Table 1. The (%I) increases as the concentration
6 8 10
me (h)

on in 0.5 M H2SO4 in the presence of different concentrations of



Table 1 Calculated values of corrosion rate and inhibition efficiency for mild steel corrosion for mild steel in 0.5 M H2SO4 in the

absence and presence of XEN at 303–333 K.

System/concentration Corrosion rate (mg cm�2 h�1) Inhibition efficiency (%I)

303 K 313 K 323 K 333 K 303 K 313 K 323 K 333 K

Blank 0.64 1.56 2.85 6.14 – – – –

2 · 10�6 M 0.49 1.38 2.59 5.96 23.4 11.5 9.1 2.9

4 · 10�6 M 0.39 1.01 2.29 5.78 39.1 30.1 19.7 5.8

6 · 10�6 M 0.32 0.90 2.19 5.41 50.0 42.3 23.2 11.9

8 · 10�6 M 0.19 0.69 1.89 4.91 70.3 55.7 33.7 20.0

10 · 10�6 M 0.06 0.48 1.32 3.51 90.6 69.2 53.7 42.8
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Figure 3 The relationship between corrosion rate and temperature for different concentrations of XAN.
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of inhibitor increases from 2 · 10�6 M to 10 · 10�6 M. The

maximum %I is about 90.63% at 10 · 10�6 M (303 K), which
indicates that XEN is an effective inhibitor in 0.5 M H2SO4.

The influence of temperature on percentage inhibition effi-

ciency was studied by conducting weight loss measurements at
303–333 K containing different concentrations of XEN (Table
1). Fig. 4 shows the variation of percentage inhibition effi-

ciency with temperature. It is clear from the figure that per-
centage inhibition efficiency decreases with temperature. The
decrease in inhibition efficiency with increase in temperature
may probably be due to the increased rate of desorption of

XEN from the mild steel surface at higher temperature (Li
et al., 2009b).

3.3. Effect of temperature and activation parameters on the
inhibition process

Temperature is an important parameter in studies on metal
dissolution studies (de Sauza and Spinelli, 2009). The corro-
sion rate in acid solutions, for example, increases exponentially

with temperature increase because the hydrogen evolution
overpotential decreases (Popova et al., 2003). To assess the ef-
fect of temperature on corrosion and corrosion inhibitive pro-
cess, weight loss experiments were performed at 10 K intervals
in the temperature range 303–333 K in uninhibited acid (0.5 M

H2SO4) and in inhibited solutions containing different concen-
trations of XEN. The results obtained for a 10 h immersion
period are shown in Table 1.The relationship between the cor-

rosion rate (q) of mild steel in acidic media and temperature
(T) is often expressed by the Arrhenius equation (Noor and
Al-Moubaraki, 2008):

logq ¼ logA� Ea

2:303 RT
ð5Þ

where q is the corrosion rate, Ea is the apparent activation en-

ergy, R is the molar gas constant (8.314 J K�1 mol�1), T is the
absolute temperature, and A is the frequency factor. The plot
of log q against 1/T for mild steel corrosion in 0.5 M H2SO4 in

the absence and presence of different concentrations of XEN is
presented in Fig. 5. All calculated parameters are given in
Table 2. The relationships between the temperature depen-

dence of %I of an inhibitor and the Ea can be classified into
three groups according to temperature effects (Priya et al.,
2008).

(i) %I decreases with increase in temperature, Ea (inhibited
solution) > Ea (uninhibited solution).
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(ii) %I increases with increase in temperature, Ea (inhibited
solution) < Ea (uninhibited solution).

(iii) %I does not change with temperature, Ea (inhibited

solution) = Ea (uninhibited solution).
It is clear from Table 2, that case (i) is applicable in this
work, i.e. Ea in the inhibited solution is higher than that ob-
tained for the free acid solution indicating that the corrosion
reaction of mild steel is inhibited by XEN (Ebenso, 2003),



Table 2 Activation parameters of the dissolution of mild steel

in 0.5 M H2SO4 in the absence and presence of different

concentrations of XEN.

C(M) Ea (kJ mol�1) DH* (kJ mol�1) DS* (J mol�1 K�1)

Blank 6.12 24.5 �299.3
2 · 10�6 6.74 26.5 �297.5
4 · 10�6 7.33 28.5 �296.8
6 · 10�6 7.79 30.0 �296.6
8 · 10�6 8.94 33.9 �293.4
10 · 10�6 10.99 40.9 �290.6
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hence supports the phenomenon of physical adsorption (Umo-
ren and Obot, 2008). Higher values of Ea in the presence of
inhibitor can be correlated with increasing thickness of the
double layer which enhances the Ea of the corrosion process

(Singh et al., 2008). It is also an indication of a strong inhibi-
tive action of XEN by increasing energy barrier for the corro-
sion process, emphasizing the electrostatic character of the

inhibitor’s adsorption on the mild steel surface (physisorption)
Obot et al., 2010; Obot and Obi-Egbedi, 2010a; Obot and Obi-
Egbedi, 2008a. According to Damaskin (1971), the value of

activation energy less than 80 kJ mol�1 and even smaller than
5 kJ mol�1 represents physical adsorption. This assertion sup-
ports the experimental results obtained in the present work.

Experimental corrosion rate values obtained from weight

loss measurements for mild steel in 0.5 M H2SO4 in the ab-
sence and presence of XEN were used to gain further insight
on the change of enthalpy (DH*) and entropy (DS*) of activa-
tion for the formation of the activation complex in the transi-
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tion state using the transition state equation (Noor and Al-

Moubaraki, 2008):

q ¼ RT

Nh

� �
exp

DS�

R

� �
exp

�DH�

RT

� �
ð6Þ

where q is the corrosion rate, h is the Plank’s constant

(6.626176 · 10�34 Js), N is the Avogadro’s number (6.02252 ·
1023 mol�1), R is the universal gas constant and T is the abso-
lute temperature. Fig. 6 shows the plot of log q/T versus 1/T

for mild steel corrosion in 0.5 M H2SO4 in the absence and
presence of different concentrations of XEN. Straight lines
were obtained with slope of (DH*/2.303R) and an intercept

of [log (R/Nh) + (DS*/2.303R)] from which the values of
DH* and DS* respectively were computed and also listed in
Table 2. The positive values of DH* both in the absence and

presence of XEN reflect the endothermic nature of the steel
dissolution process (Bentiss et al., 2007). The negative values
of entropy of activation both in the absence and presence of
inhibitor imply that the activated complex in the rate determin-

ing step represents an association rather than a dissociation
step, meaning that a decrease in disordering takes place on
going from reactants to the activated complex (Tao et al.,

2009; Oguzie et al., 2008).

3.4. Thermodynamic consideration using statistical physics

The adsorption of an inhibitor species, I, on a metal surface,
M, can be represented by a simplified equation:

Mþ I$MðIÞads ð7Þ

Let M of the above reaction be the system in the ensemble and
the solvent-containing inhibitor molecules as donor particles
3.19 3.3
/T (K-1)

2SO4 in the absence and presence of different concentrations of



Table 3 Some parameters from statistical model for mild steel

in 0.5 M H2SO4.

Temperature (K) R2 h DG
�

ads (kJ mol�1)

303 0.955 1.27 · 103 �31.0
313 0.970 1.54 · 103 �30.9
323 0.960 1.93 · 103 �30.6
333 0.990 1.47 · 103 �30.7
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be the medium. The complex-forming process can be regarded

as the course of distribution of donor particles to the system.
So it is justifiable to extend the model of variable number of
particles in statistical physics for the inhibiting process.

According to statistical Physics (Landau and Lifshitz,
1980), the probability of distribution for such kind of systems
of variable number of particles is given by:

-ði; eÞ ¼ A exp
il� ei

h

� �
ð8Þ

where A is the normalizing coefficient, l the chemical potential
which depends upon the temperature and concentration of the

donor particles, i the number of donor particles distributed in
each system, h the distribution modulus, ei the energy of the
system containing i donor particles, being assumed approxi-

mately equal for the systems containing the same number i
of donor particles, and ei = 0 at i = 0.

The normalizing condition is:

Xn
i¼o

-ði; eÞ ¼ 1 ð9Þ

or

A 1þ
Xn
i¼1

exp
il� ei

h

� �( )
¼ 1 ð10Þ

The average number of donor particles accepted by each

system is:

n ¼
Xn
i¼1

i-ði; eÞ ¼
Xn
i¼1

iA exp
il� ei

h

� �
ð11Þ

Eliminating A from Eqs. (10) and (11), we obtain:

n ¼
Pn

i¼1i expððil� ei=ÞhÞ
1þ

Pn
i¼1 expððil� ei=ÞhÞ

ð12Þ

For inhibiting process, the M(I)ads formation reaction cor-
responds to the distribution with i = 0 or 1. The condition for

which i = 0 is taken to correspond to a state of complete cor-
-3
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Figure 7 Application of the statistical physics model
rosion (surface coverage g = 0 and protection efficiency

%I= 0), i = 1 to a state of complete inhibition (surface cov-
erage g = 1 and protection efficiency %I = 100). The actual
occurred process of corrosion inhibition is a random distribu-
tion between i= 0 and 1. So the corresponding actual protec-

tion efficiency (%I) are data between 0 and 100, and the actual
surface coverage g is equal to the statistical average value for
such a (0, 1) distribution, then for inhibiting process, Eq.

(12) is reduced to:

n ¼ g ¼ 1

1þ expððe� lÞ=hÞ ð13Þ

Here 0 < n < 1. Considering g is related to the concentra-
tion of donor particles and e to the thermodynamic equilib-

rium constant of the complex-forming reaction, which is
correlated to the change of free energy of adsorption DG

�

ads,
thus the following equation can be derived from Eq. (13) Wang
et al., 2002:

ln
1� g

g

� �
¼ DG

�

ads

h
�RT lnC

h
ð14Þ

where C is the concentration of inhibitor particles.
The curve fitting of data in Table 1 to the statistical model

at 303–333 K is presented in Fig. 7. Good correlation coeffi-
cient (R2 > 0.95) was obtained. The values of h and DG

�

ads were
calculated from the slope and intercept of Eq. (14). All the cal-

culated parameters are given in Table 3.
The negative values of DG

�

ads indicate spontaneous adsorp-
tion of XEN onto the mild steel surface (Ahamad et al., 2010)
2.02 -11.73 -11.51

(C/M)

303 K

313 K

323 K

333 K

to the corrosion protection behavior of xanthene.
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and strong interactions between inhibitor molecules and the

metal surface (Aljourani et al., 2010). Generally, values of
DG

�

ads up to �20 kJ mol�1 are consistent with physisorption,
while those around �40 kJ mol�1 or higher are associated with
chemisorption as a result of the sharing or transfer of electrons

fromorganicmolecules to themetal surface to forma coordinate
bond (Machnikova et al., 2008). The calculated values of DG

�

ads

are greater than�20 kJ mol�1 but less than�40 kJ mol�1, indi-

cating that the adsorption ofmechanism ofXENonmild steel in
0.5 MH2SO4 solution at the studied temperaturesmaybe a com-
bination of both physisorption and chemisorption (comprehen-

sive adsorption) (Ahamad et al., 2010). However, physisorption
was the major contributor while chemisorption only slightly
contributed to the adsorption mechanism judging from the de-

crease of %I with increase in temperature and the higher values
of Ea were obtained in the presence of inhibitor when compared
to its absence.

3.5. Kinetics of mild steel corrosion in H2SO4 with and without
xanthene

The kinetics of the mild steel corrosion in the absence and
presence of different concentrations of XEN in 0.5 M H2SO4

was studied at 30 �C by fitting the corrosion data into different

rate laws. Correlation coefficients R2 were used to determine
the best rate law for the corrosion process. The rate laws con-
sidered were (Ebbing and Gammon, 2005):

Zero-order : Wt ¼ kt ð15Þ
First order : lnWt ¼ �ktþ lnWo ð16Þ
Second order : 1=Wt ¼ ktþ 1=Wo ð17Þ

where Wo is the initial weight of mild steel, Wt is the weight
loss of mild steel at time t and k is the rate constant.

By far the best result was obtained for zero-order kinetics.

The plot of Wt against t which was linear (Fig. 8) with good
correlation coefficients (R2 > 0.846) confirms a zero-order
kinetics for the corrosion of mild steel in 0.5 M H2SO4 in the
absence and presence of XEN.
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3.6. UV–visible spectroscopic study

In order to confirm the possibility of the formation of inhibi-
tor–Fe complex, UV–visible absorption spectra obtained from

0.5 M H2SO4 solution containing 10 · 10�6 M XEN before
and after 3 days of mild steel immersion are shown in Fig. 9.
The electronic absorption spectra of xanthene before the

immersion have absorption maxima at 330 nm due to p–p*
transition involving the whole electronic structure system of
the compound with a considerable charge transfer character
(Abboud et al., 2009). After 3 days of immersion, it is clearly

seen that there is a blue shift (shift to a longer wavelength)
and a decrease in the absorbance of this band, indicating com-
plex formation with Fe2+.

3.7. Quantum chemical studies

In the last few decades, theoretical investigations based on
quantum chemical calculations have been proposed as a pow-
erful tool for predicting a number of molecular parameters di-

rectly related to the corrosion inhibiting property of any
chemical compound (Khaled, 2003; Bouayed et al., 1999;
Jamaizadeh et al., 2008; Kutej et al., 1995). Among several the-
oretical methods available, the density functional theory

(DFT) is one of the most important theoretical models used
in explaining the science of solids and chemistry. A number
of chemical concepts have been correlated within the frame-

work of DFT (Parr and Yang, 1995). The most fundamental
parameter in DFT is the electron density q(r) upon which all
the chemical quantities are expressed (Parr and Yang, 1989).

Recently, the density functional theory (DFT) has been used
to analyze the characteristics of the inhibitor/surface mecha-
nism and to describe the structural nature of the inhibitor on
the corrosion process (Lashkari and Arshadi, 2004; Sein

et al., 2001; Blajier and Hubin, 2004). Furthermore, DFT is
considered as a very useful technique to probe the inhibitor/
surface interaction as well as to analyze the experimental data.

Figs. 10–13 show the optimized geometry, the HOMO density
distribution, the LUMO density distribution and the Mulliken
6 8 10
t (h)

rrosion in 0.5 M H2SO4 with and without XEN.
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Figure 9 UV–visible spectra of the solution containing 0.5 M H2SO4 (10 · 10�6 M) XEN before (blue) and after 3 days of mild steel
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Figure 10 Optimized structure of xanthene (XEN) (ball and stick model).
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charge population analysis plots for XEN molecule in aqueous

phase obtained with DFT at B3LYP/6-31G (d) level of theory.
From Figs. 11 and 12, it could be seen that XEN might

have similar HOMO and LUMO distributions, which were
all located on the entire xanthene moiety. This is due to the

presence of oxygen atom together with several p-electrons on
the entire molecule. This kind of structure is difficult to form
chemical bond active centers, which proved the probability

of physical adsorption between the interaction sites (Yan
et al., 2008). Moreover, unoccupied d orbitals of Fe atom
can accept electrons from the inhibitor molecule to form a

coordinate bond while the inhibitor molecule can accept elec-
trons from Fe atom with its anti-bonding orbitals to form
back-donating bond.

The Mulliken charge of XEN is shown in Fig. 13. It can be
seen that the most favourable sites for the interaction are C1,
C2, C5, C6, C7, C10, C11, C12, C13 and O1 which has the
largest negative charge. This suggests that those active centers
with excess charges could act as a nucleophilic reagent. There

is a general consensus by several authors that the more nega-
tively charged heteroatom is, the more is its ability to adsorb
on the metal surface through a donor–acceptor type reaction
(Obot et al., 2010; Obot and Obi-Egbedi, 2008b; Gao and

Liang, 2007).
Frontier orbital theory is useful in predicting adsorption

centers of the inhibitor molecules responsible for the interac-

tion with surface metal atom (Fang and Li, 2002). Moreover,
the gap between the LUMO and HOMO energy levels of the
molecules was another important factor that should be consid-

ered. It has been reported that excellent corrosion inhibitors
are usually those organic compounds who not only offer elec-
trons to unoccupied orbital of the metal, but also accept free

electrons from the metal (Zhao et al., 2005). It is well estab-
lished in the literature that the higher the HOMO energy of
the inhibitor, the greater the trend of offering electrons to
unoccupied d orbital of the metal, and the higher the corrosion



Figure 11 The highest occupied molecular orbital (HOMO) density of xanthene (XEN) using DFT at the B3LYP/6-31G (d) basis set

level.

Figure 12 The lowest unoccupied molecular orbital (LUMO) density of xanthene (XEN) using DFT at the B3LYP/6-31G (d) basis set

level.
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inhibition efficiency. In addition, the lower the LUMO energy,
the easier the acceptance of electrons from metal surface, as the
LUMO–HOMO energy gap decreased and the efficiency of
inhibitor improved. Quantum chemical parameters listed in

Table 4 reveal that XEN has high HOMO and low LUMO
with high energy gap making it to exhibit a higher inhibitive
effect obtained experimentally. Similar reports have been doc-

umented with comparable values obtained as the one reported
in this work (Obot and Obi-Egbedi, 2010b; Khaled, 2008).

According to Pearson (Pearson, 1988), when two systems

Fe and inhibitors are brought together electrons will flow from
lower v (inhibitor) to higher v(Fe) until the chemical potentials
become equal. As a first approximation, the fraction of elec-
tron transferred, DN, is given by:

DN ¼ vFe � vinb

2ðgFe þ ginhÞ
ð18Þ
where vFe and vinh denote the absolute electronegativity of Fe
and the inhibitor molecule respectively; gFe and ginh denote the
absolute hardness of Fe and the inhibitor molecule,

respectively. From Eq. (18), the Fe is the Lewis acid according
to HSAB (Hard and Soft Acid and Base) theory (Pearson,
1963). The difference in electronegativity drives the electron
transfer, and the sum of the hardness parameters acts as a

resistance (Pearson, 1988). These quantities are related to
electron affinity (A) and ionization potential (I) which are use-
ful in their ability to help predict chemical behavior (Pearson,

1986).

v ¼ Iþ A

2
ð19Þ

g ¼ I� A

2
ð20Þ



Figure 13 Mulliken charges population analysis of xanthene (XEN) using DFT at the B3LYP/6-31G (d) basis set level.

Table 4 Some molecular properties of xanthene calculated

using DFT at the B3LYP/6-31G (d) basis set in aqueous phase.

Molecular parameters Calculated values

Heat of formation (au) �576.64
Dipole moment (D) 1.20

EHOMO (eV) �5.59
ELUMO (eV) �0.32
DE (eV) 5.27

Volume (Å3) 197.61

Area (Å2) 206.85

Point group C2v

DN 0.76
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I and A are related in turn to EHOMO and ELUMO as follows:

I ¼ �EHOMO ð21Þ
A ¼ �ELUMO ð22Þ

Values of v and g were calculated by using the values of I
and A obtained from quantum chemical calculations. Using
a theoretical v value of 7 eV/mol according to Pearson’s elec-

tro-negativity scale (Pearson, 1988) and a global hardness g va-
lue of 0 eV/mol for Fe by assuming that for a metallic bulk
I= A (Dewar and Thiel, 1963), DN, which is the fraction of
electrons transferred from inhibitor to the mild steel surface

was calculated (Table 4). The value of DN showed inhibition
effect resulted from electrons donation. According to Lukovits
et al. (2001), if DN < 3.6, the inhibition efficiency increased

with increasing electron donating ability at the metal surface.
In this study, XEN was the donor of electrons, and the mild
steel surface was the acceptor. This result supports the asser-

tion that the adsorption of XEN on the metal surface can
occur on the bases of donor–acceptor interactions between
the p electrons of the heterocyclic compound and the vacant

d-orbitals of the metal surface (Hackerman et al., 1966). The
adsorption of XEN molecule on steel may be in a manner in
which the plane of the inhibitor is parallel to the metal surface
(Ramji et al., 2008).
3.8. Explanation of inhibition mechanism

From the experimental and theoretical results obtained, the

inhibition effect of XEN in H2SO4 solution can be explained
as follows:

XENþ xHþ $ ½XENx�xþ ð23Þ

In aqueous acidic solutions, the XEN exists either as neu-

tral molecules or in the form of cations (protonated XEN).
Generally, two modes of adsorption could be considered.
The neutral XEN may be adsorbed on the metal surface via

the chemisorption mechanism involving the displacement of
water molecules from the metal surface and the sharing of elec-
trons between oxygen atom and iron. The XEN molecules can

be adsorbed also on the metal surface on the basis of donor–
acceptor interactions between p-electrons of the heterocycle
and vacant d-orbitals of iron. On the other hand, SO2�

4 could
adsorb on the metal surface (Bentiss et al., 2000), then the pro-

tonated XEN may adsorbed through electrostatic interactions
between the positive molecules and already adsorbed sulphate
ions. Thus, the metal complexes of Fe2+ and XEN or proton-

ated XEN might be formed as follows:

XENþ Fe2þ $ ½XEN–Fe�2þ ð24Þ
½XENHx�xþ þ Fe2þ $ ½XENx–Fe�ð2þxÞþ ð25Þ

These complexes might adsorb onto steel surface by van der
Waals force to form a protective film to keep the mild steel sur-
face from corrosion. Similar mechanism has been documented

(Li et al., 2009a,b).
4. Conclusions

The following conclusions may be drawn from the study:

(1) Xanthene (XEN) acts as a good inhibitor for the corro-
sion of mild steel in 0.5 M H2SO4. Inhibition efficiency
values increase with the inhibitor concentration but
decrease with temperature. The trend of inhibition
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efficiency with temperature and the increase in the acti-

vation energy in the presence of XEN suggest physical
adsorption mechanism.

(2) The Gibbs free energy for the adsorption process calcu-

lated using statistical physics is negative indicating that
the process is spontaneous.

(3) A zero-order kinetics relationship with respect to the
mild steel was obtained with and without XEN from

the kinetic treatment of the data.
(4) UV–visible spectrophotometric studies clearly reveal the

formation of Fe–XEN complex which may be responsi-

ble for the observed inhibition.
(5) Data obtained from quantum chemical calculations

using DFT at the B3LYP/6-31G (d) level of theory were

correlated to the inhibitive effect of xanthene.
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