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Abstract—The efficiency of a novel Schiff base namely (F)-N'-1-(4-propylbenzylidene)nicotinohydrazide
(PBNH) was investigated as corrosion inhibitor of mild steel (MS) in 1M HCI using weight loss technique at
303 and 313 K. It was established that corrosion rate of mild steel increases with increase in temperature and
concentration of HCI. Results showed that PBNH considerably inhibited the corrosion of mild steelina 1 M
HCl solution and inhibition efficiency is about 70% at 4 x 10~* M PBNH at both temperatures. The inhibi-
tion efficiency of PBNH increased with an increase in concentration and temperature. The adsorption model
obeys the Langmuir adsorption isotherm and the kinetic—thermodynamic model and the value of free energy
of adsorption, AG,,, indicated that the adsorption of PBNH was a spontaneous process and was both an elec-
trostatic-adsorption (physisorption) and adsorption on the basis of donor-acceptor interactions (chemisorp-
tion). Thermodynamic parameters calculated show the spontaneity and endothermic nature of the process
and also reveal the favourable affinity of PBNH towards the mild steel surface. Quantum chemical calcula-
tions based on PM3 method was performed on PBNH and calculated parameters gave useful information to

explain the interaction between the surface of metal and PBNH.

DOI: 10.1134/52070205115030041

1. INTRODUCTION

Corrosion remains a big problem to general pro-
cesses involving metals. For example, in the Nigeria’s
oil and gas industry, corrosion accounts substantially
for oil pipeline failures [1]; this has led to environmen-
tal pollution, accidents and adverse effect on the econ-
omy in terms of the cost of corrosion control methods.

The most common form of corrosion occurs when
steel comes in contact with an aqueous environment
and rusts. The corrosion of iron or mild steel in acidic
media has been studied extensively, especially for its
industrial relevance [2]. In fact, acid solutions widely
used in cleaning, descaling, pickling, and oil well
acidizing, require the use of corrosion inhibitors to
reduce their corrosion attack on metallic structures or
materials [2—5]. Among the methods of monitoring
corrosion rate, the weight loss method is still very
useful because of its simple application and reliability
[6,7].

The use of organic compounds as corrosion inhib-
itors may be the main choice to decrease the corrosion
rate of alloys in acidic media [8]. Numerous studies

! The article is published in the original.

have been done on corrosion inhibition of steel by
organic compounds in acidic medium and they have
proved to be effective and efficient [8—13]. The corro-
sion inhibition property of these compounds is attrib-
uted to their molecular structure. The planarity and
lone pair electrons present in hetero-atoms determine
both the efficiency and adsorption mechanism [8, 9,
14, 15].

Hydrazine, an inorganic compound, is known to be
used as an oxygen scavenger and corrosion inhibitor in
boiler water treatment. However due to the toxicity
and certain undesired effects this practice is discour-
aged. The present work is undertaken to synthesize a
hydrazine derivative, (F)-N'-1-(4-propylbenzylidene)
nicotine-hydrazide, characterise the as-synthesised
compound, and evaluate the inhibition efficiency of
this as-synthesized compound in controlling corro-
sion of mild steel in HCI solution by weight loss
method. The adsorption behavior was studied to
determine the adsorption isotherm and thermody-
namic data. Theoretical studies on electronic and
molecular structures of PBNH were conducted using
quantum chemical calculations.
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EXPERIMENTAL AND THEORETICAL STUDIES

Fig. 1. The PBNH structure.

2. EXPERIMENTAL
2.1. Mild Steel Specimen

Corrosion inhibition tests were performed using
specimens prepared from a sheet of mild steel (MS),
having the composition C=0.12%, Mn=0.90%, S =
0.066%, P = 0.050%, Si = 0.10% and remainder Fe.
The sheet with a thickness of 2 mm was mechanically
press-cut into 5 x 4 cm coupons and holes of about
0.02 cm in diameter were drilled on the centre of the
shorter sides of all the coupons for the insertion of
glass hooks for suspension. The total geometric surface
area was approximately 40.0 cm? and the average
weight of a coupon was 33 g. The coupons were pol-
ished with 600 grade emery paper, degreased in abso-
lute ethanol and cleaned by mild scrubbing with bristle
brush, rinsed in absolute ethanol again and then dried
in acetone. These coupons were then stored in a desic-
cator in the absence of moisture before their use for the
investigation. Each specimen of MS was weighted
immediately before the suspension in the cell.

2.2. Preparation of the PBNH

PBNH has the structure reported in Fig. 1.

The synthetic methods described by Abeda Jama-
dar et al. [16] were modified and adopted for the syn-
thesis of acylhydrazones in this work. The nicotinic

NH,
HN™
EtOH, 80°C
WO + O <Aoo 6h AcOOH
S H

Fig. 2. The synthesis of PBNH.
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acid hydrazide (10 mmol, 171 mg) was dissolved in
absolute ethanol (20 mL) by heating gently on water
bath after which the 4-propylbenzaldehyde in absolute
ethanol (10 mmol, 148 mg) was added. Two drops of
acetic acid was added and refluxed for 48 h (Fig. 2).
The precipitate obtained was allowed to stay at ambi-
ent temperature for 12 h, after which it was recrystal-
lized in the mixture of chloroform and methanol (2 : 8).
The product obtained was filtered, washed thrice with
30 mL of absolute methanol and was dried in the vac-
uum. The purity of the compound was confirmed by
TLC (10% methanol : 90% chloroform).

2.3. Preparation of Solutions

Solution of 1 M HCI was prepared from commer-
cial analytical reagent using distilled water from which
increasing concentrations were prepared. The PBNH
used as inhibitor was prepared in concentrations of
0.0001 to 0.0005 M in the increment of 0.0001 in 1 M
HCI solution. The prepared additive solutions were
used for all measurements.

2.4. Weight Loss Measurements

The weight loss (WL) measurements were carried
out using the procedures outlined in Ita [17]. Five
250 mL beakers which separately contained 1, 1.5, 2,
2.5, and 3 M HCl solutions, were placed in three ther-
mostat baths maintained at 30, 40 and 50°C, consti-
tuting three sets of experiments. The weighed coupons
were each suspended in a beaker with the help of glass
hooks and glass rods. These coupons were retrieved at
1 h intervals progressively for 7 h. Each retrieved cou-
pon was washed several times in 20% NaOH contain-
ing 200 g/L of zinc dust until clean, dried in acetone
and reweighed. The weight was evaluated in grams.
A reading reported represented the average of three
readings recorded on a Mettler H 35 AR analytical

@»%@

The structure of the compound was characterized by Iy NMR, 3¢ NMR, MS and FTIR spectroscopic methods.
yield 2.32g (86.89%); mp: 107—109°C; Ry= 0.82 (CHCl3;/CH;0H, 4 : 1, at RT).
IH-NMR (DMSO-dg) 8: 11.92 (s, 1H, NH), 9.02 (s, 1H, H(2)), 8.72 (d, /= 4.29 Hz, 1H, H(3)), 8.37 (s, IH, H-C=N), 8.22

(d,J=7.53Hz, IH, H

—C(5)), 7.62 (dd, J = 7.50 Hz, 2H, H(6)), 7.53 (t, IH, J, = 5.61 Hz, J, = 6.53 Hz, H(7)), 7.24 (dd, J =

7.50 Hz, 2H, H(8)), 2.56 (t, J = 7.23 Hz, 2H of CH,, H(9)), 1.58 (m, J; = 7.26 Hz, J, = 6.93 Hz, 2H of CH,, H(10)), 0.867 (1,

J=17.17 Hz, 3H of CH3, H(11)) ppm.

13BC.NMR (DMSO-dg) &: 162.09 (CO), 152.03 (C(2)), 149.03 (2C(3)), 145.02 (C(4)), 135.89 (C(5)), 132.17 (C(6)), 129.70
(C(7)), 129.32 (2C(8)), 127.67 (2C(9)), 124.06 (C(10)), 37.59 (C(11)), 24.31 (C(12)), 14.06 (C(13)) ppm.

IR (KBr) cm™": 3445 (enol OH), 3216 (NH), 1651 (C=0), 1600 (C=N), 1418 (N—N), 1292 (C—0), 1147 (C—N).

MS (ESI+): in m/z: 258.1 [M + H]™.

Anal. caled. for CigH7N30 (267.14): C, 71.89; H, 6.41; N, 15.72. Found: C, 71.51; H, 6.23; N, 17.39.

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES Vol. 51 No. 3 2015



460

|
S

mg cm
—_ N
wn o
T T

X
*
% X e
LN ==
Scuouno
L

L 2

(e}
[\8)
AN
(@)
oo

Time, h

ANAWE et al.

35 (b)
_ 30}
|
= 25+
|
5 201 " 1.0M
g 15| 1.5M
> . x2.0 M
2 1.0 F X2.5M
g *3.0M
0.5
| | | 1 | ]
0 1 2 3 4 5 6

Time, h

Fig. 3. Variation of logarithm of corrosion rate with time for mild steel in different concentrations of HCI solutions at (a) 30°C,

(b) 40°C.

balance to the nearest 0.0001 g. Further measurements
using weight loss determination involved the introduc-
tion of the inhibitors into three sets each of five beakers
maintained at 30, 40, 50°C. Each previously weighed
mild steel coupon was introduced into the beakers
containing PBNH. The experiments in the presence
of the additives were performed differently. As
described earlier, each coupon was also retrieved from
the corrodent HCl—inhibitor solutions every 1 h for
the period of 7 h, washed and weighed. The difference
in weight of the coupons was taken as the weight loss
(WL) defined as:

WL = W,-W, (1)

were W, and W, (mg) are the initial and final weights
respectively of the specimen after a 1 h immersion in
acidic solution without or with inhibitor.

Weight loss allowed calculation of the mean corro-
sion rate (CR) in (mg cm~2 h~'). The corrosion rate of
mild steel was determined using the relation:

WL

CR = 2L,
At

where A is the area and ¢ is the immersion period.

(2)

The percentage inhibition efficiency (/E (%)) was
calculated using the relationship [1]:

AW, — AW,

IE = x 100 = 0, x 100, 3)

o

where 0 is the degree of surface coverage.

2.5. Computational Studies

In order to gain insight into the electronic configu-
ration and inhibitive capability of PBNH, quantum
chemical calculations were performed using the semi-
empirical calculations with PM3 method [18]. The
Hyperchem Program with complete geometry optimi-
zation was used. The molecular orbitals, Eyono (the
energy of the highest occupied molecular orbital) and
E; ymo (the energy of the lowest unoccupied molecular
orbital) were analyzed and this helps to find out from
molecular structure of PBNH the possible sites of
nucleophilic and electrophilic reactions with the mild
steel surface. The optimized molecular structures are
shown in Fig. 5 and the calculated energies Eyomo,
Eyymo, energy gap (£ = Eyomo — ELumo) and other
indices are given in Table 4.

Table 1. Weight losses (WL), corrosion rates (CR), surface coverage (0) and inhibitor efficiency [/E (%)] obtained in weight
loss tests after 5 h of MS specimens immersion time in 1 M HCI (blank solution) or in PBNH solutions at 303 K and 313 K

WL (g) CR(mgcm—2h™") 0 1E (%)

CM)

303K 313K 303K 313K 303K 313K 303K 313K
Blank 0.2266 0.5403 1.13 2.70 — - — —
0.0001 0.2223 0.2573 1.11 1.29 0.019 0.524 1.90 52.40
0.0002 0.2094 0.2197 1.05 1.10 0.076 0.593 7.59 59.34
0.0003 0.1098 0.1921 0.55 0.96 0.515 0.644 51.54 64.45
0.0004 0.0693 0.1722 0.35 0.86 0.694 0.681 68.13 69.42

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES Vol. 51 No. 3 2015
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Fig. 4. Dependence of temperature variation on the corrosion rate with time for mild steel in HCI (a) 1 M, (b) 1.5 M, (c) 2 M,
(d) 2.5M, (e) 3 M at 303K and 313K and (f) variation of logarithm of corrosion rate with HCI concentration.

3. RESULTS AND DISCUSSION

3. 1. Effect of Corrodent Concentration
on Corrosion Rate of Mild Steel in HCI Solution

The corrosion rate of mild steel in hydrochloric
acid solution at different concentrations was studied
by weight loss at two temperatures, 30°C (303 K) and
40°C (313 K) at one hour of immersion period. The
variation of the logarithm of the corrosion rate of mild
steel in increasing concentrations of HCI with time is
shown in Fig. 3.

The results indicate that the corrosion rate of mild
steel increases with increase in concentration of HCI
acid and with time (increasing hours of exposure of the
mild steel to acid). Similar results have been reported
elsewhere [19]. This could be attributed to increased
concentration of the chloride ions in the more con-
centrated solution, which readily react with the iron
ions present in the solutions [19] and also the
increased solubility of the iron chloride product.

3.2. The Dependence of Temperature on Corrosion Rate
of Mild Steel in HCI Solution

The dependence of temperature variation on the
corrosion rate with time for mild steel in HCl is shown

in Fig. 4a—4e. All the plots show an increase in corro-
sion rate as the temperature increased from 303 K to
313 K. It is a well known fact that temperature
increases the rate of all electrochemical processes and
influences adsorption equilibrium and kinetics as well.
Figure 4f shows a linear relationship between the log-
arithm of the corrosion rate and concentration of HCI
which indicates the absence of insoluble product on
the mild steel surface [20]. An increase in the corro-
sion rate of mild steel as temperature increased is also
observed at a given concentration of acid (Fig. 4f).

[ 7 o
(g %0t

Fig. 5. More energetically stable conformations of PBNH
with PM3 method.

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES Vol. 51 No. 3 2015
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Table 2.The Adsorption parameters from Langmuir iso-
therm, Freundlich isotherm and kinetic—thermodynamic
models for the adsorption of PBNH in 1M HCI on the mild
steel after 7 h of immersion time at 303 K and 313 K

Langmuir isotherm model
T(K) | Kpgs M) AG,,, kI/mol R?
303 167 —23.01 0.876
313 14.286 —35.35 0.998
Freundlich isotherm model
T(K) | Kygs (M) n | AG, kI/mol| R?
303 1.4 x 10° 2.735 —63.17 0.972
313 2.83 0.183 —13.16 0.997
Kinetic-thermodynamic model
TEK | KM |y |AG, kI/mol| R
303 3.040 6.440 —30.32 0.982
313 11.583 0.473 —34.80 0.988

3.3. Effect of Inhibitor Concentration

A series of weight loss measurements were carried
out after 7 h immersion in 1.0 M HCI in the absence
and presence of various concentrations of the inhibitor
(PBNH). Table 1 shows the calculated values of weight
loss, surface coverage, corrosion rate and inhibition
efficiencies at 303 K and 313 K. The results show that
the corrosion inhibition efficiencies and surface cover-
age of PBNH increase with increasing inhibitor con-
centration. The corrosion rate decreased considerably
with an increase in concentration of inhibitor. The
increase in efficiency of inhibition with concentration
of inhibitors indicates that more inhibitor molecules
are adsorbed on the metal surface at higher concentra-
tion, leading to greater surface coverage. These results
are similar to the ones reported by [7, 9].

ANAWE et al.

3.4. Effect of Temperature

The results from Table 1 show that the investigated
PBNH had inhibiting properties at both temperatures
and the inhibition efficiency of PBNH increase with
increase in temperature. Thus, the studied inhibitor
efficiency is temperature dependent [7]. The general
increase in inhibition efficiency observed with
increased temperature for PBNH is suggestive of the
existence of very strong adsorption interaction
between the mild steel surface and the inhibitors which
is chemical in nature [17, 21]. It can also be seen that
the corrosion rate at the same inhibitor concentration
increase with increase in temperature, a trend that is
similar to corrosion rate in the absence of inhibitors
(Fig. 4a), but was lesser than the corrosion rate with-
out inhibitor clearly showing an inhibition of corro-
sion of mild steel in HCI.

3.5. Adsorption Mechanism of PBNH

The adsorption of organic molecules at the
metal/solution interface consists of the replacement of
water molecules by organic molecules according to
following process [22]:

Org o1y + YH0 45) == Org145) + YH,0 q1)
where Org ;) and Org,q;) are organic molecules in the
solution and adsorbed on the metal surface, respec-
tively, and y is the number of water molecules replaced
by the organic molecules. The adsorption of this
organic compound and by extension its inhibitory effi-
ciency is influenced by electronic structure, steric fac-
tor, electronic density at donor site, presence of func-
tional groups, molecular area and molecular weight
[2,23-25].

The values in Table 1 clearly indicate that mild steel
corrosion is reduced by the presence of PBNH inhibi-
tor in 1M HCI at all the concentrations and tempera-
tures used in this study. This can be explained by the
adsorption of PBNH on the mild steel surface. The
efficiency of an organic compound as an inhibitor is
mainly dependent on its ability to get adsorbed on
metal surface [2]. This interaction between the metal
surface and the inhibitor can be explained by the
adsorption isotherms. An equation that relates the

Table 3. Thermodynamic parameters for the inhibition of MS in 1 M HCI solution containing PBNH from weight loss

measurements
Concentration |  /ctivation AG.,,, kJ/mol AS;, Jmol ' K
of inhibitor, M | Snere¥ Fa, AH,,, KJ/mol
(kJ/mol) 303 K 313K 303K 33K
—30.32 ~31.80 106 450
0.0001 0.012
0.0002 0.004
0.0003 0.044
0.0004 0.071

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES Vol. 51 No. 3 2015



EXPERIMENTAL AND THEORETICAL STUDIES

463

Table 4. Calculated quantum chemical parameters of PBNH using PM3 method

Inhibitor HOMO (eV) LUMO (eV)

AE(Egomo— Erumo) (€V)

u (Debye) Planarity

PBNH —8.80862 —0.88299

—7.92563 3.45 Semiplanar

amount of substance attached to a surface to its con-
centration in gas phase or in solution at fixed temper-
ature is known as an adsorption isotherm. The sim-
plest one is the Langmuir isotherm which is repre-
sented as:

c.l.c 4)
e kads

where C is the inhibitor concentration, K, is the

adsorption equilibrium constant and 0 is the surface

coverage. Systems that obey this equation are often

referred to as ideal adsorption.

Nonideal system can sometimes be fitted to an
empirical adsorption isotherm of Freundlich:

logO = logK, 4 + nlogC, ®))

where 0 < n < 1. K4, is adsorptive equilibrium con-
stant, C is inhibitor concentration, n is related to the
adsorption intensity, and (0) is surface coverage.

Recent researches have looked into the action of
adsorptive inhibitors from purely mechanistic kinetic
point of view [26, 27]. A kinetic—thermodynamic
model for adsorption process at metal-solution inter-
face has been suggested. This model has been tested on
inhibition effect of number of open chain amines and
on macrocyclic amine on the corrosion of steel in
H,S0O, [28] and Copper—Nickel Alloy in HCI [27]. In
this model, (y) is the number of inhibitor molecules
occupying one active site. This model can be given by
the following equation:

log[(l ?e)

y is the number of inhibitor molecules occupying one
active site (or the number of water molecules replaced
by one molecule of PBNH). K' is a constant which is
related to the adsorptive equilibrium constant by [27]:

Ky = (K. (7)

Afterward, the standard free energy of inhibitor adsorp-

J = logK’ + ylogC, (6)

tion, AG,,,, on metal surface can be calculated using
the following equation:

AGy, = —RTIn(55.5K,,,). ®)

In this expression, R is gas constant, 7 is absolute
temperature and 55.5 is molar concentration of water
in one liter solution.

Therefore, the surface coverage 0 values for the
PBNH obtained from weight loss measurements
reported in table 1 were analysed in order to determine

the type of adsorption isotherm they fit into, which
provides evidence about the inhibition mechanism.

The higher value of K, indicates that the inhibitor
is strongly adsorbed on the metal surface [27] and that
the adsorption process is more favourable than the
desorption process [22]. Earlier, it has been estab-
lished that for the same concentration of PBNH
inhibitor used, the inhibition efficiency increases with
an increase in temperature, indicating an endothermic
process (see Table 1). This might be attributed to the
increased surface coverage at higher temperatures,
expansion and creation of active and reactive sites.
From the values of K4 in Table 2, only the Langmuir
isotherm and kinetic—thermodynamic model can
account for the increase in inhibition efficiency with
increase in temperature. In both cases, linear plots
were obtained, which reveal the applicability of these
isotherms on the ongoing adsorption process. Ideally,
the adsorption isotherms should have gradients equal
to 1. The deviation from unity might be due to the
interaction among the adsorbed species on the metal
surface mostly when using organic molecules.
Although the Freundlich isotherm had comparable
good correlation coefficients, its values of K are sug-
gestive of a decrease of inhibition efficiency with
increase in temperature. Moreover, the value of n at
303 K is greater than 1 which disagrees with typical
valuesof 0 <n < 1.

Generally, values of AGy;, up to —20 kJ/mol are

consistent with the electrostatic interaction between
the charged molecules and the charged metal (phys-
isorption), while those between —40 and —400 kJ/mol
are associated with chemisorption as a result of sharing
or transferring of electrons from the inhibitor mole-
cules to the metal surface to form a coordinated type
of bond [2, 29]. PBNH possesses unshared pairs of
electrons on the nitrogen and oxygen atoms, which
can interact with d-orbitals of MS surface to give the

adsorbed protective film. The calculated AG:dS values

(around —23 to —35 kJ/mol), lower than —20 kJ/mol
but not as low as —40 kJ/mol and more, indicated that
the PBNH adsorption mechanism on MS surface in
1 M HCI solution after 7 h was more than an electro-
static-adsorption, but not a true chemisorption [2,
22]. Temperature increase is known to accelerate
chemisorption of the inhibitor on the metal surface. If
in a series of experiments the temperature increase
causes an inhibition efficiency increase, especially

when the AG:G[S diminishes reaching values lower than
—40 kJ/mol, the inhibitor adsorption is recognized as
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Fig. 6. The charge density distribution of the PBNH molecule.

a chemisorption, involving an out-and-out sharing or
transfer of electrons [2, 30, 31]. In this experiment,
temperature increase resulted in increased inhibition

efficiency for PBNH but AG;)dS values were not lower

than —40 kJ/mol and not higher than —20 kJ/mol.
This further supports the conclusion that PBNH
adsorption mechanism ranges between a physisorp-
tion and chemisorption.

3.6. Thermodynamic Treatment
of Weight Loss Result with Inhibitor

The thermodynamic parameters were calculated
from the kinetic-thermodynamic model to further
elucidate the ongoing process. The following equa-
tions were used:

A, = R 2102, ©)
I,-T K,
AS:ds — AIi:ds_AGads’ (7)

T

where K, and K, are the equilibrium adsorption con-
stants at 303 and 313 K respectively and obtained from
the slopes of the kinetic-thermodynamic adsorption
isotherms.

The activation energy values obtained in the study
were computed from the transformed.

Arrhenius equation:

E, = (2.303Rﬂ) (logp—z), (8)
I,-T, P1

where R is the molar gas constant, p, and p, are corro-
sion rates at 7| and T, respectively [32].

The calculated thermodynamic parameters, acti-
vation energy (£,), change in standard free energy of
adsorption (AG:dS ), change in enthalpy of adsorption

(AH:ds ), change in entropy of adsorption (AS:ds) are

presented in Table 3. The activation energy generally
increased with an increase in the concentration of the
inhibitor which justifies the conclusion that inhibition
efficiency increases with increase in inhibitor concen-

tration. The low values of the activation energies of the
inhibitor obtained are suggestive of physical adsorp-

tion. The negative values of AG;’dS establishes the fea-
sibility of the adsorption process. In addition, the

decrease in values of AG:Cls with increasing tempera-
ture shows the spontaneity of the process at higher

temperatures. It is interesting that the AH:dS value is
positive further confirming the endothermic nature of

the process and the positive value of AS:dS reveals the

favourable affinity of the inhibitor towards the metal
surface.

These results show that adsorption is not always an
exothermic process (AH;IS < 0) as some literatures

report. Adsorption processes can be either exothermic
or endothermic. In exothermic process, adsorption
normally decreases with an increase in temperature
while in endothermic process the adsorption increases
with increase in temperature. This happens sometimes
in adsorption processes in the liquid phase like the one
used in this experiment (PBNH solution/mild steel).

3.7. Theoretical Studies

Quantum chemical calculations have been proved
to be a very powerful tool for studying the mechanism
of corrosion inhibition [33]. To study the relationship
between molecular structure and inhibitive effect of
PBNH, we used molecular orbitals of semi-empirical
calculations with PM3 method. PBNH, on molecular
structural considerations, has adsorption centers that
is, N (C=N) and O (C=0). All the theoretical quan-
tum calculations of PBNH were performed using
more energetically stable conformations in gas phase
at 25°C (Fig. 5). Table 4 shows the calculated quantum
chemical parameters like Eyonmo, ELumoand p (dipole
moment) of PBNH inhibitor.

The frontier molecule orbital density distributions
for PBNH are shown in Fig. 7. Frontier orbital theory
is useful in predicting adsorption centers of the inhib-
itor molecules responsible for the interaction with sur-
face metal atoms [34, 35]. Depending on the presence
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of N and O atoms in PBNH inhibitor, the repartition
density of the HOMO and LUMO is preferentially
localized on N (C=N) and O (C=0) atoms for PBNH
molecule. EHOMO measures the tendency of donat-
ing electron by a molecule while ELUMO indicates
the ability of the molecule to accept electrons [36].
The interaction between the inhibitor and the metal is
through the donation of the electrons from the inhibi-
tor occupied orbitals (mainly from the HOMO) to the
d orbital of the metal [33], and also through the accep-
tance of the electrons from the d orbital of the metal to
the unoccupied orbitals (mainly to the LUMO) of the
inhibitor. Good inhibitors are those which not only
offer electrons to the unoccupied d orbital of the metal
atom, but have good tendency to accept and accom-
modate electrons in their unoccupied orbitals [37].
Quantum chemical parameters listed in Table 4 reveal
that PBNH has high HOMO and low LUMO with
high energy gap. The number of transferred electrons
(AN) was also calculated according to Eq. (9) [38, 39].

AN = (Xpe = Xinn)/[2(MEe = Minn) 1 9)

where Xp. and X,,;, denote the absolute electronegativ-
ity of iron and the inhibitor molecule, respectively; N,
and 1., denote the absolute hardness of iron and the
inhibitor molecule, respectively. The theoretical val-
ues of X, and ng, are 7 and 0 eV/mol, respectively
[38]. These quantities are related to electron affinity
(A) and ionization potential (/).

X =(+A4)/2, (10)
n = (I-A)/2. (11)
The softness, o is the inverse of the hardness [40],
c=1/n. (12)

I and A are related in turn to Eyomo and E; ymo
I = —Eyomo, (13)
A = —E\ ymo- (14)

Values of X and 1 were calculated by using the val-
ues of /and A obtained from quantum chemical calcu-
lation.

Other calculated quantum chemical parameters
are reported in Table 5.

Electronegativity, hardness, and softness have
proved to be very useful quantities in chemical reactiv-
ity theory. When two systems, Fe and inhibitor, are
brought together, electrons will flow from lower X, to
higher Xg., until the chemical potentials become equal
[36]. The value of AN showed inhibition effect resulted
from electrons donation [33, 38, 39]. If AN < 3.6, the
inhibition efficiency increases by increasing the elec-
tron-donating ability of these inhibitors to donate
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Fig. 7. The frontier molecular orbital density distributions
(HOMO and LUMO) using PM3 Method.

electrons to the metal surface [39]. In this study,
PBNH was the donor of electrons while mild steel sur-
face was the acceptor. The PBNH was bound to the
mild steel surface, and thus formed inhibition adsorp-
tion layer against corrosion.

The charge density distribution of the PBNH mol-
ecule is given in Fig. 6. It can be seen that oxygen,
nitrogen and some carbon atoms have higher charge
densities. Generally, the electrophiles attack the
regions of highest electron density. Therefore, oxygen,
nitrogen and carbon atoms were the active centers,
which had the strongest ability of bonding to the fer-
rous surface. In addition, it can be seen that HOMO
(Fig. 7) was mainly distributed on the area containing
oxygen atom. Thus, the area containing oxygen atom
was probably the primary site of the bonding.

From the chemical quantum calculations, it could
be deduced that PBNH molecules can be directly
adsorbed at the mild steel surface on the basis of
donor-acceptor interactions (electrostatic attraction)
and can also be adsorbed on the mild steel surface
using a number of active centers that can form protec-
tive layer on the mild steel surface, thus inhibiting the
corrosion of the metal.

4. CONCLUSIONS

The use of (£)-N'-(1-(4-propylbenzylidene)nico-
tinohydrazide) (PBNH) as a corrosion inhibitor of

Table 5. Calculated quantum chemical parameters of PBNH molecule

Inhibitor 1 (au) A (au)

X (au)

n (au) G (au™") AN

PBNH 8.80862 0.88299

4.84581

3.96282 0.25235 —0.27189
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mild steel (MS) was assessed in 1 M HCl at 303—313 K
temperature range after 7 h immersion time using WL
measurements. Quantum chemical calculations were
also used to study the correlation of the electronic and
molecular structures of PBNH with its inhibitive
properties. The conclusions of this work can be sum-
marized as follows:

1. Corrosion rate of mild steel increases with
increase in temperature and concentration of HCI.

2. MS corrosion is reduced by the presence of
PBNH inhibitor in 1 M HCI at all the concentrations
and temperatures used in this study. The inhibition
efficiency of PBNH increased with an increase in con-
centration and temperature indicating an endother-
mic process.

3. The adsorption model obeys the Langmuir
adsorption isotherm and the kinetic-thermodynamic

model. The obtained value of AG,,, indicates that the

adsorption of PBNH molecule was a spontaneous
process and PBNH adsorption mechanism on mild
steel surface was both an physisorption and chemi-
sorptions.

4. The activation energy generally increased with
an increase in the concentration of the inhibitor con-
firming the conclusion that inhibition efficiency
increased with increase in inhibitor concentration.
Positive A Hyy, value is further confirms the endother-
mic nature of the process and the positive value of
AS;,, reveals the favourable affinity of the inhibitor
towards the metal surface.

5. Quantum chemical calculations also show that
the interaction of PBNH molecule with the mild steel
surface is through electrostatic attraction (physisorp-
tion) and through adsorption using oxygen, nitrogen
and carbon atoms as its active centers (chemisorp-
tion). The area containing O atom is most probable
site for bonding the mild steel surface by donating
electrons to the metal.

6. The inhibitor used has a melting point of 107—
109°C compared to that of hydrazine which is 2°C.
Previously used as an antituberculant, this inhibitor is
far less toxic compared to hydrazine.
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