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ABSTRACT
The inhibitive actions of fatty acid derivatives namely palmitate hydrazide (PH), N-ethylidene palmitate
hydrazide (EPH) and N-phenylmethylidene palmitate hydrazide (PPH) on mild steel in 1 M hydrochloric
acid were investigated using open circuit potential, linear polarisation and electrochemical impedance
spectroscopy techniques. It was observed that the percentage of inhibition efficiency (η%) increased with
increasing concentrations of inhibitor and temperature of test medium. The maximum η% approaches 85%
in the presence of 200 mg litre-1 of inhibitors EPH and PPH at 308 ± 1K. The inhibitor efficiencies were found
to be in the following order: PPH>EPH>PH. The adsorption of these inhibitors on mild steel surface obeys
Langmuir adsorption isotherm. They act as mixed-type inhibitors. Scanning electron microscopy-energy
dispersive X-ray (SEM-EDX) was also carried out on polished mild steel coupons and those immersed in
the test medium with the absence and presence of 200 mg litre-1 of the inhibitors studied.
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INTRODUCTION

(Raja and Sethuraman, 2008). Theoretically, the
adsorption of organic inhibitors on metal surfaces
occurs through the displacement of water molecules
on the corroding surface followed by the formation
of a barrier (El-Maksoud, 2008) as shown by
Equation (1). This process results in a reduction of
anodic reaction or cathodic reaction or both thus
decreasing the corrosion rate.

Organic inhibitors which contain heteroatoms
like nitrogen, sulphur and oxygen atoms; and/
or multiple bonds in their structures are reported
exhibiting corrosion inhibition properties toward
metals in acidic media. These inhibitors have been
thoroughly investigated in developing green and
efficient corrosion inhibitors. Organic inhibitors
are prepared from chemical synthesis and some are
directly obtained from plants through extraction

*

[Inhibitor]sol + [nH2O]ads –––> [Inhibitor]ads + [nH2O]sol
Equation (1)

where n is the number of water molecules
displaced by an inhibitor molecule.
Recently,
Schiff
bases
have
received
considerable attention as they could provide greater
inhibition through adsorption compared to their
respective amine or carbonyl compounds. Such
behaviour is basically correlated with the presence
of lone pair of electrons on the nitrogen at imine
(C=N). The lone pair of electrons are available to be
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shared with metals to form a dative covalent bond
and a barrier to corrosive species attack (Keles et
al., 2015). In addition, the inhibitive action of Schiff
bases is also attributed to the unoccupied π-orbitals
that allow a donation of electrons from the metal
d-orbitals to the inhibitors (Hosseini et al., 2003;
Desai et al., 1986; Madkour and Elroby, 2014).
The development of nitrogenous compounds
containing long alkyl chains (e.g. C8-C18) such as
fatty amide (Alam et al., 2009), imidazoline (Chen
et al., 2000; Miksic et al., 2006), thiosemicarbazide
(Quraishi et al., 2000), hydrazide (Quraishi et al.,
2000), ethoxylated fatty alkyl amine (Migahed et al.,
2006), nitrile (Palou et al., 2014), dihydroxystearic
acid (Roila et al., 2001) and quarternary ester (Monk,
2015) as corrosion inhibitors was a recent discovery.
These compounds are basically derived from
vegetable oils. They consist of a polar head and a
hydrophobic tail. In the aqueous test solution, the
polar head interacts with the metal surfaces forming
a barrier. The hydrophobic group on the other
hand tends to move away from the metallic surface
forming a hydrophobic layer. The hydrophobic layer
provides an additional protection against corrosive
species (Chen et al., 2000; Miksic et al., 2009; Negm et
al., 2011; Tiu and Advincula, 2015).
The study of the potential of palmitate
hydrazide (PH) and Schiff base compounds namely
N-ethylidene palmitate hydrazide (EPH) and
N-phenylmethylidene palmitate hydrazide (PPH) as
corrosion inhibitors (Table 1) is limited and not wellknown. The presence of heteroatoms, π-electrons and
long alkyl chain (C16) in their molecular structures
is expected to demonstrate high inhibition efficiency
toward metallic surfaces. This article documents the
study on the inhibition effect of these inhibitors on
mild steel (MS) in 1 M HCl using linear polarisation
(LP) and electrochemical impedance spectroscopy
(EIS). The inhibition action of these compounds was
further confirmed by scanning electron microscopic
analysis (SEM) of the MS coupon in the presence
or absence of the inhibitors. The development and

utilisation of these palmitic acid derivatives could
add value to palm oil as palmitic acid is one of the
major components of palm oil (Tarmizi et al., 2008).

MATERIALS AND METHODS
Materials
Hydrazine monohydrate with a purity of
60%-64% was obtained from Merck (Germany).
Propionaldehyde and benzaldehyde used were
purchased from Sigma-Aldrich (USA) and methyl
hexadecanoate with purity of >95% was obtained
from Acros Organic (USA). All other reagents were
of analytical grade and used as received. Inhibitors
of PH, EPH and PPH were synthesised and purified
in the laboratory.
Synthesis of PH
A mixture of methyl hexadecanoate (74.01 g,
0.27 mol), hydrazine monohydrate (50.39 g, 0.60
mol) and absolute ethanol (150 ml) was poured into
a 500-ml round bottom flask. The reaction mixture
was constantly stirred under reflux system at 78°C
for 3 hr. The resulting solution was cooled at ambient
temperature and left overnight. Subsequently, the
solution was filtered under reduced pressure to
retain the white precipitate. Recrystallisation from
ethanol was performed followed by drying in
oven at 50°C-60°C. Appropriate precautions were
strictly taken when handling, storing and disposing
hydrazine monohydrate.
PH. White flakes (93%); m.p.: 111.5°C-112.5°C;
ϑmax (KBr) 3321 (N-H primary amine), 3290 (N-H
primary amine), 3180 (N-H), 1633 (C=O), 1538 (NH), 1161 (C-N), 719 (N-H) cm-1; δH (500 MHz, CDCl3)
6.67 (s, 1H, CONH), 3.90 (br.s, 2H, NH2), 2.13 (t, 2H, J
8.00 Hz, CH2CO), 1.62 (m, 2H, CH2CH2CO), 1.28 (m,
24H, (CH2)12CH3), 0.87 (t, 3H, J 6.90 Hz, CH2CH3);

TABLE 1. CHEMICAL STRUCTURES AND PHYSICO-CHEMICAL PROPERTIES
Chemical name

Chemical structure
o

PH
H3C(H2C)14
EPH

o
H3C(H2C)14

H3C(H2C)14

m.p.(°C)

Purity (%)

Yield (%)

White flakes

112.4

>96

93

White powder

86.6

>96

98

White powder

88.1

>96

99

NH2
N
H
N
N
H

o

PPH

Physical appearance

C
H

N
N
H

C
H

Note: PH - palmitate hydrazide.
EPH - N-ethylidene palmitate hydrazide.
PPH - N-phenylmethylidene palmitate hydrazide.
m.p. - melting point.
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δC (125 MHz, CDCl3) 174.1 (CO), 34.7 (CH2CO), 32.0
(CH2CH2CO), 29.55 (CH2)10, 29.4 (CH2CH2CH3),
29.3 (CH2CH3), 14.1 (CH2CH3); m/z (EIMS): 399
[(M-C7H15)+, C18H43N2OSi3]; CHN analysis (%) C:
72.18, H: 12.42, N: 12.78; calculated (C16H34N2O): C:
71.11, H: 12.59, N: 10.37.

Test Solution
Analytical grade 37% HCl was diluted with
ultra-pure water (resistivity > 18 MΩ cm) to prepare
1 M HCl. A stock solution containing 2500 mg litre-1
inhibitor in an alcohol was diluted appropriately
with 1 M HCl solution to obtain various
concentrations: 25-200 mg litre-1. All test solutions
were freshly prepared before each experiment.

Synthesis of EPH and PPH
A solution of PH (2.70 g, 0.01 mol) in
dimethylformamide (20 ml) was mixed with
the solution of corresponding aldehydes
(propionaldehyde and benzaldehyde, 0.05 mmol) in
a two-necked round bottom flask. Reaction mixture
was heated and constantly stirred for approximately
2 hr. After the completion of the reaction, distilled
water (5 ml) was added into the resulting solution
to give a white precipitate. Subsequently, the white
precipitate was collected and recrystallised from
dimethylformamide and water. The weight of the
corresponding precipitate was recorded.

Mild Steel Coupons
Mild steel (MS) coupons (2.5 cm × 2.5 cm × 0.3
mm) were mechanically abraded with 80, 150, 250,
400, 1500 grade emery papers to obtain a mirror-like
surface and free from apparent defects. The coupons
were washed with distilled water, degreased with
acetone, dried in an oven at 60°C-70°C for 1 hr and
kept in a desiccator.
Corrosion Measurement

EPH. White powder (98%); m.p.: 86.6°C-85.9°C;
TLC (silica): Rf = 0.25 (eluent: petroleum etherethyl acetate, 8:2, v/v); ϑmax (KBr) 3211 (N-H), 1664
(C=O), 1630 (C=N), 1557 (N-H), 1188 (C-N), 719
(N-H) cm-1; δH (500 MHz, CDCl3) 9.58 (br.s, 1H,
CONH), 7.18 (t, 1H, J 4.60 Hz, N=CH), 2.60 (t, 2H, J
8.00 Hz, CH2CO), 2.25 (m, 2H, NCHCH2CH3), 1.63
(m, 2H, CH2CH2CO), 1.23 [m, 24H, (CH2)12CH3],
1.10 (t, 3H, J 8.00 Hz, NCHCH2CH3), 0.87 (t, 3H, J
8.05 Hz, CH2CH3); δC (125 MHz, CDCl3) 176.3 (CO),
148.2 (NCH), 32.7 (CH2CO), 32.0 (CH2CH2CO), 29.7
(CH2)10, 25.6 (CH2CH2CH3), 24.8 (CH2CH2CH3), 22.8
(CH2CH3), 14.2 (CH2CH3), 10.6 (NCHCH2CH3); m/z
(EIMS): 382 (M+, C22H46N2OSi); CHN analysis (%)
C: 74.02, H: 12.51, N: 10.23; calculated (C17H34N2O):
C: 73.55, H: 12.26, N: 9.03.

The inhibition properties were investigated
via electrochemical techniques using a Methrom
potentiostat (PG104, Netherland) equipped with
a 100-ml water-jacketed corrosion cell and a three
electrode cell assembly. The electrode cell assembly
consists of MS coupon with an exposed area of
4.53 cm2 as a working electrode (WE), a platinum
counter electrode (CE), an Ag/AgCl in 3 M KCl as
a reference electrode (RE) and an earth connection.
The potentiostat was controlled by NOVA 1.10
software and measurement was carried out under
non-stirred condition. Before performing each test,
the WE was immersed in the test solution until a
steady state potential was attained. The steady state
signifies oxidation current (Iox) is equal to reduction
current (Ired) or in equilibrium state.

PPH. White powder (99%); m.p.: 88.1°C-87.7°C;
TLC (silica): Rf = 0.36 (eluent: petroleum ether-ethyl
acetate, 8:2, v/v); ϑmax (KBr) 3188 (N-H), 1671 (C=O),
1604 (C=N), 1651 (C=C), 1557 (N-H), 1186 (C-N),
722 (N-H) cm-1; δH (500 MHz, CDCl3) 9.72 (br., 1H,
CONH), 7.79 (s, 1H, N=CH), 7.66 (t, 2H, J 4.55 Hz,
m-phenyl), 7.39 (m, 3H, o-phenyl and p-phenyl), 2.76
(t, 2H, J 8.05 Hz, CH2CO), 1.73 (m, 2H, CH2CH2CO),
1.26 (m, 24H, (CH2)12CH3), 0.87 (t, 3H, J 6.90 Hz,
CH2CH3); δC (125 MHz, CDCl3) 176.7 (CO), 143.4
(N=CH), 134.0 (1C, phenyl), 130.2 (1C, phenyl),
128.8 (2C, phenyl), 127.2 (2C, phenyl), 32.9 (CH2CO),
32.0 (CH2CH2CO), 29.7 (CH2)10, 24.9 (CH2CH2CH3),
22.8 (CH2CH3), 14.2 (CH3); m/z (EIMS): 430 (M+,
C26H46N2OSi); CHN analysis (%) C: 76.37, H: 9.63,
N: 8.21; calculated (C17H34N2O): C: 77.09, H: 10.61,
N: 7.82.
The methodology for preparing EPH and PPH
inhibitors was also published in Malaysian patent
application PI 2014003628 (Mohd et al., 2014).

Scanning Electron Microscopy- Energy Dispersive
X-ray (SEM-EDX) Analysis
The surface morphology of MS coupon was
examined using scanning electron microscopy
(JEOL 840 SEM, Japan) attached to the energy
dispersive X-ray analysis (Oxford INCA400) (Oxford
Instrument Analytical, Bucks, United Kingdom).
Polished MS coupons were immersed in the test
solutions containing 200 mg litre-1 inhibitor at room
temperature for 30 days. The MS coupons were
washed with distilled water, dried in a desiccator
before examining the surface.
RESULTS AND DISCUSSION
Open Circuit Potential Measurements
The variation of the open circuit potential
(OCP) vs. Ag/AgCl in 3 M KCl with time for MS
99
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in the test solution containing inhibitor and without
inhibitor (blank) is presented in Figure 1. It is clear
from the curves that the corrosion potentials of MS
in inhibited and uninhibited 1 M HCl give negative
values. The corrosion potential of MS in the blank
solution decreases steadily with time towards
more negative values. This condition was due to a
breakdown of the pre-immersion air formed iron
oxide (Fe2O3) film that was present on the MS surface
according to Equation (2) (Migahed et al., 2006).

Then, a new iron oxide film grew inside the
test solution causing the potential shifted again to a
more noble direction until the steady state potential
obtained. The potential values of the blank solution
are in the range of -0.451 V and -0.458 V, within
800 s. The curves become more stable with the
increasing of exposure time. In contrast, the addition
of inhibitors in 1 M HCl resulted in negative shifts
of OCP values. The negative shift could be related
to cathodic reaction that was obstructed by the
inhibitors.

al. (2011). The changes in slopes for both anode
and cathode signify a mixed-type of inhibitor
behaviour (Bentiss et al., 2009). It is also noted that
the anodic Tafel slopes decrease proportionally to
the amount of inhibitors. This could be attributed
to the better surface coverage that was achieved
at the higher loading of inhibitor. Once the
inhibitors get adsorbed on the MS surface, they
retard both anodic and cathodic reactions, which
successively reduced the surface area for the
subsequent surface reactions. The presence of
inhibitors also results in a shifts of cathodic curves
towards lower current density (log I) values. The
shift of the cathodic curves is more significant
when the inhibitor concentration is increased.
Basically, this behaviour reveals that the inhibitors
exhibit inhibition activities. The Tafel parameters
of corrosion potential (Ecorr), corrosion current (icorr),
anodic slope (βa), cathodic slope (βc), corrosion rate
(CR) and inhibition efficiency (η%) for MS coupons
in 1 M HCl in the presence of different concentration
of PH, EPH and PPH as inhibitors at 308 ± 1 K are
presented in Table 2. The inhibition efficiencies were
determined using Equation (3);

Linear Polarisation Measurements

Inhibition efficiency, η% =

The cathodic and anodic polarisation curves
of the MS coupons immersed in uninhibited and
inhibited 1 M HCl (Figure 2) were obtained by
scanning the corrosion potential (Ecorr) at a scan
rate of 1 mV s-1. The addition of PH, EPH and
PPH has modified slightly both the anodic and
cathodic slopes indicating that the inhibitors had
reduced the anodic dissolution and retard the
hydrogen evolution process. These findings are
in accordance with the study done by Negm et

where icorr and i'corr are the corrosion currents in the
absence and presence of inhibitor, respectively. In the
absence of inhibitor, the icorr and CR values are found
to be at 289.48 µA cm-2 and 3.36 mm yr-1, respectively.
The MS coupon undergoes active metal dissolution
process at the anode and hydrogen evolution
process at the cathode. However, an addition of 25
mg litre-1 inhibitor in the test solution results in a
marked reduction of icorr and CR values to less than

Fe2O3 + 6HCl → 2FeCl3 + 3H2O

Equation (2)

Blank

PH

icorr – i'corr
icorr

EPH

× 100

Equation (3)

PPH

E (mV) vs. Ag/AgCI

-380
-400
-420
-440
-460
0

100

200

300

400

500

600

700

800

Time (s)
Note: PH - palmitate hydrazide.
EPH - N-ethylidene palmitate hydrazide.
PPH - N-phenylmethylidene palmitate hydrazide.
Figure 1. Open circuit potential curves of the mild steel in 1 M HCl in the absence and presence of 200 mg litre-1 inhibitor
as a function of exposure time at 308 ± 1 K.
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(a)

(b)
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Figure 2. Tafel polarisation curves of mild steel coupons after immersion in 1 M HCl in the presence of 25, 50, 75, 100 and 200 mg litre-1 of (a) palmitate
hydrazide (PH), (b) N-ethylidene palmitate hydrazide (EPH) and (c) N-phenylmethylidene palmitate hydrazide (PPH) at 308 ± 1K

TABLE 2. TAFEL POLARISATION PARAMETERS FOR MILD STEEL IN 1 M HCl WITH DIFFERENT
CONCENTRATIONS OF PH, EPH AND PPH AT 308 + 1 K

Blank
PH

EPH

PPH

Concentration
(mg litre-1)

-Ecorr
(mV vs. Ag/AgCl)

icorr
(µA cm-2)

CR
(mm yr-1)

Inhibition efficiency
(η%)

25
50
75
100
200
25
50
75
100
200
25
50
75
100
200

-452
-453
-451
-433
-426
-416
-443
-443
-465
-428
-442
-436
-434
-448
-426
-433

289.48
85.94
74.79
71.23
56.34
14.60
102.51
85.91
72.38
53.05
42.40
82.87
71.06
59.02
55.56
44.81

3.36
1.00
0.87
0.83
0.66
0.17
1.19
1.00
0.84
0.62
0.49
0.96
0.83
0.69
0.65
0.52

70.3
74.2
75.4
80.5
80.3
64.6
70.3
75.0
81.7
85.4
71.4
75.5
79.6
80.8
84.5

Note: PH - palmitate hydrazide.
EPH - N-ethylidene palmitate hydrazide.
PPH - N-phenylmethylidene palmitate hydrazide.

to decreases in CR and icorr values thereby increasing
η% value.
Apart from it, the Ecorr values have shifted
toward more positive direction with reference to
the blank solution suggesting that the suppression
of the anodic reaction is the pre-dominant effect.

102.51 µA cm-2 and 1.19 mm yr-1, respectively. This
implies that the inhibitors gradually retard both the
anodic and cathodic processes. Further increase in
inhibition concentration results in more interaction
between inhibitor and metal surface thus reducing
the surface area for subsequent reactions. This leads
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JOURNAL OF OIL PALM RESEARCH 29 (1) (MARCH 2017)

Electrochemical
Measurement

The shift in Ecorr values is more significant at higher
inhibitor concentrations. It was suggested that,
if the shift in Ecorr values is > 85 mV in inhibited
solution with reference to uninhibited solution,
the inhibitors could be classified as cathodic or
anodic type depending on its direction. But, if the
shift in Ecorr values is < 85 mV, the inhibitors could
be recognised as mixed-type inhibitors (Verma and
Quraishi, 2014). In this study, the changes in Ecorr
values are less than 85 mV indicating they act as a
mixed-type inhibitor.
At constant temperature, the η% values of all
inhibited solutions increase with increasing inhibitor
concentration (Figure 3a). The incorporation of
PPH and EPH in 1 M HCl gives the η% values of
approximately 85% which are higher than that of
PH. It is also noted that the η% values of all studied
inhibitors are relatively low at 308 ± 1 K and they
steadily increase reaching 95% at 328 ± 1 K (Figure
3b). Theoretically, corrosion rate is strongly affected
by temperature. An increase of each 10°C may
double the corrosion rate (Davis, 2000). Conversely,
it was observed that the inhibition efficiencies
strongly increase with increasing temperature.
These results could be associated with the solubility
of the inhibitors in the test medium. It is greater at
higher temperature thus giving higher η% values.
The η% values increase in the following order PPH
> EPH > PH. The inhibition behaviour of EPH and
PPH could be correlated to the presence of imine
in their molecule structures that enables a strong
adsorption with the metal surface, hence, providing
better inhibition. PPH shows better inhibition
properties than EPH because it has a phenyl group
that allows the adsorption of delocalised π-electrons
with the vacant d-orbital of Fe atom (Madkour and
Elroby, 2015).

Impedance

The EIS results are interpreted in term of the
equivalent circuit of the double layer resulting from
the charge transfer resistance, Rct, solution resistance,
Rs and capacitance double layer, Cdl (Figure 4).
The circuit is commonly used to model the metalelectrolyte interface. A constant phase element
(CPE) is used to describe a frequency of independent
phase shift between an applied attenuated current
potential and its current response as in Equation (4)
Z(CPE) = Yo- 1 (jω)-n

Equation (4)

where j = √(-1), ω is the angular frequency in
rads-1, Yo is the constant of CPE element, n is an
empirical constant that ranges from 0 to 1. When n
= 1, the CPE performs as a pure capacitor, if n = 0,
the CPE behaves as a pure resistor and if n = 0.5,
the CPE is an equivalent of the Warburg element.
Warburg element is a diffusion of ohmic species
at the interface. The exponent of the CPE element
which can be used as a gauge for the heterogeneity
or roughness of the surface and f is the frequency
of sinusoidal perturbation signal in Hz. Conversion
of fit parameter Yo into Cdl can be done through the
following relationship as shown in Equation (5):
Cdl =

1
(2πfmaxRct)

Equation (5)

where f is the frequency at which the imaginary
component of the impedance is at a maximum
while Rct values, obtained from the parametric fit of
the experimental spectrum to the equivalent circuit
equation. The impedance spectra (Nyquist plots) for
PH, EPH and PPH (Figure 5) as well as uninhibited
(b)

100
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η (%)

η (%)

(a)
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EPH

20

Spectroscopy

60

PH

40

EPH

20

PPH

0

PPH

0
0

50

100
C (mg litre-1)

150

305

200

310

315

320

325

Temperature (K)

Note: PH - palmitate hydrazide.
EPH- N-ethylidene palmitate hydrazide.
PPH- N-phenylmethylidene palmitate hydrazide.
Figure 3. The effects of inhibitor concentration at 308 ± 1 K (a) and temperature at 200 mg litre-1 inhibitor (b) on the inhibitor
efficiency of mild steel in 1 M HCl.
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consequence of increasing inhibitor concentrations.
The capacitive loops for EPH and PPH are relatively
bigger than PH suggesting the corroding process
of MS is relatively slower in the presence of these
inhibitors. The high-frequency capacitive loops
suggest that the corroding process of MS in 1 M HCl
is controlled by a charge transfer process (Abdulwali
et al., 2013; Ashassi-Sorkhabi et al., 2006). The lowfrequency inductive loops might be attributed to the
relaxation process that resulted from adsorption of
Cl–ads and the re-dissolution of the passive surface.
The disappearance of inductive loops at high
inhibitor concentrations signifies the formation of a
protective layer on the metal surface (Khadiri et al.,
2016). In general, when MS is immersed in inhibited
and uninhibited test solutions it behaves like a pure
capacitor as the constant, n values are very close to
one (Table 3).
The similar trend on changes of Rct and Cdl
values were observed by increasing the inhibitor
concentration. The Rct value represents a corroding
process whereby a high value is associated with a
slower corroding system. The rise in Rct values is due
to the increase in thickness of the electrical double
layer (EDL) that results in better resistance toward
charge transfer reactions at the metal-electrolyte
interface. The decrease in Cdl values is attributed to
the adsorption of inhibitor molecules on the metal
surface thus preventing the extent of the metal
dissolution (Rafiquee et al., 2007). Helmholtz model
as shown by Equation (6) can be used for further
understanding on this phenomenon.

Rp
Rs

Cdl
Figure 4. An electrochemical equivalent circuit diagram for
metal-electrolyte interface.

solution appeared as single semi-circle capacitive
loops suggesting that the corrosion process is mainly
controlled by a charge transfer process (El-Lateef et
al., 2015). The smallest capacitive loop was obtained
from experiment of MS in uninhibited solution and
indicates that, the metal is having an active corrosion
process in the test solution. The large capacitive loop
is associated with a slower corroding process.
The Nyquist plots of MS in 1 M HCl solution
containing the studied inhibitors show imperfect
semi-circles. These are often related to a frequency
dispersion that are attributed to the roughness of
metal surface, impurities, dislocations and formation
of porous layers (Ramya et al., 2015; Abdulwali et
al., 2013). It is clearly observed that the shape of
the Nyquist plots is not affected by the presence of
inhibitor molecules as all plots obtained are single
semi-circle capacitive loops. This suggests that the
inhibitors do not change the corrosion mechanism
of the MS in 1 M HCl and the inhibition occurs
through the adsorption on the MS surface (Solmaz et
al., 2008). It was also observed that the diameters of
semi-circles noticeably increase with the addition of
inhibitors. The size of capacitive loop increases as a

Cdl =

εo ε

S

Equation (6)

d

TABLE 3. CONSTANT PHASE ELEMENT (CPE) OF MILD STEEL IN 1 M HCl WITH DIFFERENT
CONCENTRATION OF PH, EPH AND PPH AT 308 ± 1K
Inhibitor

Concentration (mg litre-1)

Constant (n)

Rs (Ω)

Rct (Ω)

Cdl (µF cm-2)

25
50
75
100
200
25
50

0.999
0.998
0.998
0.998
0.997
0.996
0.997
0.997

1.43
1.40
1.36
1.39
1.68
1.78
1.20
1.34

103
111
117
114
152
345
120
157

40.4
63.5
62.9
61.5
61.5
38.0
53.1
53.9

EPH

75
100
200
25
50

0.997
0.996
0.997
0.998
0.998

1.40
1.41
1.53
1.12
1.59

176
291
559
211
222

43.3
38.4
37.2
36.9
36.1

PPH

75
100
200

0.997
0.997
0.998

2.10
1.51
1.51

242
289
176

37.0
34.3
50.7

Uninhibited (blank)

PH

Note: PH - palmitate hydrazide.
EPH - N-ethylidene palmitate hydrazide.
PPH - N-phenylmethylidene palmitate hydrazide.
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Adsorption Isotherm

-Z" (Ω cm2)

(a) PH
Blank,
25 mg litre-1

200

Blank

The inhibitive action of PH, EPH and PPH on the
MS surface is best described by the Langmuir type
adsorption. The Langmuir adsorption isotherm, θ
is associated with the concentration of the inhibitor
as given by Equation (7). This model assumes each
adsorption site holds only one adsorbed species
(Foo and Hameed, 2010) and inhibitors formed selfassembled monolayers (SAM).

50 mg litre-1
75 mg litre-1
100 mg litre-1
200 mg litre-1

100

0
0

200

400

600

Z' (Ω cm2)
θ = kC/(1 + kC)

where k is the equilibrium constant of the
adsorption process and rearrangement of Equation
(7) gives Equation (8):

(b) EPH

-Z" (Ω cm2)

Equation (7)

200
Blank

Cinh
θ

100

100

200

300

400

500

1
Kads

+ Cinh

Equation (8)

where Cinh is the concentration of inhibitor and
Kads is the adsorption constant obtained from the
intercept of the straight line. The plots of Cinh/θ
against Cinh (Figure 6) gave straight lines with
linear regressions, r2 of > 0.99. The Kads is related
to the standard free energy of adsorption (ΔGads) as
described by Equation (9):

0
0

=

600

Z' (Ω cm2)

(c) PPH

-Z" (Ω cm2)

ΔGads = -RT ln(55.5 Kads)
200

Blank

where R is the universal gas constant (R=
8.31446 J K mol-1), T is absolute temperature (K) and
the value of 55.5 represents the molar concentration
of water in solution expressed in unit of mol litre-1
(El-Lateef, 2015). Values of ln Kads, ΔGads and Hads are
shown in Table 4. The ln Kads values for all inhibitors
are found in the range of 8.53 to 11.26 signifying
these inhibitors strongly adsorbed onto the MS
surface. The increase in adsorption of inhibitors
on MS surface in accordance with temperature is
also shown by ln Kads values. Apart from having
better solubility at higher temperatures giving
greater adsorption, it is also hypothesised that the
mode of adsorption is also affected by temperature.
The inhibitor adsorbs on the metal surface by
physisorption at lower temperatures. Adversely,
chemisorption is favoured at higher temperatures
(Lebrini et al., 2006; Bouklah et al., 2006; Bentiss
et al., 2005). The negative values of ΔGads signify a
spontaneity adsorption of the inhibitors on the MS
surface (Solmaz et al., 2008). Basically, physisorption
process is indicated by ΔGads values of < -20 kJ mol-1
as it involves electrostatic interactions between the
charged molecules (physisorption). Nevertheless,
chemisorption process is associated with ΔGadsvalues
around -40 kJ mol-1 or higher as results of sharing
or transfer of electrons from organic molecules to
metallic surfaces through formation of coordinate

100

0
0

100

200

300

400

500

Equation (9)

600

Z' (Ω cm2)
Figure 5. Nyquist plots for mild steel in 1 M HCl with difference
concentrations of (a) palmitate hydrazide (PH), (b) N-ethylidene
palmitate hydrazide (EPH) and (c) N-phenylmethylidene palmitate
hydrazide (PPH) at 308 ± 1K.

where εo is the permittivity of free space, ε is
the local dielectric constant of the protective layer,
d is the film thickness and S is the surface area. In
this model, the Cdl is inversely proportional to the
surface change. The decrease in Cdl might be due to
a reduction in local dielectric constant (ε) and/or an
increase in the thickness (d) of the EDL at the MS
surface. The replacement of water molecules with
inhibitor molecules decreases the local dielectric
constant as it involves replacement of higher
dielectric constant to lower dielectric constant
(Özcan et al., 2008).
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300

C/θ

200

PH
100

EPH
PPH

0
0

50

100

150

200

C (mg litre-1)
Note: PH - palmitate hydrazide.
EPH - N-ethylidene palmitate hydrazide.
PPH - N-phenylmethylidene palmitate hydrazide.
Figure 6. Langmuir absorption isotherm of PH, EPH and PPH at 308 ± 1 K.

TABLE 4. LANGMUIR ADSORPTION ISOTHERM PARAMETERS FOR PH, EPH AND PPH ON MILD STEEL
SURFACE IN 1 M HCl AT DIFFERENT TEMPERATURES
Inhibitor

Temperature (K)

ln Kads (L mol-1)

ΔGads (kJ mol-1)

298
308
318
328
298
308
318
328
298
308
318
328

8.53
9.56
9.88
11.17
9.10
10.01
11.19
11.21
9.49
10.71
10.41
11.26

-31.1
-34.8
-36.7
-41.4
-32.5
-35.9
-40.2
-41.5
-33.5
-37.7
-38.2
-41.7

PH

EPH

PPH

ΔHads (kJ mol-1)
-37.2

-50.3

-54.0

Note: PH - palmitate hydrazide.
EPH - N-ethylidene palmitate hydrazide.
PPH - N-phenylmethylidene palmitate hydrazide.

bonds (Solmaz et al., 2008; Bahrami and Hosseini,
2012). It is found that the ΔGads values increase
proportionally to the rise of temperature with
values from -33.6 kJ mol-1 to -42.3 kJ mol-1. This value
range is the threshold value of both physisorption
and chemisorption. Furthermore, this observation
also suggests that the adsorptions of inhibitors are
predominantly due to chemisorption accompanied
by physisorption. Solmaz et al. (2008) also
recommended that the physisorption could be the
initial stage of adsorption process. The enthalpy of
adsorption can be calculated from Gibss-Helmholtz
equation as expressed by Equation (10):

parameters. Basically, negative value of the entalphy
of adsorption (ΔHads<0) indicates an exothermic
process that involves either physisorption or
chemisorption. While a positive value (ΔHads >0)
is related to an endothermic process through
chemisorption (Durnie et al., 1999). The high values
of ΔHads signify the strong adsorption of inhibitors
onto the MS surface. In this study, the values of ΔHads
obtained are all negative suggesting the exothermic
behaviour of adsorption. The magnitude of ΔHads for
EPH and PPH is higher than PH indicating stronger
adsorption of EPH and PPH.
Scanning Electron Microscope Analysis

ΔGads = ΔHads -TΔSads

Equation (10)

The SEM micrographs of a finely polished MS
coupon after 30 days of immersion in 1 M HCl
(control) are depicted in Figures 8a and 8b. The image
of the finely polished MS coupon exhibits relatively
smooth surface with some scratch lines that arise
during metal polishing. After 30 days of immersion,

Plot of ΔGads against T (Figure 7) gives the
entalphy of adsorption (ΔHads) and the standard
entropy (ΔSads). The plots show good dependence
of ΔGads on T indicating the adsorption of inhibitors
is in good correlation with thermodynamic
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ΔGads

-32

PH

-34

EPH

-36

PPH

-38
-40
-42
-44
295

300

305

310

315

320

325

330

Temperature (K)
Note: PH - palmitate hydrazide.
EPH - N-ethylidene palmitate hydrazide.
PPH - N-phenylmethylidene palmitate hydrazide.
Figure 7. Variation of ΔGads with T (K).

the MS surface suffers severe corrosion. A formation
of flakes-type corrosion products resulting from
long-term attacks of aggressive corrosive solution
is observed in the micrographs. SEM micrograph
(Figure 9a) of MS coupon after 30 days of immersion
in the test solution containing PH shows the surface
is very rough with large number of cracks and
flakes-type corrosion products. This severe
corrosion is almost similar to that of uninhibited
(control). The result shows that PH does not able
to give sufficient protection toward MS surface
for long-term attack of corrosive solution. The
micrographs for MS coupons in the test solution
containing EPH and PPH (Figures 9b and 9c)
exhibit smoother surfaces and the scratch lines
are completely invisible signifying the surfaces
are covered by a thin protective film. EPH and
PPH form protective layers on MS surface thus
prevent the surface from attack of corrosive ions,
reduce the dissolution process of MS and inhibit
the MS surface (El Azzouzi et al., 2016). Some
deposited particles are also found on the surfaces.
This could be due to the multiple nucleations of
inhibitors, preferentially on the same site of the MS
surface (Karthikaiselvi and Subhashini, 2014).

chlorine and oxygen contents could be associated
with the formations of FeCl2, Fe(OH)2, Fe2O3 and/or
Fe3O4. The MS surface does not have any protective
layer so that it is having severe attack of aggressive
corrosive ions forming corroded particles. Addition
of 200 mg litre-1 PH in the test solution resulted in
a decrease in Cl content and an increase in oxygen
content signify insufficient protection offered by
PH. Nevertheless, EPH and PPH exhibit extremely
low contents of both Cl and O indicating their
excellent ability to protect the MS surface. Similarly,
the inhibition behaviour can be evaluated by
Fe content whereas high value of Fe content is
commonly correlated to better inhibition behavior
(Shafiee et al., 2015). In uninhibited solution, MS
was severely corroded giving very low value of
Fe content. Opportunely, the studied inhibitors
give significantly high content of Fe indicating
the MS surfaces are less corroded. The inhibitive
action of the studied inhibitors follows this order:
PPH>EPH>PH.
The inhibition properties of PH, EPH and PPH
against the corrosion of MS in 1 M hydrochloric
acid can be explained according to the number of
adsorption sites and mode of interaction with the
metal surface. Inhibitive action of PH is associated
with the lone pair of electrons that are available
to be shared with metal to form dative bond.
Apart from it, PH may be protonated in 1 M HCl
solution forming positively charged molecule and
interacts with negatively charged metal surface by
weak interaction or also called physisorption. The
presence of C=N in the molecules of EPH and PPH
resulted in stronger adsorption through unoccupied
π-orbital that allows donation of electrons from the
metal d-orbitals to inhibitors as well as sharing of
lone pair electrons with metal to form dative bond.
The phenyl group that contains π-orbitals in the

Energy Dispersive X-ray Analysis
A formation of protective layer on MS surface
was also confirmed by analysing the chemical
content after 30 days of immersion in the test
solution. The EDAX analysis on finely surface MS
shows an absence of chlorine and oxygen particles
indicating the MS surface is absolutely free from any
oxide layer and/or corroded particles. Significant
increases in chlorine and oxygen contents are
observed for MS coupons that were exposed to
uninhibited 1 M HCl solution. The increases in
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a) Freshly polished MS

a) Uninhibited 1 M HCl / 30 days (control)

Figure 8. The scanning electron microscopy (SEM) micrographs of freshly polished mild steel surface (a) and mild steel after 30 days of immersion in
1 M HCl (b) at room temperature under 500X magnification.

a) PH/30 days

b) EPH/30 days

c) PPH/30 days

Figure 9. The scanning electron microscopy (SEM) micrographs of mild steel surface after 30 days of immersion in 1 M HCl in the presence of 200
mg litre-1 (a) palmitate hydrazide (PH), (b) N-ethylidene palmitate hydrazide (EPH) and (c) N-phenylmethylidene palmitate hydrazide (PPH) at room
temperature under 500X magnification.

molecule of PPH enhanced its adsorption on MS
surface thus giving excellent inhibition.

and EDX analyses confirm the formation of film
layer for MS that were immersed in the test solution
containing 200 mg litre-1 of EPH and PPH.

CONCLUSION
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is spontaneous and obeys Langmuir isotherm. SEM
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