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ABSTRACT
7KH� FRUURVLRQ� LQKLELWRU\� HIILFLHQF\� RI�N�FLQQDPDOLGHQH�SDOPLWRK\GUD]LGH� �&3+��RQ�PLOG� VWHHO� LQ���0�
K\GURFKORULF�DFLG�VROXWLRQ�ZDV�VWXGLHG�XVLQJ�7DIHO�SRODULVDWLRQ��HOHFWURFKHPLFDO�LPSHGDQFH�VSHFWURVFRS\�
DQG�VFDQQLQJ�HOHFWURQ�PLFURVFRS\�HQHUJ\�GLVSHUVLYH�;�UD\�VSHFWURVFRS\��6(0�(';���7DIHO�SRODULVDWLRQ�
DQDO\VLV� VKRZHG� WKDW� WKH� PD[LPXP� LQKLELWLRQ� HIILFLHQF\� �Ș7DIHO��� DSSURDFKHG� ���� LQ� WKH� SUHVHQFH� RI�
200 mg litre-1�RI�&3+�DW����.��7KH�SHUFHQWDJH�LQKLELWLRQ�HIILFLHQF\�LQFUHDVHG�ZLWK�LQFUHDVLQJ�LQKLELWRU�
FRQFHQWUDWLRQ�DQG� WHPSHUDWXUH� RI� WKH� WHVW�PHGLXP��7DIHO�SRODULVDWLRQ� VWXG\� FOHDUO\� UHYHDOHG� WKDW�&3+�
IXQFWLRQV�DV�D�PL[HG�W\SH�LQKLELWRU�ZLWK�D�SUHGRPLQDQW�DQRGLF�FRQWURO��7KH�DGVRUSWLRQ�RI�&3+�RQ�PLOG�VWHHO�
VXUIDFH�REH\HG�WKH�/DQJPXLU·V�DGVRUSWLRQ�LVRWKHUP��7KH�HYDOXDWLRQ�RI�WKH�WKHUPRG\QDPLF�DQG�DFWLYDWLRQ�
SDUDPHWHUV� LQGLFDWHG� WKDW� WKH� DGVRUSWLRQ� RI� &3+� RQ� WKH� PLOG� VWHHO� VXUIDFH� WRRN� SODFH� VSRQWDQHRXVO\�
WKURXJK�ERWK�SK\VLVRUSWLRQ�DQG�FKHPLVRUSWLRQ�ZLWK�*LEEV�IUHH�HQHUJ\�RI�DGVRUSWLRQ��Ј*ºads��YDOXHV�IURP�
-34.33 kJ mol-1 to -41.38 kJ mol-1�� ,PSHGDQFH�VSHFWURVFRS\�DQDO\VLV�VKRZHG�WKDW�FRUURVLRQ�RI�PLOG�VWHHO�
LQ���0�K\GURFKORULF�DFLG�VROXWLRQ�ZDV�PDLQO\�FRQWUROOHG�E\�D�FKDUJH�WUDQVIHU�SURFHVV�DQG�&3+�IRUPHG�D�
SURWHFWLYH�ILOP�RQ�WKH�PHWDO�VROXWLRQ�LQWHUIDFH��7KH�SURWHFWLYH�ILOP�ZDV�IXUWKHU�FRQILUPHG�E\�6(0�LPDJHV�
DQG�WKH�HOHPHQWDO�DQDO\VLV�WKDW�PHDVXUHG�E\�(';�DQDO\VLV��
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INTRODUCTION

Mild steel is widely applied as the constructional 
materials for boilers, storage tanks, building 
constructions, reactors as well as oil and gas 
pipelines. Its broad applications and never-ending 
uses are due to its material properties that are 
accepted in various applications and price that 

relatively cheaper than other metals (Su et al., 2016). 
In general, mild steel is a ferrous metal with carbon 
content of approximately 0.05%-0.25% by weight. 
Meanwhile, acid solutions particularly hydrochloric 
acid are commonly used in industrial processes 
such as acid pickling of iron and steel; chemical 
cleaning and well acidification for oil and gas 
exploration. In these applications, acid is applied to 
clean metal surface and remove impurities such as 
stains, inorganic contaminants, corrosion products 
from ferrous metals. If these processes are carried 
out without an appropriate protection, the metal 
surfaces especially mild steel tends to get corroded. 
Once metal is exposed to acidic environment, 
corrosion may take place where it involves 
oxidation-reduction reaction. Furthermore, this 
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acid-metal interaction can also lead to subsequent 
diffusion of hydrogen gas continuously into metal 
where it may gradually weaken the mechanical 
strength (Diblíková et al., 2014). One of the best 
options of protecting the metallic surfaces against 
corrosion in the acidic environment is through use 
of corrosion inhibitors (Paul et al., 2012).

7KH� VHOHFWLRQ� RI� LQKLELWRUV� LV� FRQWUROOHG� E\�
its economic availability, efficiency to inhibit the 
substrate material, safety and environmental side 
effects. Many types of corrosion inhibitors which 
include anodic, cathodic, oxygen scavenger and 
precipitates are extensively applied to control 
corrosion. However, a proportion of them 
particularly those containing chromate, nitrite and 
other heavy metals were found to be toxic and 
harmful to ecological system especially aquatic life. 
7KH�XVH�RI� WKHVH� LQKLELWRUV� LV�QRZ�EHLQJ�JUDGXDOO\�
restricted by various environmental regulations 
(Roy et al., 2014). Since the use of corrosion inhibitors 
is still one of the most practical techniques in 
combating corrosion, replacement of these inorganic 
inhibitors with green, non-toxic and safe chemicals is 
YHU\�FUXFLDO��7KHVH�VDIHW\�DQG�HQYLURQPHQWDO�LVVXHV�
have encouraged people to use organic inhibitors in 
RUGHU�WR�DGGUHVV�WKH�KD]DUG�RI�WKRVH�WR[LF�FRUURVLRQ�
LQKLELWRUV�� 7KH� HIIHFWLYHQHVV� RI� RUJDQLF� LQKLELWRUV�
depends largely on the presence of heteroatoms 
such as sulphur, nitrogen, oxygen and/or multiple 
bonds (Verma and Quraishi, 2014; El-Maksoud, 
2008). Previous studies reveal that several organic 
LQKLELWRUV� LQFOXGH� R[DGLD]ROHV� �&KDNUDYDWK\� DQG�
0RKDQD�� ������� WKLRVHPLFDUED]LGHV� �5DP\D� et al., 
2015), Schiff bases (Singh and Quraishi, 2012; Ramesh 
and Adhikari, 2007), henna extract (Hamdy and El-
*HQG\�� ������ DQG� ��PHUFDSWRWKLD]ROLQH� �6ROPD]� et 
al., 2008) have shown good inhibition properties on 
various metallic surfaces in acidic media. 

Schiff base compounds are effective corrosion 
inhibitors for corrosion of mild steel (Verma 
and Quraishi, 2014; Chitra et al., 2010; Desai et 
al., 1986), aluminium (Safak et al., 2012), copper 
(Li et al., 1999), nickel (Mishra et al., 2015) and 
]LQF� �7DZILN� DQG� =DN\�� ������ LQ� DFLGLF�PHGLD� OLNH�
hydrochloric acid, nitric acid, sulphuric acid and 
SKRVSKRULF� DFLG�� 7KH� VSHFLILF� LQWHUDFWLRQ� EHWZHHQ�
functionalities in Schiff base compounds with 
metal surface is a crucial part for the mechanistic 
performance of molecules (Chitra et al., 2010). 
Imine group in Schiff base molecules can act as an 
active centres for adsorption on the metal surfaces. 
7KLV� LV� FRPPRQO\� IROORZHG� E\� IRUPDWLRQ� RI� D�
protective layer that protects the surface from 
elements causing corrosion. Molecular weight, 
polarity, water miscibility, electron density, boiling 
point and melting point are important properties 
to be considered for selecting effective corrosion 
inhibitors. 

7KH� LQKLELWRU\� DFWLYLWLHV� RI� RUJDQLF� PROHFXOHV�
are accomplished not only through adsorption of 
active centres alone but also could be supported 
by the presence of long-chain alkyl group. Schiff 
base with long-chain alkyl can be produced 
from nitrogen-based compounds derived from 
vegetable oils such as palm oil, soyabean oil, 
rapeseed oil and so forth. Malaysia as one of the 
world’s largest palm oil producers and the growth 
of oleochemical industry sectors offers a great 
opportunity to apply palm-based sources for 
development of downstream products particularly 
FRUURVLRQ�LQKLELWRUV��.XVKDLUL�et al., 2018; Rafiquee 
et al., 2007). A new Schiff base compound namely, 
1�FLQQDPDOLGHQH� SDOPLWRK\GUD]LGH� �&3+�� ZDV�
V\QWKHVLVHG� IURP� SDOPLW\O� K\GUD]LGH� DQG� trans-
cinnamaldehyde; and was applied for corrosion 
LQKLELWRU�� 7KH� LQKLELWLRQ� SURSHUWLHV� RI� &3+� ZHUH�
tested on corrosion of mild steel in acidic medium 
using electrochemical and surface analyses.

MATERIALS AND METHOD

Preparation of N-cinnamalidene Palmitohydrazide

$� PL[WXUH� RI� SDOPLWDWH� K\GUD]LGH�� trans-
cinnamaldehyde and dimethylformamide was 
charged into a two-necked reaction flask equipped 
ZLWK� D� FRQGHQVHU� DQG� D� UHFLUFXODWLQJ� FKLOOHU�� 7KH�
reaction mixture was then heated at 90ºC for 2 hr. 
After cooling to room temperature, the precipitates 
were filtered off under vacuum and recrystallised 
using dimethylformamide and water. Off-
white solid product obtained from this one-pot 
synthesis was collected and dried in an oven for 
RYHUQLJKW�� 7KH� &3+� REWDLQHG� ZDV� FKDUDFWHULVHG�
by infrared spectroscopy (Nicolet Magna-IR 550 
Spectrometer II), Nuclear magnetic resonance 
�105�� VSHFWURVFRS\� �-(2/� -10�(&=5� ���0+]���
mass spectroscopy (Agilent 5975C).

Electrochemical Measurement

7KH� HOHFWURFKHPLFDO� PHDVXUHPHQWV� ZHUH�
performed using a three-electrode cell assembly 
potentiostat (Methrom Autolab PG 204, 
Netherlands) equipped with a 100-ml water-
jacketed corrosion cell. Saturated silver/silver 
FKORULGH� �$J�$J&O�� LQ� �� 0� .&O� DQG� SODWLQXP�
were used as reference and counter electrodes, 
respectively. Mild steel specimens with an exposed 
area of 4.5 cm2�ZHUH�XVHG�DV�ZRUNLQJ�HOHFWURGH��7KH�
experiment was carried out under a non-stirred 
condition and the working electrode was immersed 
in the test solution at open circuit potential (OCP) 
for 30 min to attain a stabilised OCP before 
performing measurement.
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Electrode and Solutions Preparation

Mild steel coupons of dimension 2.5 cm x 2.5 cm 
x 0.3 cm (wt. % composition: 0.32 Mn, 0.09 Cu, 0.07 
C, 0.04 Cr, 0.03 Pb, 0.03 Ni, 0.02 Al and 0.01 S and 
the remainder is iron) were mechanically abraded 
ZLWK� GLIIHUHQW� JUDGHV� RI� HPHU\� SDSHUV�� 7KH�PHWDO�
composition was measured using spark emission 
VSHFWURVFRS\� �)RXQGU\�0DVWHU�� *HUPDQ\��� 7KH�
mild steel coupons were washed with distilled 
water, degreased with acetone and kept in a 
GHVLFFDWRU�� 7KLV� SURFHGXUH� ZDV� FDUULHG� RXW� SULRU�
WR� HDFK� H[SHULPHQW�� 7KH� DJJUHVVLYH� VROXWLRQV� RI�
1 M hydrochloric acid solution were diluted from 
37% hydrochloric acid (AR grade, Merck Germany) 
using high-purity deionised water (resistivity ~ 18.2 
0ۙ�FP��WKDW�ZDV�REWDLQHG�IURP�D�ODERUDWRU\�ZDWHU�
SXULILFDWLRQ� V\VWHP� �(/*$�� 8QLWHG� .LQJGRP���
Inhibited 1 M hydrochloric acid solutions were 
prepared by diluting inhibitor solution in alcohol 
with 1 M hydrochloric acid solution to obtain 
various concentrations: 25-200 mg litre-1. 

Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy was 
carried out to have a thorough understanding 
of the corrosion product film and inhibitor 
performance through electrochemical system. 
Impedance behaviour is commonly explained by 
pure electrical models that are used to verify and 
calculate the numerical values corresponding to 
WKH�HOHFWURFKHPLFDO�V\VWHP�XQGHU�H[DPLQDWLRQ��7KH�
measurement was performed at an open circuit 
SRWHQWLDO� LQ� WKH� IUHTXHQF\� UDQJH� IURP� ���� N+]�
WR� ����� +]� ZLWK� DPSOLWXGH� RI� �� P9� DV� H[FLWDWLRQ�
signal and scan rate of 1 mV s-1. Data obtained was 
fitted with sets of equivalent circuits using NOVA 
VRIWZDUH�� 7KH� SHUFHQWDJHV� RI� LQKLELWLRQ� HIILFLHQF\�
from impedance measurements were calculated 
using charge transfer resistance values as expressed 
by Equation (1):

 ȘEIS (%) = Rct - R"ct

Rct

'  x 100  (1)

where Rct and 5·ct are the charge transfer resistances 
of working electrode in the absence and presence of 
inhibitor, respectively.

Tafel Polarisation

7KH� 7DIHO� SRODULVDWLRQ� PHDVXUHPHQWV� ZHUH�
started from cathodic to the anodic reactions 
(E =Ecorr + 250 mV, where E is potential and Ecorr is 
corrosion potential) at a constant sweep rate of 
1 mV s-1�� 7KH� ORZ� VZHHS� UDWH�ZDV� VHW� WR� REWDLQ� D�

steady state current-potential curve (Rivera-Grau 
et al��� ������� 7KH� FRUURVLRQ� SRWHQWLDO� �(corr) was 
observed when the electrode attained a steady state. 
A plot of potential, E against log icorr �7DIHO� SORW��
ZDV� FRQVWUXFWHG� DQG� WKH� OLQHDU� 7DIHO� VHJPHQWV� RI�
anodic and cathodic curves were extrapolated to 
obtain corrosion current density (icorr) and Ecorr��7KH�
corrosion rate (CR) and percentage of inhibition 
efficiency Ș7DIHO(%) was calculated using Equations 
(1) and (2) (Shahin et al., 2003). 

Corrosion rate, CR (mm yr-1) = 
������[�(T��:�[�Lcorr

d
 (2)

Inhibition efficiency, Ș7DIHO% = 
(i’çorr -icorr)

i’corr
 x 100  (3)

ZKHUH� (T�:� DQG� d are the equivalent weight 
(g) and density (g cm-3) of the corroding metal, 
UHVSHFWLYHO\�� 7KH� L·corr and icorr are the corrosion 
current density values in blank and in the presence 
of inhibitors, respectively. Adsorption isotherm 
of CPH was calculated from linear polarisation 
measurement.

Surface Analysis

7KH�PLOG� VWHHO� FRXSRQV�ZHUH� H[SRVHG� WR� ��0�
hydrochloric acid solution containing CPH inhibitor 
with concentration of 200 mg litre-1 and also blank 
solution for 3 hr and 30 days before conducting 
surface morphological examination. After 
completion of immersion test, the coupons were 
removed from the solutions, rinsed with acetone and 
GULHG�LQ�DQ�RYHQ�IRU���KU��7KH�PRUSKRORJLFDO�DQDO\VLV�
ZDV�SHUIRUPHG�XVLQJ�6(0�(';�VSHFWURPHWU\��-(2/�
JSM 6400, Japan).

RESULTS AND DISCUSSION

Characterisation of the CPH

CPH was synthesised with considerably good 
yield and purity of greater than 95%. CPH is white 
powder and it is soluble in dimethyl formamide, 
ethanol, isopropanol, dimethylsulfoxide and 
FKORURIRUP��7KH�FKHPLFDO�GDWD�RI�&3+�LV�VKRZQ�DV�
follows:

Off-white solid (yield: 98%, 0.9974 g); m.p.: 
������&�������&�� 7/&� �VLOLFD��� 5I = 0.30 (eluent: 
petroleum ether-ethyl acetate, 8:2, v/v); ݝmax� �.%U��
cm-1) 3200 (N-H), 1667 (C=O), 1627 (C=N), 1570 (N-
H), 1667 (C=C), 1187 (C-N), 722 (N-H); įH������0+]��
CDCl3) 9.75 (s, 1H, CONH), 7.64 (dd, 1H, J �����+]��
NCHCH=CH), 7.46 (d, 2H, J������+]��o-phenyl x 2), 
7.34 (t, 2H, J������+]��m-phenyl x 2), 7.30 (t, 1H, J 7.20 
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+]��p-phenyl), 6.88 (d, 1H, J ����+]��1&HCH=CH), 
6.88 (d, 1H, J �����+]��&+ &HPh), 2.67 (t, 2H, J 7.8 
+]��&H2CO), 1.69 (m, 2H, CH2CH2CO), 1.34 (m, 24H, 
(CH2)12CH3), 0.87 (t, 3H, J������+]��&+2CH3); įC (125 
0+]��&'&O3) 176.5 (CO), 145.7 (CHCH=CH), 139.2 
(NCHCH=CH), 136.0 (1C, NCHCH=CH), 129.0 (1C, 
CCH=CH), 128.9 (2C, phenyl), 127.1 (2C, phenyl), 
124.9 (1C, phenyl), 32.6 (CH2CO), 32.0 (CH2CH2CO), 
29.8 (CH2)10, 24.8 (CH2CH2CH3), 22.8 (CH2CH3), 
14.2 (CH2CH3); m/z (MS) 456 (M+, C28H48N2OSi+). 

Electrochemical Impedance Spectroscopy

7KH� LPSHGDQFH� PHDVXUHPHQWV� IRU� PLOG� VWHHO�
in hydrochloric acid solution were carried out and 
data obtained are presented as Nyquist, phase and 
bode plots. A simple Randles CPE circuit consisting 
of solution resistance (Rs), charge transfer resistance 
(Rct) and double layer capacitance (Cdl) as shown in 
)LJXUH��D was used in this study. 

A constant phase element (CPE) was introduced 
instead of pure Cdl to describe roughness and 
inhomogeneity of the surface which gives more 
DFFXUDWH�ILW��7KH�LPSHGDQFH�RI�&3(�LV�H[SUHVVHG�E\�
(TXDWLRQ������7KH�FDSDFLWDQFH�ORRS�LQWHUVHFWV�WKH�UHDO�
D[LV�DW�KLJKHU�DQG�ORZHU�IUHTXHQFLHV��7KH� LQWHUVHFW�
corresponds to Rs at high frequency and sum of 
Rs and Rct DW� ORZHU� IUHTXHQF\��7KH�YDOXH�RI�Rct is a 
measure of electron transfer across the surface.

 ZCPE� � 1
<o�MȦ�n

 (4)

where M�  � Ƽ������ Ȧ is the angular frequency in 
rad s-1, <o is the constant of CPE element, n is an 
HPSLULFDO�FRQVWDQW�WKDW�UDQJHV�IURP���WR����:KHQ�n 
= 1, the CPE performs as a pure capacitor, if n = 0, 
the CPE behaves as a pure resistor and if n = 0.5, 
WKH�&3(� LV� DQ� HTXLYDOHQW� RI� WKH�:DUEXUJ� HOHPHQW��

)LJXUH����5DQGOHV�FRQVWDQW�SKDVH�HOHPHQW��&3(��&LUFXLW�0RGHO��D��XVHG�WR�ILW�WKH�H[SHULPHQW�UHVXOWV��1\TXLVW�SORWV�IRU�N-cinnamalidene palmitohydrazide 
�&3+��RQ�PLOG�VWHHO�LQ���0�K\GURFKORULF�DFLG�VROXWLRQ�ZLWK�FRQFHQWUDWLRQ�UDQJH�IURP����PJ�OLWUH-1 to 200 mg litre-1�DW����.��E���DQG�ZLWK�FRQFHQWUDWLRQ�
RI�����PJ�OLWUH-1�DW���������������DQG����.��F���DQG�%RGH�SORWV�RI�&3+�ZLWK�FRQFHQWUDWLRQ�UDQJHG�IURP����WR�����PJ�OLWUH-1�DW����.��G��

Rs

Cdl

Rct

(a) Randles CPE Circuit Model
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:DUEXUJ� HOHPHQW� LV� D� GLIIXVLRQ� RI� RKPLF� VSHFLHV�
DW� WKH� LQWHUIDFH��7KH� H[SRQHQW� RI� WKH�&3(�HOHPHQW�
can be used as a gauge for the heterogeneity or 
roughness of the surface and I� is the frequency of 
VLQXVRLGDO�SHUWXUEDWLRQ�VLJQDO�LQ�+]��7KH�FRUUHFWLRQ�
in the capacitance to its real value is calculated using 
Equation (5).

 
Cdl� �

1
��IPD[ Rctܠ��  (5)

where IPD[ is the frequency at which the imaginary 
component of impedance is maximum and Rct is 
obtained from the parametric fit of the experimental 
VSHFWUXP�WR�WKH�HTXLYDOHQW�FLUFXLW�HTXDWLRQ��7KH�Cdl 
at the metal-interface is due to diffusion of soluble 
species.

Nyquist plots of mild steel in hydrochloric 
acid solution with the absence and the presence of 
various concentrations of CPH inhibitor are given 
in )LJXUH��E. It is evident from the Nyquist plots that 
WKH�SORWV�FRPSULVH�RI�VLQJOH�FDSDFLWLYH�ORRSV��7KHVH�
single capacitive loops suggest that the corrosion 
of mild steel in 1 M hydrochloric acid solution is 
mainly controlled by a charge transfer process (El-
/DWHHI�� �������7KH� FKDUJH� WUDQVIHU� VWHS�GLFWDWHV� WKH�
rate of corrosion and the reaction is completely 
NLQHWLF� FRQWUROOHG�� 7KH� VKDSH� RI� 1\TXLVW� SORWV�
obtained from mild steel in inhibited hydrochloric 
acid solutions are similar to that of blank solution 
indicating CPH inhibitor did not change the 
FRUURVLRQ� PHFKDQLVP�� 7KH� GHSUHVVHG� VHPL�FLUFOHV�
of Nyquist plots are often attributed to the surface 
roughness, inhomogeneity of the solid surface and 
adsorption of the inhibitor on the mild steel surface 
(Amin et al., 2007). It should also be noted that the 
peaks of the Nyquist plots are not located at the 
same frequencies of the apexes of the Nyquist plots.

7KH�1\TXLVW�SORW�RI�PLOG�VWHHO�REWDLQHG�LQ�EODQN�
1 M hydrochloric acid solution exhibits the smallest 
FDSDFLWLYH� ORRS�� 7KHQ�� WKH� SUHVHQFH� RI� &3+� DW� ���
mg litre-1� LQ� WHVW� VROXWLRQ�KDV�JLYHQ�ULVH� WR� WKH�VL]H�
RI� FDSDFLWLYH� ORRS�� 7KLV� ZDV� GXH� WR� IRUPDWLRQ� RI�
double layer capacitance at metal-solution interface 
that reduced the corroding process. Significant 
enlargement of the capacitive loops was observed 
when the inhibitor concentration was increased up to 
200 mg litre-1. Increase of inhibitor concentration has 
led to significant rise of thickness of the double layer 
FDSDFLWDQFH��0HDQZKLOH��UHGXFH�LQ�VL]H�RI�FDSDFLWLYH�
loops was observed when the temperature was 
UDLVHG�IUR�P����.�WR����.��)LJXUH��F) with Rct values 
GHFUHDVHG�IURP������ۙ�FP2�WR�����ۙ�FP2 (Table 1) for 
mild steel in inhibited hydrochloric acid solutions. 
7KH�VDPH�UHGXFWLRQ�WUHQG�ZDV�DOVR�IRXQG�IRU�PLOG�
steel in in blank solution with a similar ascending 
WHPSHUDWXUH�� 7KH�Rct YDOXHV� GHFUHDVHG� IURP� ����ۙ�

cm2� WR� ��� ۙ� FP2 as the temperature raised up to 
���.��7KH�VPDOOHVW� FDSDFLWLYH� ORRS� WKDW� OLHV�RQ� WKH�
H[SHULPHQW� FDUULHG� RXW� DW� ���.� LPSOLHV� WKDW� WKH�
corrosion process accelerated at higher temperature. 
According to Nyquist plots and Rct values obtained, 
it can be concluded that CPH inhibitor has shown 
inhibitory action towards mild steel in hydrochloric 
acid solution and was still capable of reducing 
corrosion process even though the temperature was 
UDLVHG�XS�WR����.�

TABLE 1. Rct VALUES FOR MILD STEEL IN 1 M 
HYDROCHLORIC ACID SOLUTION (blank) AND 1 M 

HYDROCHLORIC ACID SOLUTION CONTAINING CPH 
AT DIFFERENT TEMPERATURES 

Temperature 
(K)

Rct �ۘ�FP2)

1 M hydrochloric acid 
with presence of 200 

mg litre-1 CPH

1 M hydrochloric 
acid without 

inhibitor (blank)
298 1 199 116
308 519 110
318 338 26
328 308 21

Note: CPH - 1�FLQQDPDOLGHQH�SDOPLWRK\GUD]LGH�

Bode plots of mild steel in 1 M hydrochloric 
acid solution containing different concentrations of 
&3+� LQKLELWRU� DW� ���.� DUH� VKRZQ� LQ�)LJXUH� �G� At 
low frequency, the presence of CPH inhibitor has 
enhanced the absolute impedance that confirmed 
the protection by inhibitor, which was attributed 
to the adsorption of the inhibitor molecules on the 
mild steel surface. A large plateau is ascribed to the 
corrosion of mild steel. A linear relationship between 
Z” vs. log I that is observed at the intermediate 
frequencies suggesting formation of a protective 
film on the mild steel surface and the protective film 
has changed the electrode interfacial structure (El-
/DWHHI��������7DQ�et al., 1996; Sakunthala et al., 2013). 
7KH� LQKLELWLRQ� EHKDYLRXU� FDQ� EH� H[SODLQHG� E\� WKH�
structure of electrical double layer where capacitor 
OLHV�EHWZHHQ�PHWDO�DQG�WKH�RXWHU�+HOPKROW]�SODQH��
and the Gouy-Chapman diffuse layer (Sigircik et al., 
������� 7KH� HOHFWURFKHPLFDO� LPSHGDQFH� SDUDPHWHUV�
derived from the Nyquist plots are listed in Table 2. 

It is clear that the impedance response of mild 
steel in blank solution has tremendously changed 
DIWHU�DGGLQJ�&3+�LQKLELWRU��7KH�Rct value obtained 
for blank was lower than that with presence CPH 
inhibitor. Increase of Rct values signifies a reduction 
in corrosion rate due to formation of adsorbed 
protective film on the metal-solution interface 
(Bentiss et al., 2007). From the results obtained, 
the mild steel behaves like a pure capacitor in the 
hydrochloric acid solution as constant, n values are 
very close to one. Notable decrease in Cdl values from 
57.4-48.1 µF cm-2 was also observed with addition 
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RI� &3+� LQKLELWRU�� 7KLV� FRXOG� EH� DWWULEXWHG� WR� WKH�
decrease in local dielectric constant (İr) and increase 
in thickness of the electrical double layer (G���7KLV�
phenomenon can be further understood using the 
+HOPKROW]�PRGHO�DV�VKRZQ�E\�(TXDWLRQ�����

 Cdl = Aİo İr

d  (6)

where İo is the permittivity of free space, İr is the 
local dielectric constant of the protective layer, d 
is the layer thickness and A is the surface area. In 
this model, Cdl is inversely proportional to surface 
FKDQJH�� 7KH� UHSODFHPHQW� RI� ZDWHU� PROHFXOHV�
(water has high dielectric constant) with relatively 
smaller dielectric constant of inhibitor molecules 
has decreased the İr� �2]FDQ�et al., 2008). On top of 
that, increase in thickness of the double layer at 
metal-solution interface has gradually reduced the 
Cdl values.�7KLV�SURYLGHV� H[SHULPHQWDO� HYLGHQFH�RI�
adsorption of the CPH molecule on the mild steel 
surface (Li et al����������7KH�DGVRUSWLRQ�RI�LQKLELWRU�
also prevented the extent of the metal dissolution 
(Rafiquee et al., 2007). A remarkable rise of the 
inhibition efficiency, ȘEIS (%) was observed when 
concentration of inhibitor and temperature were 
increased ()LJXUH� �). A maximum of 93.8% of 
inhibition efficiency was achieved for mild steel in 
the test solution containing 100 mg litre-1 CPH at 
���.��

Tafel Polarisation

Polarisation measurements were carried out 
to understand the inhibitive characteristic which 
include anodic and cathodic reactions as well as 
inhibition efficiency of the studied inhibitor. CPH 
inhibitor with concentration in the range of 25-200 
mg litre-1 in 1 M hydrochloric acid solution was 
WHVWHG� IRU� FRUURVLRQ� LQKLELWRU\� SURSHUWLHV�� 7\SLFDO�
7DIHO� SRODULVDWLRQ� FXUYHV� RI�Log i against potential 
(E vs. Ag/AgCl) for mild steel in the absence and 
SUHVHQFH�RI�GLIIHUHQW�FRQFHQWUDWLRQ�RI�&3+�DW����.�
were plotted as shown in )LJXUH��. 

,W�ZDV�REVHUYHG�WKDW�VLPLODU�VKDSH�RI�7DIHO�SORWV�
were obtained for mild steel in 1 M hydrochloric acid 
with the absence or presence of inhibitor indicating 
CPH inhibitor did not change the corrosion 
mechanism of mild steel. In the presence of inhibitor, 
both anodic and cathodic curves shifted to lower 
current densities, which reflects the inhibitory effect 
on both anodic and cathodic parts of polarisation 
FXUYHV��7KLV� LQGLFDWHV� WKDW�&3+�UHDFWV�DV�D�PL[HG�
type inhibitor (Negm et al., 2011; Bentiss et al., 2009). 
7KH�VKLIW�FRXOG�EH�DWWULEXWHG�WR�WKH�DGVRUSWLRQ�RI�WKH�
CPH inhibitor over the mild steel surface. In acidic 
solution, metal dissolution forms metal ions at anode 
and evolution of hydrogen gas from hydrogen ions 
occurs at the cathode. In inhibited acidic solution, 
CPH formed a barrier and reduced the corrosion 
rate by blocking both anodic and cathodic reactions 
on mild steel surface. 

TABLE 2. IMPEDANCE PARAMETERS FOR CORROSION OF MILD STEEL IN 1 M HYDROCHLORIC ACID SOLUTION IN 
THE ABSENCE (blank) AND PRESENCE OF CPH AT 308K 

Sample Rs
�ۘ�FP2)

Rct

�ۘ�FP2) n
Cdl

(µF cm-2)
CPE, Yo

(ȝS sĮ cm-2)

1 M hydrochloric acid without inhibitor (blank) 1.43 110.3 0.999 57.4 69.95

1 M hydrochloric acid with 200 mg litre-1 CPH 3.78 519.0 0.998 48.1 61.60

)LJXUH����,QKLELWLRQ�HIILFLHQF\��ռEIS ����RI�N�FLQQDPDOLGHQH�SDOPLWRK\GUD]LGH��&3+��RQ�PLOG�VWHHO�LQ�
��0�K\GURFKORULF�DFLG�VROXWLRQ�ZLWK�FRQFHQWUDWLRQ�LQ�UDQJH�RI��������PJ�OLWUH-1 at 298, 308, 318 and 
���.�REWDLQHG�IURP�OLQHDU�SRODULVDWLRQ�DQDO\VLV�
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TABLE 3. ELECTROCHEMICAL POLARISATION PARAMETERS FOR MILD STEEL IN 1 M HYDROCHLORIC ACID 
SOLUTION IN THE PRESENCE OF CPH WITH DIFFERENT CONCENTRATIONS AT 308K 

Concentration
(mg litre-1)

Ecorr  
(mV)

icorr

(µA cm-2) ȕa ȕc
CR

mm yr-1

Blank -452 289.48 125.7 85.83 3.36
25 -435 86.39 99.3 63.2 1.00
50 -433 84.87 71.8 75.1 0.98
75 -430 83.13 62.7 66.2 0.97

100 -431 56.34 60.2 61.1 0.65
200 -411 34.59 44.3 39.0 0.40

Note: CPH - 1�FLQQDPDOLGHQH�SDOPLWRK\GUD]LGH�
 CR - corrossion rate.

The Effect of CPH Concentration 

7KH� LQFUHDVH� LQ� &3+� LQKLELWRU� FRQFHQWUDWLRQ�
has resulted in gradual shifts of both anodic and 
cathodic curves towards lower current densities as 
shown in )LJXUH� ��� 7KH�&3+� LQKLELWRU� KDV� IRUPHG�
a barrier that blocked the mild steel surface from 
ERWK�DQRGLF�DQG�FDWKRGLF�UHDFWLRQV��7KH�EDUULHU�KDV�
successively reduced the surface coverage for the 
subsequent surface reactions and this has led to 
GHFUHDVH� RI� FXUUHQW� GHQVLWLHV� �.HHUVPDHFNHU� et al., 
2014). It is evident from Table 3 that the presence 
of CPH inhibitor has reduced Ecorr value and a 
significant reduction of Ecorr values was observed 
with increasing inhibitor concentrations. 

Generally, the inhibitory action of an inhibitor 
can be classified exclusively as cathodic or anodic if 
the shift of Ecorr with respect to Ecorr of blank solution 
is at least -85 mV or +85 mV, respectively (Li et al., 
2009; Verma and Quraishi, 2014). In the present 
study, the maximum shift of Ecorr is only 41 mV, 
suggesting CPH acts as a mixed-type inhibitor with 
a predominant anodic control. A closer observation 
DOVR� UHYHDOV� D� VOLJKW� FKDQJH� LQ� ERWK� WKH� 7DIHO�

slopes: ȕa and ȕc�XSRQ�DGGLWLRQ�RI�WKH�LQKLELWRU��7KH�
presence of the inhibitor has significantly influenced 
kinetic of metal dissolution and hydrogen evolution 
processes. In the absence of inhibitor, the icorr and 
CR values were found to be 289.48 µA cm-2 and 
3.36 mm yr-1, respectively. However, the presence 
of CPH at 25 mg litre-1 has effectively reduced the 
icorr and CR values to 86.39 µA cm-2 and 1.00 mm 
yr-1, respectively. Further increase in the inhibitor 
concentrations has led to dramatic decreases of 
WKHVH�YDOXHV��7KH�ORZHVW�YDOXHV�RI�Lcorr and CR were 
noticed at the inhibitor solution of 200 mg litre-1. 
7KLV�PD\�EH�DWWULEXWHG�WR�JUHDWHU�VXUIDFH�FRYHUDJH�
achieved at higher concentration. Remarkable 
increase of inhibition efficiency, Ș7DIHO (%) values was 
taking place notably with rise of the CPH inhibitor 
concentration ()LJXUH� �). Increase in concentration 
allows more interaction of the inhibitor with metal 
surface thus improved surface coverage.

It is also seen that percentage of inhibition 
HIILFLHQF\� YDOXHV� FDOFXODWHG� IURP� ERWK� 7DIHO� DQG�
impedance spectroscopy techniques gave similar 
trend upon increase concentration of inhibitor 
and temperature. However, values obtained from 

)LJXUH����7DIHO�SRODULVDWLRQ�FXUYHV�RI�PLOG�VWHHO�LQ���0�K\GURFKORULF�DFLG�VROXWLRQ�LQ�WKH�DEVHQFH��EODQN��DQG�SUHVHQFH�
RI�N�FLQQDPDOLGHQH�SDOPLWRK\GUD]LGH��&3+��UDQJHG�IURP��������PJ�OLWUH-1 at 308K.

-1

-3

-5

-7
-750 -550 -350 -150

Blank

25 mg litre-1

50 mg litre-1

75 mg litre-1

100 mg litre-1

200 mg litre-1

Lo
g 

i (
A

cm
2 )

Potential (E) vs. Ag/AgCI (mV)



CORROSION INHIBITION, ADSORPTION BEHAVIOUR AND THERMODYNAMIC PROPERTIES OF N-CINNAMALIDENE PALMITOHYDRAZIDE 
ON MILD STEEL IN HYDROCHLORIC ACID SOLUTION

131

impedance spectroscopy were slightly lower than 
WKDW� RI� 7DIHO� WHFKQLTXH�� $� SURPLQHQW� LQFUHDVH� RI�
ռ7DIHO�(%) values up to a maximum of 94.9% was also 
observed when the temperature has been risen 
IURP����.�WR����.��)LJXUH�����7KH�JUHDWHU�LQKLELWRU\�
DFWLRQ� DFKLHYHG� DW� ���.� FRXOG� EH� DVVRFLDWHG�ZLWK�
dispersibility of inhibitor in the test medium. As 
such, greater number of CPH molecules participated 
in the adsorption process. 

Thermodynamic Parameters

7KH�GHSHQGHQFH�RI�WKH�&5�RQ�WKH�WHPSHUDWXUH�
is expressed by the Arrhenius [Equation (7)] and 
Arrhenius transition state equation [Equation (8)] 
as follows:

Arrhenius: ln CR = ( �Ј(a
R  ) ( 1

T  ) + A (7)

Arrhenius transition state: ln(CR
T ) = [ln ( R

1K) + Ј6a
R  ] - (Ј+a

RT )
(8)

ZKHUH�ӹEa is the activation energy in J mol-1, A is 
the electrochemical constant, R is the gas constant, 
T� LV� WKH� DEVROXWH� WHPSHUDWXUH� LQ� .HOYLQ�� Ea is the 
DFWLYDWLRQ�HQHUJ\��ӹ+a is the entalphy of activation 
DQG�ӹSa�LV�WKH�HQWURSK\�RI�DFWLYDWLRQ��7KH�JUDSKV�RI 
ln�&5�DJDLQVW���7�[�������.-1) of mild steel of blank 
and inhibited 1 M hydrochloric acid gave straight 
lines ()LJXUH� �D) and ӹEa values were obtained 
from the slopes of the graphs. Meanwhile, plots 
of ln� �&5�7��DJDLQVW� �����[���7� �)LJXUH� �E) which 
DOVR� JDYH� VWUDLJKW� OLQHV� ZLWK� VORSHV� �ӹ+a/R) and 
intercepts [ln�5�1K����ӹSa/R] were established to 
REWDLQ�ӹ+a�DQG�ӹSa values, respectively. 

TABLE 4. ACTIVATION PARAMETERS FOR THE 
CORROSION OF MILD STEEL IN 1 M HYDROCHLORIC 

ACID SOLUTION CONTAINING DIFFERENT 
CONCENTRATIONS OF CPH 

Sample Concentration 
(mg litre-1)

Ea

(kJ mol-1)
Ӵ+a

(kJ mol-1)
Ӵ6a

(J mol-1 K-1)

Blank - 58.51 55.91 -53.94

CPH  

25 30.27 27.65 -156.92
50 24.54 21.94 -174.48
75 24.38 21.78 -176.58

100 34.42 31.82 -147.39
200 31.42 28.82 -160.22

Note: CPH - 1�FLQQDPDOLGHQH�SDOPLWRK\GUD]LGH�

Data in both graphs reveals that the apparent 
ӹEa values (Table 4) for inhibited 1 M hydrochloric 
acid solutions are significantly lower than that of 
EODQN� VROXWLRQ�� 7KLV� VXJJHVWV� WKDW� WKH� DGVRUSWLRQ�
of the CPH molecules on the mild steel surface 
predominantly occurred through chemical 
adsorption leading to the formation of adsorptive 
films (Ramya et al., 2015; Zarrouk et al����������7KH�
GDWD�DOVR�UHYHDOV�WKDW�WKH�ӹ+a

 values for dissolution 
of mild steel in hydrochloric acid in the presence 
of CPH inhibitor are lower (from 21.78 kJ mol-1 to 
28.82 kJ mol-1) than that in the absence of inhibitor 
(55.91 kJ mol-1���9DOXHV�RI�ӹ+a

 are all positive which 
are much related to the endothermic nature of the 
metal dissolution process (Singh and Quraishi, 
2012). 'DWD�RQ�HQWURS\�UHYHDOHG�WKDW�WKH�VLJQ�RI�ӹSa 
was negative which indicates that the formation of 
an activated complex in the rate determining step 
represents an association rather than a dissociation 
step. A decrease in disorderliness takes place 
during the course of the transition from reactants to 
activated complex (Ramesh and Adhikari, 2007). 

)LJXUH����,QKLELWLRQ�HIILFLHQF\��ռ7DIHO�����RI�N�FLQQDPDOLGHQH�SDOPLWRK\GUD]LGH��&3+��RQ�PLOG�VWHHO� LQ���0�
K\GURFKORULF�DFLG�VROXWLRQ�ZLWK�GLIIHUHQW�FRQFHQWUDWLRQV�DW���������������DQG����.�REWDLQHG�IURP�LPSHGDQFH�
spectroscopy analysis.
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Adsorption Isotherm and Free Energy of 
Adsorption

7KH� PHFKDQLVP� RI� FRUURVLRQ� LQKLELWLRQ� E\�
CPH molecule may be explained on the basis of 
the adsorption behaviour. Information on the 
adsorption behaviour of inhibitor over metal 
surface can be obtained using the adsorption 
isotherms. Nature of testing media, chemical 
structure of inhibitors, charge distribution, and 
nature of metal primarily influence the adsorption 
of organic inhibitors on metal surface (Ehsani et 
al., 2014). Basically, the adsorption of an organic 
inhibitor at metal-solution interface can be presented  
as  a  substitution  adsorption  process  between  the  
organic  molecules  in aqueous solution Org(sol) and 
the water molecules on metallic surface H2O(ads) as 
shown by Equation (9).

 Org(sol) + nH2O(ads)  Org(ads) + nH2O(sol) (9)

where, Org(sol) and Org(ads) are the organic molecules 
in the solution and adsorbed on the metal surface, 
respectively and n is the number of water molecules. 
7KHRUHWLFDOO\�� WKH� DGVRUSWLRQ� RI� LQKLELWRU� RQ�
corroding surfaces would not reach the real 
equilibrium but tends to become a quasi-equilibrium 
state when the rate of corrosion is sufficiently 
VPDOO�� 7KH� TXDVL�HTXLOLEULXP� VWDWH� LV� UHODWHG� WR�
thermodynamic using appropriate equilibrium 
LVRWKHUPV� �*KD]RXL� et al., 2012). In this study, 
surface coverage (ș) values that were obtained from 
linear polarisation analysis were fitted with several 
LVRWKHUPV� VXFK� DV� 7HPNLQ�� )UXPNLQ�� /DQJPXLU�

DQG�)UHXGOLQFK��7KH�DGVRUSWLRQ�EHKDYLRXU�RI�&3+�
inhibitor on the mild steel surface is best described 
E\�WKH�/DQJPXLU�W\SH�DGVRUSWLRQ��7KH�/DQJPXLU·V�
adsorption isotherm, ș is related to the concentration 
of the inhibitor as given by Equation (10). 

 Cinh

ș  = 1
Kads

 +Cinh  (10)

where Cinh is the concentration of the inhibitor, 
ș is the fractional surface coverage and Kads is the 
adsorption equilibrium constant obtained from 
WKH� LQWHUFHSW� RI� WKH� VWUDLJKW� OLQH�� 7KH� SORWV� RI�
Cinh/ș against Cinh gave straight lines with linear 
regressions, r2 ZHUH�FORVH�WR�RQH��7KH�Kads is related 
WR� WKH�*LEEV� IUHH� HQHUJ\� RI� DGVRUSWLRQ� �ӹGºads) as 
described by Equation (11).

� ǻGºads = -RT ln (55.5 Kads) (11)

where the R is the universal gas constant (R= 8.31446 
-� .-1 mol-1), T� LV� DEVROXWH� WHPSHUDWXUH� �.�� DQG� WKH�
value of 55.5 represents the molar concentration 
of water in solution expressed in unit of mol litre-1 
(El-Lateef, 2015). Table 5 shows thermodynamic 
parameters including ln Kads��ӹGºads, +�ads DQG�ӹSºads. 

It can be seen that ln Kads values increase with 
LQFUHDVLQJ� WHPSHUDWXUH� IURP� ���.� WR� ���.�� 6XFK�
behaviour can be interpreted on the basis that 
increase in temperature has allowed more adsorption 
RI�&3+�PROHFXOHV�RQ�WKH�PHWDO�VXUIDFH��7KH�QHJDWLYH�
YDOXHV�RI�ӹGo

adssignify a spontaneity adsorption of 
WKH�&3+�LQKLELWRU�RQ�WKH�PLOG�VWHHO�VXUIDFH��6ROPD]�

Figure 5. Plots of ln corrossion rate (CR) against 1/T x 1000 K-1 (a) and ln CR/T against 1/T x 1000 K-1 (b) for mild steel in 1 M hydrochloric acid 
solution with the absence (blank) and presence of 200 mg litre-1 N�FLQQDPDOLGHQH�SDOPLWRK\GUD]LGH��&3+�. 
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et al��� ������� *HQHUDOO\�� YDOXHV� RI� ӹGo
ads up to -20 

kJ mol-1 are consistent with physisorption, while 
those around -40 kJ mol-1 or higher implies strong 
adsorption of inhibitor molecules on the mild steel 
surface through co-ordinate type bond or also known 
DV�FKHPLVRUSWLRQ��6ROPD]�et al., 2008). In the present 
ZRUN��WKH�FDOFXODWHG�YDOXHV�RI�ӹGo

ads at 298, 308, 318 
DQG� ���.�ZHUH� �������� �������� ������� DQG� ������� N-�
mol-1 UHVSHFWLYHO\��7KLV�VXJJHVWV�WKDW�WKH�DGVRUSWLRQ�
of CPH inhibitor is not merely physisorption or 
chemisorption but involves both physisorption and 
FKHPLVRUSWLRQ�FRPSUHKHQVLYHO\��7KH�DGVRUSWLRQ�RI�
LQKLELWRU�DFFRPSOLVKHG�ZLWK�SK\VLVRUSWLRQ�DW����.�
DQG� ���.� EXW� DSSURDFKLQJ� FKHPLVRUSWLRQ� DW� ���.�
DQG����.���

7KHRUHWLFDOO\�� WKH� SK\VLVRUSWLRQ� LV� DQ�
electrostatic interaction that occurs between 
charged molecules and charged metal surface. 
Chemisorption is related to charge share or 
charge transfer from inhibitor molecules to the 
mild steel surfaces (Bahrami and Hosseini, 2012). 
Physisorption could also take place at the initial 
VWDJH� RI� DGVRUSWLRQ� SURFHVV� �6ROPD]� et al., 2008). 
7KH�HQWKDOS\�RI�DGVRUSWLRQ�FDQ�EH�FDOFXODWHG�IURP�
*LEVV�+HOPKROW]�HTXDWLRQ��ӹGºads� �ӹ+�ads���7ӹSºads). 
7KH�DGVRUSWLRQ�SURFHVV�ZDV�IDYRXUDEOH�WKURXJK�WKH�
displacement of water molecules from the mild steel 
surface.

3ORW� RI� ӹGo
ads against T gave entalphy of 

DGVRUSWLRQ� �ӹ+o
ads) and the standard entropy 

�ӹSo
ads) according to the thermodynamic equation. 

7KH� SORWV� JDYH� D� JRRG� GHSHQGHQFH� RI� ӹGo
ads on 

T with linear equation of y = -0.2498x + 40.47 and 
r2 of 0.967 indicating the adsorption of inhibitors 
is in good correlation with thermodynamic 
parameters. Basically, the negative value of the 
HQWDOSK\� RI� DGVRUSWLRQ� �ӹ+o

ads<0) is consistent 
with an exothermic process that involves either 
SK\VLVRUSWLRQ�RU�FKHPLVRUSWLRQ��:KLOH�WKH�SRVLWLYH�
YDOXH��ӹ+o

ads >0) is related to an endothermic process 
through chemisorption (Durnie et al.�� ������� 7KH�
SRVLWLYH�YDOXHV�RI�ӹ+o

ads signify a strong adsorptive 
activity of inhibitors onto the mild steel surface. 
,Q� WKH� SUHVHQW� VWXG\�� WKH� QHJDWLYH� YDOXH� RI� ӹ+o

ads 
indicates the exothermic behaviour of adsorption 

E\�&3+�RQ�WKH�PLOG�VWHHO�VXUIDFH��7KH�SRVLWLYH�YDOXH�
RI� VWDQGDUG� HQWURS\� �Ј6o

ads) suggests a random 
arrangement during the adsorption of inhibitor at 
the metal-solution interface (Benerjee and Malhotra, 
1992).

Surface Analysis

SEM analysis. 7KH�6(0�PLFURJUDSK�RI�WKH�SROLVKHG�
mild steel coupon ()LJXUH� �D) shows a smooth 
surface that is free from any pit or tear. However, 
parallel lines on the mild steel surface are attributed 
to polishing scratch that are visible at micro scale. 
After exposing to test solution for 3 hr ()LJXUH��E), 
the mild steel surface appeared to be moderately 
URXJK�� 7KH� DSSHDUDQFH� RI� SDUDOOHO� OLQHV� LQGLFDWHV�
that the surface is free from formation of protective 
layer and the surface is having direct contact with 
FRUURVLYH�VROXWLRQ��7KH�VXUIDFH�HQWLUHO\�VXIIHUV�IURP�
severe corrosion after exposing to test solution for 
30 days. Flakes-type corrosion products found on 
the mild steel ()LJXUH��F) could be due to continuous 
dissolution of iron and an attack of corrosive 
species. Indirectly, these results also revealed that 
the test solution was an appropriate medium for 
this investigation. After exposing the mild steel 
coupon in the test solution containing CPH for 3 hr, 
the surface appeared to be slightly rough due to an 
aggressive attack of the corrosive solution ()LJXUHV�
6d and 6e���7KH�GLVDSSHDUDQFH�RI�VFUDWFK�OLQHV�FRXOG�
be correlated to the formation of the protective layer 
but still incomplete. A smooth surface obtained 
after 30 days of immersion ()LJXUHV��I�and 6g) might 
be attributed to the adsorption of inhibitor and 
formation of a protective layer on the surface. Some 
deposited particles that were found on the mild 
steel surface could be due to a multiple nucleation 
RI� LQKLELWRU� RQ� WKH� VDPH� VLWH� �.DUWKLNDLVHOYL� DQG�
6XEKDVKLQL�� ������� 7KHVH� UHVXOWV� DOVR� UHYHDOHG� WKDW�
CPH inhibited mild steel surface through formation 
of a protective layer. 

Energy dispersive X-ray spectroscopy (EDX) 
analysis. 7KH� (';� DQDO\VLV� ZDV� FRQGXFWHG� WR�
determine the elements on the mild steel surface 

TABLE 5. THE LANGMUIR ADSORPTION ISOTHERM AND THERMODYNAMIC PARAMETERS FOR CPH ON MILD STEEL 
SURFACE IN 1 M HYDROCHLORIC ACID AT DIFFERENT TEMPERATURES 

Temp. (K) Equation r2
In Kads ӴGºads ӴHºads ӴSºads

(L mol-1) (kJ mol-1) (kJ mol-1) (J mol-1K-1)

298 y=1.1127x + 20.47 0.9815 9.84 -34.33

-40.47 249.8
308 y=1.0537x + 19.11 0.9908 9.91 -35.66

318 y=1.0724x + 6.92 0.9994 10.92 -39.50

328 y= 1.0295x + 5.49 0.9994 11.16 -41.38

Note: CPH - 1�FLQQDPDOLGHQH�SDOPLWRK\GUD]LGH�
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(a) Polished mild steel

(b) Mild steel in 1 M HCl/ 3 hr 
Magnification: 500X

(c) Mild steel in 1 M HCl/ 30 days 
Magnification: 500X

(d) Mild steel in inhibited 1 M HCl/ 3 hr 
Magnification: 500X

(e) Mild steel in inhibited 1 M HCl/ 3 hr 
Magnification: 3000X

(f) Mild steel in inhibited 1 M HCl/ 30 days 
Magnification: 500X

(g) Mild steel in inhibited 1 M HCl/ 30 days 
Magnification: 3000X

 
)LJXUH��� 6FDQQLQJ�HOHFWURQLF�PLFURVFRS\��6(0��LPDJHV�RI�D�SROLVKHG�PLOG�VWHHO�FRXSRQ��D���PLOG�VWHHO�FRXSRQV�DIWHU�LPPHUVLQJ�LQ���0�K\GURFKORULF�
DFLG�VROXWLRQ�IRU���KU��E���DQG����GD\V��F���PLOG�VWHHO�FRXSRQV�DIWHU�H[SRVLQJ�WR���0�K\GURFKORULF�DFLG�VROXWLRQ�FRQWDLQLQJ�����PJ�OLWUH-1�&3+�IRU���KU�
XQGHU����;��G��DQG�����;��H��PDJQLILFDWLRQV��DQG����GD\V�XQGHU����;��I��DQG�����;��J��PDJQLILFDWLRQV��,PDJHV��D���E�DQG��F�DUH�UHSURGXFHG�IURP�
Mohd et al.��������IRU�FRPSDULVRQ�SXUSRVH��

TABLE 6. QUANTITATIVE SEM-EDX DATA FOR POLISHED MILD STEEL AND MILD STEEL AFTER IMMERSED IN 1 M 
HYDROCHLORIC ACID SOLUTION IN THE ABSENCE AND THE PRESENCE OF CPH AT ROOM TEMPERATURE 

Condition Sample
Composition (%)

C Cl O Fe

Before immersion Polished mild steel 7.47 ND* ND* 92.15

1 M HCl with 200 mg litre-1 CPH 9.59 ND* ND* 90.41

After 3 hr 1 M HCl without inhibitor 9.78 ND* ND* 90.22

1 M HCl with 200 mg litre-1 CPH 10.72 ND* 7.92 81.04

After 30 days 1 M HCl without inhibitor 13.09 10.93 54.31 19.71

Note: * ND - not detected.
  HCl - hydrochloric acid.
  CPH - 1�FLQQDPDOLGHQH�SDOPLWRK\GUD]LGH�
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before and after immersion test. Polished mild steel 
coupon and mild steel coupons that were immersed 
in 1 M hydrochloric acid solution with the absence 
(blank) and presence of 200 mg litre-1 CPH for 3 hr 
and 30 days are shown in Table 6. 

Analysis on polished mild steel showed 
an absence of chlorine and oxygen particles 
demonstrating the surface was absolutely free 
from any oxide layer and/or corroded particles. 
Similar phenomena were also observed after 3 hr 
RI�LPPHUVLRQ��7KH�DEVHQFH�RI�FKORULQH�DQG�R[\JHQ�
atoms in this experiment could be attributed to slow 
corroding or adsorption processes and the formation 
of protective layer was still incomplete. After 30 
days of exposure in the test solutions, a remarkable 
increase of chlorine and oxygen contents for mild 
VWHHO�FRXSRQV�LQ�EODQN�VROXWLRQ�ZDV�REVHUYHG��7KH�
increase of these values could be associated with 
the formation of FeCl2, Fe(OH)2, Fe2O3, and/or 
Fe3O4 resulting from the attack of OH- and Cl- ion 
towards Fe2+. Nevertheless, the presence of CPH has 
reduced chlorine and oxygen contents signifying 
possible occurrence of inhibitory activities of CPH 
on the mild steel surface. High content of Fe is 
commonly correlated to better inhibition behaviour. 
Meanwhile, mild steel severely corroded in blank 
solution giving very low value of Fe content. 

Mechanism of Inhibition

Corrosion inhibition by CPH on mild steel is 
accomplished by adsorption of the CPH molecules 
on the mild steel surface followed by formation of a 
protective layer. In 1 M hydrochloric acid solution 
without inhibitor, Cl- ion adsorbs on the mild steel 
surface to form chloro-complex at anode as follows 
(Yurt et al., 2004):

Fe + Cl-  FeCl-
ads  (i)

(FeCl-)ads  (FeClads)+ + e (ii)
(FeCl+)ads  Fe2+ + Cl- (iii)

Meanwhile, the cathodic hydrogen evolution 
follows these steps:

Fe + H+  (FeH+)ads (iv)
(FeH+)ads + e  (FeH)ads (v) 
(FeH)ads + H+ + e  Fe + H2(g) (vi)

In inhibited 1 M hydrochloric acid solution, 
(FeCl-)ads form Fe-inhibitor complexes as follows:

(FeCl-)ads + Inhibitor  (FeCl-Inhibitor)ads (vii)
(FeCl-Inhibitor)ads  (FeInhibitor)ads + Cl- (viii)

In general, two modes of adsorption could be 
considered. Firstly, the neutral CPH molecules may 
adsorb the mild steel surface on the basis of donor-
DFFHSWRU� LQWHUDFWLRQV� EHWZHHQ� ۛ�HOHFWURQV� DQG�
vacant d-orbitals of surface iron or also known as 
chemisorption. Furthermore, the double bonds also 
permit back donation of metal d electrons to the ʌ* 

RUELWDO� RI� LQKLELWRU� �1DVVHU� DQG� 6DWKLT�� ������� 7KH�
unshared pair of electrons at 1 and O atoms also 
participate in making coordinate bonds with the 
mild steel surface. Secondly, the inhibitor may be 
adsorbed through physisorption in which Cl- ions 
adsorb on the positively charged metal surface 
and create an excess of negative charges. Hence, 
protonated CPH molecules have high tendency to 
adsorb onto the mild steel surface thus reducing the 
dissolution of Fe to Fe2+.

CONCLUSION

CPH acts as appreciably good inhibitor on mild 
steel in 1 M hydrochloric acid solution. Inhibition 
efficiencies noticeably increased with increasing 
LQKLELWRU� FRQFHQWUDWLRQ� DQG� WHPSHUDWXUH�� 7KH�
polarisation study indicates that CPH function as a 
mixed-type corrosion inhibitor with a predominant 
FRQWURO� RQ� DQRGLF� PHWDO� GLVVROXWLRQ� UHDFWLRQ�� 7KH�
inhibition efficiency, Ș7DIHO(%) calculation from 
7DIHO� DQDO\VLV� VKRZHG� WKDW� WKH� YDOXH� DSSURDFKHG�
95% in the presence of 200 mg litre-1�&3+�DW����.��
7KH� DGVRUSWLRQ� RI� &3+� RQ� PLOG� VWHHO� VXUIDFH�
obeyed the Langmuir adsorption isotherm through 
both physisorption and chemisorption. SEM 
micrographs clearly revealed that a change in the 
surface characteristics of the metal surface was due 
to the inhibition activity by CPH and this finding is 
VXSSRUWHG�E\�(';�GDWD��7KH�LQKLELWLRQ�HIILFLHQFLHV�
obtained from polarisation and impedance analyses 
are in reasonably good agreement.
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