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Designing new inhibitors and understanding the mechanisms responsible for the inhibition
Received: December 10, 2022  are required in developing techniques to prevent corrosion. A new azaacene organic
corrosion inhibitor, DQP (dibenzola,c]quinoxalino (2,3-i)phenazine), for mild steel in an

Accepted: April 25, 2023 acidic medium was successfully synthesized, characterized and reported for the first time
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of elements existing in mild steel were determined by SEM-EDX. The alterations in the

Keywords impedance characteristics showed that DQP inhibitor adsorbed to the surface of mild steel,
Eisctended Pi-Conjugated resulting in the creation of a protective coating. At the maximal concentration of 2.618

: x 10° M, the inhibition efficiency reached 98.02% demonstrating DQP effectiveness in
Componnd, Corrosion reducing corrosion process that may occur in mild steel in HCL. However, this efficiency
Inhibition Efficiency, is weakened by increase in temperature. The PDP curve revealed that DQP functions

as a mixed inhibitor but is mostly cathodic. The adsorption behavior of DQP was best
supported by the Langmuir adsorption isotherm (R* = 0.9837) while the adsorption-free
energy (Gads) ranging from -41.749 to -43.183 kjmol" indicate chemical adsorption on
metal surface. This study demonstrates that the synthesized DQP functions admirably well
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as a corrosion inhibitor in HCI solution.

INTRODUCTION

Iron and its alloy are the backbones of industrial
constructions. Mild steel has been the most commonly
employed versatile alloy in the industry for engineering
applications (Prabhu ez a/., 2008) as a result of its unique
and robust properties such as electrochemical and
thermal conductivity high strength, lightness in weight,
non-toxicity and reflectivity (Kumpawat ez a/., 2009. They
are used in making medical and cutlery equipment in
hospitals and food services as well as the construction of
overhead tanks, pipes and valves in petroleum industry
(World Steel Association, 2013). Iron and its alloys are not
fundamentally stable resulting in a high tendency to revert
to more stable oxidized compounds. Hence, in most
environments, iron and its alloys are highly susceptible
to corrosion. Corrosion is an electrochemical reaction
between metal and its environment causing irreversible
slow and steady degradation of both the physical and
chemical properties of the metal (Sastri and Parumareddi,
1997). Commonly used methods to prevent or control
metal corrosion include the adjustment of the corrosive
environment, use of protective coating (metallic and non-
metallic) cathodic protection, alloying of metals and the
use of inhibitors. When corrosion inhibitors are added
in a modest amount to the desired environment, the rate
at which the environment attacks a metal is noticeably
reduced (Ogunyemi and borisade, 2020; Bentis e# al., 2002).
The utilization of chemical inhibitors to slow down the
corrosion process is very diverse. Organic and inorganic
inhibitors have long been viewed as the first line of

defense against corrosion in the oil production and
refining industry. They have been the subject of several
academic investigations (Li, e al, 2012; Obot et al.,
2020; Adama & onyeachu 2022; Ismail ez a/., 2019). The
presence of hetero atoms like Nitrogen, Oxygen, and
Sulphur with multiple bonds; lone pair and pi-electrons in
structures of organic compounds make good inhibitors
of corrosion. However, much has not been reported
about the corrosion inhibitory activities of hetero-
polycyclic aromatic hydrocarbons. Most of what is known
are their delightful electro-optical properties, which have
many potential applications in material science (Ueda ef
al., 2014; Rao et al., 2016; Li et al., 2016; Ito et al., 20106;
Chen ez al., 2015). The use of PAH as an organic inhibitor
of corrosion is very limited.

As an important member of the PAH family, acenes
and their derivatives represent an interesting type of
conjugated compounds, whose skeletons are composed
of a series of linearly-fused benzene rings (Li et al,
2015; Sanders ez al., 2016; Chernick ez al., 2015; Gu et al.,
2017). In several publications and reviews, their synthesis,
characterization, and applications have been outlined
(Pérez et al., 2013; Li et al., 2016; Watanabe ¢ al., 2013).
Therefore, in order to further enhance its use, this study
focuses on the synthesis and use of DQP as an inhibitor
of corrosion for mild steel in acidic media. DQP
belongs to the azaacenes (N-heteroacenes) family which
are derivatives of acenes in which some of the carbon
atoms are replaced with more electronegative nitrogen
atoms. Since the applicability and efficiency of organic
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inhibitors depend on their chemical structures and
nature, this substitution may cause significant changes in
their electronic structure that will make the synthesized
compound a good and effective inhibitor of corrosion.

MATERIALS AND METHODS

Synthesis of Dibenzo [a,c] quinoxalino [2,3-i]
phenazine

A mixture of 9,10-phenanthroquinone (0.2082g),
2,3-diaminophenazine  (0.2214g) and  Magnesium

tetraoxosulphate  (vi) heptahydrate (0.12940g) were

dissolved in 5mlL of ethanol, stirred and refluxed for two
hours. Thin Layer Chromatography plate was used to
monitor the reaction. After completion of the reaction,
the solution was allowed to cool. The orange-brown
precipitate was formed, filtered, and recrystallized from
ethanol to obtain a product which was further purified
using the column chromatographic method containing
a solvent mixture of Ethylacetate (25%), and n-hexane
(75%). The slurry of Silica gel was used as the stationary
phase. The melting point of the compound was
determined to be 357°C-358°C

N NH o ‘ N N ‘
7 ’ & A
+ —_— + 2H)O
2 e o
N NH, O O N N O

Scheme 1: Synthesis of DQP

Solution and Metal Preparation for the Experiment
Mild steel panel of 5 mm thickness and percentage
composition presented in Table 1 was obtained from
a Rolling mill company in Ota Ogun state and cut into
coupons of dimensions 30 mm X 20 mm. The coupons’
surface was polished with emery, then cleaned and
degreased with acetone and ethanol. Finally, the coupons
were dried in a desiccator. A 0.5 M HCI solution served
as the reference corrosive substance.

Table 1: Percentage Composition of Mild Steel Panel

Element Percentage Composition (%)
Fe 98.52
C 0.1205
Si 0.0547
Mn 0.5453
0.069
S 0.036
Cr 0.0804
Ni 0.2204
W 0.0329
Mo 0.0361
Cu 0.2792
Al 0.0427
Ti 0.0079
v 0.0108
Co 0.0315
Nb 0.0537
Sn 0.0028

Electrochemical Measurements
The AUTOLAB  PGSTAT

204N.A.C electrochemical analyzer was used to carry out

computer-controlled

the electrochemical measurements. The conventional cell
contained an assembly of three electrodes arrangement
with a platinum sheet acting as the counter electrode.
The reference electrode was Ag/AgCl (3M KCl), and the
working electrode was made of mild steel. The prepared
metal samples were then dipped in 0.5M HCI with and
without DQP inhibitor of varying concentrations for 30
minutes.

The electrode was given permission to corrode naturally
before the Potentiodynamic Polarization Measurements
(Tafel) and Electrochemical Impedance Spectroscopy
experiment began, and its steady-state Open Circuit
Potential (OCP) with respect to time was recorded. The
steady-state OCP that corresponded to the corrosion
potential (E_ ) of the working electrode was obtained.
To ascertain the current density, corrosion rate, and
polarization resistance, a potentiodynamic polarization
investigation was conducted from cathodic potential of
-250mV to anodic potential of +250mV with a scan rate
of 1.0 mVs' (Rp).

The Electrochemical Impedance Spectroscopy (EIS) was
carried out with AC signals amplitude of 10 mV peak to
peak in the frequency range (100 kHz-10 MHz)

Metal Surface Characterization

An Aspex 3020 Scanning Electron Microscope (SEM)
and an Energy Dispersive X-ray Spectroscopy (EDS)
with a 15.00 KV acceleration voltage were used to
analyze the surface characteristics of the metal coupon.
Mild steel coupon was dipped in 0.5 M HCI and then in
test sample solutions at varied concentrations in an acidic
medium. The coupons were taken out of the solutions,
cleaned with acetone and deionized water, and then dried
before being subjected to an SEM-EDS test. The average
elemental percentage of mild steel was determined using
an EDS detector connected to the SEM.
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RESULT AND DISCUSSION

Potentiodynamic Polarization (PDP) Studies

The potentiodynamic polarization (PDP) test results on
mild steel in 0.5 M HCl solution without and with DQP at
various concentrations is shown in figure 1. Table 2 shows
electrochemical variables such as current density (I ),
cathode and anode Tafel gradients (B¢ and {a), corrosion
potential (E_ ), corrosion rates and percentage inhibition
efficiency. The findings demonstrated that when the
concentration of DQP inhibitor increased, the corrosion
current density (Icorr) dropped. This shows that increasing
the concentration of DQP significantly reduced the rate
at which mild steel corrodes (Table 2) demonstrating
DQP’s ability to prevent corrosion, as evidenced by the
simultaneous increase in inhibition efficiency in Table
2. Higher concentrations of an inhibitor produce more
soluble salts, preventing chlorides from directly attacking
the steel (Patni e al., 2017) by adsorbing firmly on the

mild steel surface thereby covering the reaction site on
the mild steel surface. The potentiodynamic polarization
curve (Figure 1) clearly indicated that DQP brought
about a decrease in Anodic current densities ((I_ ) as a
result of adsorption of the DQP film on the mild steel
surface. Table 2 shows the E _ for the blank solution to
be -537.92 mV. Upon addition of DQP inhibitor of varied
concentrations, E_ value ranged from -523.24 mV to
-520.04 mV indicating that E__ for DQP shifted towards
positive potential with respect to the blank. This slight
shift indicates that DQP could act as a mixed corrosion
inhibitor since its corrosion potential displacement is less
than 85mV when compared with the corrosion potential
displacement of the blank. In addition, Table 2 reveals that
the values of Bc and Ba were different from the values of
the blank system. This indicates that DQP had changed
both the anodic and cathodic processes at the same time,
suggesting that DQP is a mixed-type inhibitor.
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Figure 1: Potentiodynamic Polarization Curve of the Mild Steel in 0.5M HCI without and with DQP

Electrochemical Impedance Spectroscopy (EIS)
Study

Another efficient method for studying the corrosion
process is electrochemical impedance spectroscopy.
This technique examines the impedance behavior of the

study sample in 0.5 M HCI solution, both without and
with DQP inhibitors. Figure 2 shows the Nyquist plot of
mild steel without and with DQP. This Nyquist diagram
of the study sample shows a depressed single capacitive
semicircle centered under the real axis.

Table 2: Potentiodynamic Polarization Parameter for studied samples in 0.5M HCI with and without DQP

Concentration |E__ (mV) I . (nAcm?) | Bc (mV) Ba (mV) Corrosion (%)Inhibition
(mol/dm?) rate(mmpy) | efficiency
Blank -537.92 9520.35 210.10 134.60 110.44 -

5.236 x 10°¢ -523.24 917.52 192.30 140.40 10.64 90.36

1.047 x 10° -521.94 844.45 194.80 131.80 9.80 91.13

1.571x 10° -520.65 722.96 180.0 128.30 8.39 92.41

2.094 x 10° -520.28 690.36 170.30 117.90 8.01 92.75

2.618 x 10° -520.04 526.24 162.00 90.30 6.10 94.47

The increase in the size of the semicircle as inhibitor
concentration increases indicates that charge transfer is
primarily involved in the control of the corrosion process
(i e al., 2012, Rosliza and Wan Nik, 2008). The increase
in semicircular diameter that occurs with increasing

DQP concentration is an indication of the formation
of a thick protective film on the studied sample surface.
The depressed shape of EIS curve remained unaffected
with and without inhibitors showing that the mechanism
remained neither interrupted nor disrupted when
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different inhibitor concentrations were added to 0.5M
HCI solution. Nyquist plots non-conforming to perfect
semi-circle inferred the frequency dispersion owing to
the substrate inhomogeneity and roughness of the metal
surface (Bentiss e al, 2000; Bentiss ef al., 2007). While
the double layer capacitance (Cdl) value reduced as the
concentration of DQP is increasing, the charge transfers
resistance (R) value increased as DQP concentration
increased. This is in agreement with literature reports
(Chakravarthy and Mohana 2014; Lebrini ez al, 2000).
Since the local dielectric constant decreased and the
electric double layer’s thickness rose, it was concluded
that the DQP works through adsorption at the metal-
solution interface. Additionally, it is believed that the
low Cdl value is caused by the progressive replacement
of water molecules on the surface of the electrode with
the adsorption of DQP molecules, thus lowering the
extent to which metal dissolved. The Bode phase angle

intermediate frequencies. However, the addition of
this
frequency. This establishes the formation of a protective

an inhibitor broadens maximum intermediate
coating on the metal electrode surface. The impedance
calculated with ZView
software on the Nyquist plot and shown in Table 3 are:
solution resistance (R,), Charge transfer resistance(R,/

R ) and frequency maximum (f_ ). P1is the admittance

electrochemical ~parameters

magnitude while nl is an exponential parameter used
to calculate the amount of surface irregularity resulting
from inhibitor adsorption, surface roughness, and the
development of porous layers. Equation 1 determined
the Double layer capacitance (Cdl) and the equation used
to determine the Inhibition Efficiency (IE) (Mehdipour
et al., 2015:

Cdl=————— 1

B 2mXRctx fmax
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Figure 2: Nyquist plots of Mild Steel in 0.5 M HCl without and with DQP at different concentrations, temperature
of 303K and immersion period of 3 hours
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Figure 3: Bode plots of studied metal sample in 0.5 M HCI without and with DQP at different concentrations,
temperature of 303K and immersion period of 3 hours
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Table 3: Effect of concentrations on impedance behavior of studied metal sample in 0.5M HCI with DQP

Compound Concentration | R1 R2 pl (104 nl f (max) | IE (%) |Cdl
(mol/dm3)

DQP 5.236 x 10 2.809 | 82.67 3.815 0.775 12.4 97.58 1.552x10
1571 x 10° 2.742 | 113.31 | 3.357 0.763 9.93 97.60 1.414x10*
2.618x10° 2.370 | 119.63 | 3.644 0.759 9.93 98.02 1.339x10"

R7 =Solution resistance, R2 = charge transfer resistance, n1 = surface irregularity, p1= admittance magnitude, | max = frequency at
the mascimum, CPE = Constant Phase Element, (%) IE= percentage Inhibition Efficiency, Cdl is the double layer capacitance

Scanning Electron Microscope (SEM) and Energy
Dispersive X-ray Spectroscopy (EDX) Analysis

The SEM analysis examines the surface morphology and
ascertains the inhibitor’s presence on mild steel surfaces.
Figure 4 displayed the surface morphology of the studied
mild steel. The EDX detector connected to the SEM
evaluated the average percentages of the elements on the
surface of the mild steel after seven days of immersion in
0.5 M solution of HCI without and with DQP inhibitor.
Critical examination of the physical and morphological
structure of images disclosed that instead of the rough,

non-uniform, and corroded surface of mild steel dipped
in 0.5 M HCl solution, samples containing DQP inhibitor
were in a better state - they had smooth surfaces. This
observation demonstrated how much slower corrosion
was when DQP inhibitor was applied. The formation of
a protective layer at that metal surface was observed by
EDX analysis.

Figures 4 to figure 6 show the spectra of the polished
mild steel surface after immersion in 0.5 M HCI solution
with/without DQP and their average petcentage of
elements on mild steel.
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Figure 7: (a) SEM image of polished mild steel, (b) SEM image of mild steel exposed to 0.5M HCI (c) SEM image
of mild steel in the presence 5.236 x 10 moldm™ DQP exposed to 0.5M HCl

In the present study, EDX spectra were used to estimate
the percentage by weight of elements existing on the
mild steel surface after seven days of immersion in the
blank and solutions containing inhibitors. The elemental
compositions obtained through EDX are exhibited in the
right side of Figures 4,5,6

Adsorption Isotherms

Adsorption Isotherm shows the relationship between
adsotbate (inhibitor/ acid solution) present in the liquid
phase which is adsorbed on the surface of the mild steel
acting as adsorbent (Ebenso ez al., 1998). It explains the
basic principle and mechanism of corrosion inhibition.
The characteristics and behavior of adsorption isotherms
may be obtained from this relation:

KC = £(0, x) exp(-2a0).........cooviiiiiiiii 3

K represents the equilibrium constant of the adsorption
process, C is the inhibitor concentration in the reaction
mixture (electrolyte), f(0, x) is the configurational
factor that is dependent on the physical model and the
assumptions underlying the deviation of isotherms, 0
is the fraction that the inhibitor can cover on the metal
surface while <’ and ‘a’ are the size ratio and the molecular
interaction respectively.

In order to describe the behavior of the DQP inhibitor

on the surface of the mild steel (adsorbate on adsorbent),
the degree of surface coverage is evaluated using the
weight loss of the metal involved in the corrosion process
at varying concentrations of the inhibitors. Surface
coverage of DQP inhibitor at different concentrations
was fitted to different adsorption isotherms such as
Freundlich, Langmuir, Temkin and Frumkin. The
Langmuir isotherm, however, was found to be a good fit
for the data acquired. Equation 4 represents Langmuit's
adsorption isotherm, which assumed that the adsorbed
molecules occupy a single site and do not interact with
other adsorbed species.
c/e = 1/ (I<<Mls>)+mC
When C/0© was plotted against C (Figute 5), a straight-
line graph with an intercept I/ K. and a slope (m)
wetre obtained. The Adsorptive equilibrium constant
(K@ds)
graph and free energy change (AG) was determined using
equation 5 at different temperatures (Table 4)

AG =-2.303RTLog(55.5 K (ads) ........ccovvvininiinnn. 5
The plot of C/0O
with slope (m) and strong linear correlations coefficient

) was evaluated from the intercept of the plotted

against C gave fitted straight lines

(R?) approximately as seen in Figure 8. This shows that
Langmuir's adsorption isotherm was followed during the
DQP adsorption process on the surface of studied steel.
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The values of free energy change (AG") using equation 5
are negative at different temperatures (Table 4), signifying
that the reaction is spontaneous and feasible (Abiola and
James, 2010). Researchers have earlier established that
AG"ads with greater negative value than 40 kJ/mol (>
- 40 kJ/mol) involved clectron transfer from inhibitor
molecules to metal surface or charge sharing yielding a
co-ordinate covalent type of chemical bond which is also
referred to as chemisorption. Therefore, the adsorption
isotherm for DQP, satisfied the chemical adsorption

mechanism. The decrease in the adsorptive equilibrium
constant (K ,) value with an increase in experimental
temperature indicated that DQP compound was strongly
adsorbed on the surface of the mild steel coupon. The
observed alternate increase and decrease in (K ,) value
with rising in temperature may be a result of the complex
adsorptive nature of the film of the DQP compound
adsorbed on the metal surface by a coordinate covalent
bond with interchanging and fluctuations occurring
between physical and chemical adsorption process.
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Figure 8: Langmuir adsorption Isotherm for the mild steel in 0.5M HCI without and with DQP at different

temperatures

Table 4: K and AG" (kjmol") for DQP at different temperatures

Temperature (kelvin) 303 308 313 318 323
Adsorption equilibrium constant (IX_ ) | 500,000 333,333 166,667 164,471 142,857
AG" (kjmol ™) -43.183 -42.856 -41.749 -42.008 -43.082

IR Spectra of the Synthesized DQP
DQP has 86 modes of vibrations. The molecular
vibrational frequencies at about 3000cm™ and 3200cm®
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Figure 9: IR spectrum of DQP
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about 1450cm™ and 1600cm™. The frequencies at about
1350cm™ and 650cm™ are attributed to in-plane and out-
of-the-plane C—H bending vibrations respectively.

The resonance effect of the phenyl ring due to the
delocalization of electrons probably influenced the
vibrational frequencies of the studied compounds. There
is the absence of vibrational frequency peaks around
1720-1700 cm™ which specifies the absence of the C=0O
functional group from the starting precursor carbonyl
compounds.

CONCLUSION

The corrosion inhibition of mild steel in 0.5 M HCI
solutions using DQP at different temperatures was
examined for the first time using changes in EIS and
PDP measurements. The addition of DQP at different
temperatures reduced the acidic corrosion and makes
DQP an effective organic inhibitor of mild steel with
a maximum inhibition efficiency of 98%. Structural
modification of DQP on corrosion inhibition of mild
steel to advance the understanding of its inhibition
mechanism and efficiency worth further investigation.
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