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Abstract: The continuous search for eco-friendly corrosion inhibitors due to differences in corrosive
media remains an important point in corrosion control. The experimental studies on the corrosion in-
hibition of urea on mild steel in automotive gas oil (AGO) was conducted using gasometric techniques
and scanning electron microscope (SEM). The theoretical approach on the density functional theory
(DFT) on the urea molecule was carried out using Gaussian 09 software. The adsorption behavior
of urea molecules on the surface of the mild steel was analyzed using Frumkin and Flory-Huggins
adsorption isotherms models and Gibb’s free energy, respectively. The result of the experimental
study shows a poor corrosion inhibitory effect of urea on mild steel in automobile gas oil (AGO)
medium as the inhibition efficiency decreased from 69.30% in week 1 to 12% in week 11 at 200 ppm
of inhibitor. The adsorption of urea on the mild steel surface obeys Frumkin’s adsorption isotherm
model. Gibb’s free energy of adsorption of urea molecules onto mild steel surface revealed a ph-
ysisorption mechanism. SEM results showed the non-inhibitive nature of urea on the studied mild
steel. Quantum chemical parameters such as HOMO, LUMO, electron affinity, electronegativity, and
the fraction of electrons transferred to the metal surface were calculated and interpreted to compare
the experimental and theoretical results. The theoretical findings in the current investigation were
not in agreement with the experimental result, thereby creating a need for further study using the
electrochemical method.

Keywords: mild steel; adsorption behavior; automotive gas oil; corrosion inhibition; quantum
chemical parameters

1. Introduction

Pipelines are extremely important in industrial application in the transportation of
petroleum products over long distances from their sources to the destination [1]. Pipelines
are sometimes buried underground and only make their presence known at the stations [1].
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The most used material in oil and gas industries is mild steel because of its ductility, strength,
weldability, durability, corrosion resistance, thermal expansion, and its resistance to heat
treatment for varying mechanical properties [2,3]. In the petroleum industry, corrosion is
a major nightmare as mild steel pipelines play the role of transporting oil and gas from
wellheads to the processing facilities and they are exposed to the continuous threat of
corrosion from the date of commissioning up to decommissioning or abandonment [4].
Corrosion inhibitors are an original way of combating corrosion.

The originality of this method stems from the nature of the anticorrosion treatment,
which does not operate on the metal itself but through the corrosive medium on the metal
itself. The inhibition of corrosion by organic compounds is one of the various alternatives
for combating this phenomenon. The action of these compounds essentially results from
their adsorption on the metal surface, and the formation of a nonsoluble and adherent
protective film on the surface of the metal. Preventing the access of the corrodent depends
largely on the structural and electronic properties of the compounds intended to be used as
corrosion inhibitors [5].

Indeed, most of the organic inhibitors used in an acidic environment have aromatic
rings, multiple bonds (single and double), and/or heteroatoms in their structures such as
nitrogen, oxygen, sulphur, or phosphorus, which gives them a high reactivity to adsorb
onto the material surface.

Traditionally, the evaluation of inhibition performance is mainly carried out exper-
imentally by gravimetric and electrochemical methods coupled with surface analysis
techniques [6]. However, these experimental techniques remain insufficient to fully under-
stand the mechanism of action of an inhibitor. Therefore, corrosion studies have turned to
the exploitation of theoretical chemistry to explain the mechanisms of inhibition. Such an
approach, based on the study of the intrinsic properties of the systems studied, has shown
its validity as an innovative and extremely promising approach [7].

Corrosion has led to damage in pipelines, which are usually costly to repair, costly in
terms of loss or contamination of product, environmental damage, and possibly to human
safety [8]. The fluids in the pipeline are responsible for corrosion. Carbon dioxide (CO;)
and hydrogen sulphide (H;S) gases in the presence of water are also major sources of
corrosion in oil and gas production [9-11]. Hydrogen sulfide is known to pose a serious
risk of damage to metals and their compounds in o0il and gas environments. Hydrogen
sulfide is a weak acid that is soluble in water and is part of many chemicals in oils and
pipelines. The mechanism of the entire process is as follows [12]:

- +
H, S(aq) — HS(aq) + H(aq) (1)
_ + 2,
HSag © Hag + Sag 2)
2 2
Fe($ + S(aq) > FeS(s) 3)

Iron sulfide formation is the product of corrosion. The carbon dioxide that is produced
along with oil and gas dissolves in water to form carbonic acid, which reacts with mild
steel pipeline causing corrosion damage [12]:

CO,; + H,O + H;COs (4)

The formed iron carbonate is the corrosion product and usually reduces the corrosion rate.

Corrosion prevention and control are of great importance in petroleum industries. One
way of overcoming corrosion on metals is the use of corrosion inhibitors [13-15]. Corrosion
inhibitors have been recognized as one of the preventive measures of corrosion control
in petroleum industries [16,17]. over the years, corrosion engineers and scientists have
been working towards designing and synthesizing eco-friendly and effective corrosion
inhibitors [18]. Consequently, organic inhibitors of various classes have been a major subject
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of research interest as potential materials for the surface protection of ferrous metals and
their alloys in different aggressive environments [19,20].

Urea is an organo-oxygen compound with the formula CO(NH;),. The presence of
nitrogen and oxygen makes urea an effective corrosion inhibitor [21]. Organic inhibitor
compounds containing heteroatoms such as nitrogen, oxygen, sulphur, or phosphorous in a
conjugated system have been identified to possess excellent corrosion inhibiting properties
as corrosion inhibitors [22,23]. Inhibition by organic compounds form strong film protection
on the surface of the mild steel through the adsorption process [24,25].

There is a shortage of literature on utilization of organic inhibitors for inhibition of mild
steel in petroleum products. The purpose of this work is to evaluate the inhibition potential
of urea in controlling corrosion of mild steel immersed in automotive gas oil (AGO) media
by studying hydrogen evolution and scanning electron microscopy micrographs. Quantum
chemical computations were conducted using density functional theory (DFT).

2. Materials and Methods
2.1. Materials

Urea (OC(NH;),) was a product of Sigma Aldrich with 98% purity and was used
without further purification. Hence, 200 ppm of urea was utilized in this study because
previous studies have reported that urea has high inhibition efficiency at low concentra-
tion and loses its efficiency at high concentration [26]. The corrosive environment in the
investigation was AGO, which was purchased from Mega Filling Station located along
Owerri—Aba Road, Imo state, Nigeria. The chemical structure of urea is displayed in
Figure 1. The physicochemical properties of the corrodent (AGO) are shown in Table 1.

H2N—<

NH,

Figure 1. Molecular structure of urea.

Table 1. Chemical composition of the studied mild steel (MS).

Atoms

Fe

Ca

P S (0] K Mg Na Al Si Mo C

Content (%)

95.23

0.20

0.20 0.23 0.26 0.25 0.25 0.35 0.35 0.39 0.69 1.61

2.2. Preparation of the Mild Steel

The studies were carried out on mild steel, and the chemical composition obtained
with the use of energy dispersive spectroscopy (EDX) is shown in Table 1. Coupons with
dimensions of 2.0 cm x 2.0 cm with thickness of 0.041 cm? with surface area of 8.0 cm?® were
used in the corrosion study. The coupons were polished with sic emery paper, degreased
with ethanol, washed with acetone, dried with warm air, and stored in moisture free
desiccator prior to the experiment.

2.3. Gasometric Measurement

The gasometric method described in our previous work was adopted without further
modification for the corrosion study [20]. Hydrogen evolution measurements were carried
out using gasometric assembly. Then 200 cm® of AGO was introduced into the reaction
vessel connected to the gasometric assembly and the initial volume of air paraffin oil in
the burette was recorded. Then the mild steel coupon was dropped into the corrodent and
the reaction flask quickly closed to prevent leakage of hydrogen gas. The change in the
volume of hydrogen gas evolved with time and was recorded every week by noting the
volume change in the level of paraffin oil in the burette for 12 weeks. Furthermore, the
mild steel coupon was immersed in 200 cm? of the AGO medium containing 200 ppm of
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urea for 12 weeks. The change in the volume of paraffin oil in the presence and absence of
urea was used to monitor the corrosion of mild steel. The corrosion rates of the mild steel
was calculated using following equation:

534H

AT ©)

Corrosion rate(mpy) =
where H is the hydrogen gas evolution in (mL), p is the metal density in g/cm?, A is the
exposed area of the mild steel in cm?, and T is the exposure time in hours.

Then the percentage inhibition efficiency (%IE) and surface coverage (6) were calcu-
lated using following equations:

CRypjank — CRinn

% IE =
o CRyplank

x 100 (6)

_ CRblank - CRinh
CRplank

where CRypjank and CR;yp, are corrosion rate with and without urea inhibitor, respectively.

0 @)

2.4. Surface Examination Study

The defensive layer was formed on the mild steel surface when the corrosion test
was analyzed by scanning electron microscopy (SEM) combined with the EDX analy-
sis. Estimations of the morphology of the mild steel were inspected with a phenom
proxcomputer-controlled SEM instrument.

2.5. Computational Investigation
2.5.1. DFT Calculations

The quantum chemistry calculations of the urea molecule including complete geomet-
rical optimization were performed by density functional theory (DFT) method at B3LYP
and 6-31 G as the basis set utilizing Gaussian 09. The energies of the highest occupied
molecular orbital (Egomo) and lowest unoccupied molecular orbital (E; ypmo) were deter-
mined and examined. Different theoretical parameters, for example, the fraction of electron
transferred (AN), global electrophilicity (w), softness (o), energy gap (AE), nucleophilic-
ity (e), electronegativity (x), and hardness (1) have been determined following relevant
equations [27].

2.5.2. MC Simulation

The Monte Carlo model was utilized to acquire the accessible information on the
conduct of inhibitors contemplated during the adsorption on the mild steel surface [28].
Here, the impact with Fe (110) was identified and tested using the Studio 2017 program
kit [29]. The optimized inhibitor molecule was adsorbed on the surface of Fe (110) within
the sight of 100 water molecules, which impacted the steadiest adsorbed arrangement of
the examined inhibitor on the surface of material studied with higher negative adsorption
energy values [30].

2.6. Property Test of Automotive Gas Oil (AGO)

The physicochemical properties of AGO were tested using the standard test method [27,28].
Table 2 shows the physicochemical properties of AGO.
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Table 2. Physicochemical properties of automotive gas oil (AGO).

Parameters AGO
pH 7.01
Conductivity (uS/ cm?) 0.00
Carbon (ppm) 85.70
Sulphur (ppm) 236.41
Density (g/mL) 0.8191

3. Results and Discussion
3.1. Corrosive Properties of AGO

The results regarding the corrosive properties of automotive gas oil are given in Table 1.
The results show neutral nature and nonionic salt in the corrodents. The sulphur content
was 236.41 ppm. Crude oil and its products contain different types of sulphur compounds
such as mercaptans, thiophenes, and elemental sulphur [29]. Corrosion of metal surfaces
due to direct interaction of sulphur and metal is known as localized corrosion. The general
chemical reaction between sulphur and metal is given in these equations:

8S(s) +8Ha O(1) — 6 Hy S(q) +2Hz S0y 4q) 8)
HpS(oq) — HS ) + H(th) )

Sy = Hig) + Sty (10)

Fefj) + s%a—q) — FeSy) (11)

These theoretical explanations concerning the nature of the corrosion of ferrous metals
in AGO can be used to predict the possible mechanisms for the formation of FeS as products
of corrosion by mild steel in oil and gas environments.

3.2. Corrosion Study

The rate of metal degradation and reticence effectiveness during immersion is shown
in Figures 2 and 3, respectively. It was found that the immersion time increased from 1 week
to 11 weeks with decreasing reticence effectiveness, confirming the inefficiency of urea.
However, the recorded inhibition efficiency observed in week one was not sustained with
the rise in immersion time. This behaviour suggests that adsorption of urea molecules on
the mild steel surface occurred via physical means and adsorbed protective film dissolves
with an increase in contact time resulting in exposing some protected surfaces to corrosion
attack [31]. The poor inhibitory effect may also be attributed to the nature of interaction
between the inhibitor molecules and the metal surfaces [32]. Furthermore, the result
obtained in this study was in agreement with the decrease in inhibitory effect of 4-benzyl-1-
(4-oxo-4-phenylbutanoyl) thiosemicarbazide on the corrosion of mild steel in 1.0 M HCI
when the exposure period increased from 10 to 48 h [33]. The outcome of inhibition
efficiency and corrosion rate shows ineffective reticence abilities of urea for the mild steel
in AGO environment.
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Figure 2. Variation of corrosion rate in the presence and absence of inhibitor.
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Figure 3. Variation of inhibition efficiency of urea inhibitor with time.

3.3. Adsorption Study

Adsorption isotherms are very interesting models in order to understand how in-
hibitive the protected material was from corrosion [30]. The fitness of experimental data
was tested on Flory-Huggins and Frumkin adsorption isotherms to comprehend the ad-
sorption properties of urea onto the metal surface using the degree of surface coverage (9)
parameters. The linear equations of each isotherm were used to model the isotherms [20].

Flory-Huggins isotherm:

log<cih) = logk + xlog(1—196) (12)
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Frumkin isotherm:

lnCinh( 0 ) = Ink +2d0 (13)
Cinh
where x constitute the amount of adsorbed water molecules removed by one inhibitor
molecules, d represents the interaction factors among adsorbed molecules (repulsion or
attraction force), and K is the equilibrium constant. K is obtained from the intercept of the
linear graph while x and d are obtained from the slope of the linear graph.

The adsorption equilibrium constants (K) in the system are related to standard Gibb’s

free energy of adsorption (AG,ys) by the following equation [20]:
AG,;, = —2.303RT10g55.5K ;46 (14)

where the parameters retain their standard meaning.

The obtained values of the adsorption isotherms and standard Gibb’s free energy
of adsorption are presented in Table 3. The calculated AG° ;s from Frumkin adsorption
parameter is —17.30 KJ/mol. In the present study, the calculated value of AG® 4, at 303 K
was close to —20 KJ/mol indicating electrostatic interaction and physisorption adsorption
between the inhibitor and the charged metal surface. This implies that the film formation
by the inhibitor on the surface of the metal was spontaneous.

Table 3. Parameters issue from adsorption isotherm models and standard Gibb’s free energy values
for the adsorption of urea on mild steel surfaces in AGO media.

Frumkin Isotherm Values Flory-Huggins Isotherm Values
R? 0.9821 R? 0.8751
d 2.4077 X —1.5951
Kads 17.30 Kads 6.26 x 1072
AGY. (K] / MNI) ~17.30 AGY,, (KJ/MNI) 8.00

3.4. Surface Analysis

Following a month of immersion, the mild steel surfaces were inspected with and
without the urea inhibitor to obtain access to data on the adsorption conduct of the inhibitor
on the substance [34]. Scanning electron microscopy (SEM) micrographs and EDX patterns
are displayed in Figures 4 and 5, respectively. The surface area of mild steel within the
sight of urea immersed in AGO appears more damaged than the mild steel immersed in
AGO without inhibitor, because of localized corrosion onto the protected material surface.
The energy dispersive X-ray (EDX) attached to the SEM was applied to detect the mild
steel impurities and other chemical elements except iron; as well as the component of the
inhibitor used to fight against corrosion of the mild steel before and after immersion in
AGO with and without urea inhibitor. The level of atomic qualities for various molecules
and mild steel is displayed in Table 4. This is shown by the values of percentage weight in
atomic composition of mild steel where the urea inhibitor does not respond after drenching
and does not restrain hindrance against the mild steel because of corrosive media.

Figure 4. SEM micrograph of: (a) mild steel coupon before immersion, (b) exposed to AGO in absence
of urea, and (c) exposed to AGO in the presence of urea.
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Figure 5. EDX pattern of mild steel: (a) before immersion, (b) exposed to AGO in the absence of urea,
and (c) exposed to AGO in the presence of urea. (Counts in 30s).

Table 4. Percentage weight composition of elements obtained from SEM-EDX analysis.

Elements Pure Mild Steel Mild Steel in AGO Mild Steel in AGO and Inhibitor

Fe 95.23 94.53 93.81
C 1.61 1.69 3.23
Mo 0.69 0.00 0.00
Si 0.39 0.49 0.64
Al 0.35 0.22 0.42
Na 0.35 0.33 0.27
K 0.26 0.50 0.21
Mg 0.25 0.17 0.09
o 0.24 0.33 0.35
S 0.23 0.45 0.22
P 0.20 0.36 0.19
Ca 0.20 0.59 0.25
Cr 0.00 0.15 0.18
Ti 0.00 0.20 0.13

3.5. Theoretical Approach

The theoretical approach has been utilized to comprehend the interaction between
the organic molecule properties and the corrosion hindrance on mild steel surface [30].
In this paper, DFT was operated utilizing B3LYP with a basic 6-31 G/(d,p) process with
Gaussian 09 programming. The quantum descriptors, for example, the fraction of electrons
transferred from the inhibitor compound to the metal surface (AN), softness (o), LUMO
and HOMO energy, total energy (Eiot,1), dipole moment (i), electronegativity (x), global
electrophilicity index (w), and global hardness (1), which may be obtained through the
following equations, where nFe =0 and x =7 eV [35]:

AE = Erumo — Enomo (15)
x = — 5 (Extomo + Erowo) (16)
n= _%(EHOMO —ELumo) (17)

o= % (18)
AN = 50 ) T i) )
w = ;i 0)

3.6. Global Molecular Reactivity of Urea Molecule

The quantum descriptors of urea inhibitors in the non-aqueous and aqueous phases
are grouped in Table 5. The urea inhibitor has the lowest Ej ypo value, which demonstrates
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the ability of this inhibitor to acquire electrons in the aqueous phase [36]. In the aqueous
phase, its energy gap (AE) is low, 5.0241 eV; hence, the reactivity of the urea in the aqueous
environment is higher [37]. The fraction electrons transferred (AN) value is under 3.6,
which demonstrates that the inhibitor molecule has a tendency to give electrons to the
metal surface [34]. This outcome shows that an increase in the electron-donating potential
to the mild steel can prompt an increment in the inhibitory impact on the mild steel by
the urea inhibitor. However, the dipole moment value (5.3282 D) shows that the inhibitor
progressively became polar, so it effectively donates electrons and creates a thin protective
organic layer on the mild steel surface when in contact with the aqueous medium [38]. The
outcomes show similar progress in the two stages (aqueous and nonaqueous phases).

Table 5. Quantum descriptors of urea inhibitor studied.

Descriptors Enomo (eV) Erumo (eV) AE (eV) n o (eV1) AN X w u (D) Total Energy (u.a)
Urea —6.7187 —1.5885 5.1302 59244  0.1688 0.2364  4.1536 1.4561 4.2487 —225.2716
(Gas phase)
Urea
(Aqueous -7.0176 -1.9935 5.0241 6.0208  0.1661 0.2071  4.5055 1.6858  5.3282 —225.2845
phase)
3.6.1. HOMO and LUMO
The HOMO and LUMO electron density distribution of urea, as shown in Figure 6,
illustrates the orbitals occupied by the electrons. The red shows higher electron concentra-
tion in that place and green indicates electron deficiency in that region [39]. The HOMO
and LUMO orbitals electron density indicate that the urea inhibitor can send electrons to
the vacant d orbital of the Fe [40]. on the other hand, the geometry plane of this inhibitor
shows its ability to adsorb on the surface of the mild steel by the formation of chemical or
electrostatic bonds [41].
Optimized structure HOMO LUMO

Figure 6. Optimized molecular structure and electron density distributions of urea inhibitor.

3.6.2. Fukui Function of Urea Inhibitor in Aqueous Phase

The Fukui values are determined in view of the number of inhabitants in every
molecule in various species, cationic, anionic, and neutral species, using the following
equations [42]:

Fl—l_ = P (N+1) — P(N) (21)
F, = P, — P (N-1) (22)
F) = P (N+1) — P (N 1) (23)

With P (N + 1), P(N), and P (N — 1) as the natural populations for the atom k in the
anionic, neutral, and cationic species, respectively.
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From the calculated Fukui indices, as shown in Table 6, the majority of the sites of the
studied reagents were nucleophiles shown in O2, N3, and N4 heteroatoms. These results
indicate the inhibitory capability of urea when studied in an aqueous solution.

Table 6. Fukui values of urea inhibitor examined by B3LYP/6-31G in the aqueous phase.

Atoms P(N) PN+1)  P(N-1) Ff F, F)
C1 5.1960 5.2084 5.2655 0.0124 —0.0695 —0.0571
02 8.7322 8.7640 8.6104 0.0318 0.1218 0.1536
N3 7.8990 7.9370 7.5106 0.038 0.3884 0.4264
N4 7.8990 7.9370 7.5106 0.038 0.3884 0.4264

3.6.3. Monte Carlo Simulation

The aim of this study was to examine the conceivable adsorption of urea within
the sight of water on the mild steel corrosion utilizing Monte Carlo calculations [42].
Figure 7 shows the most stable configuration associated with the low adsorption energy of
examined inhibitor molecules on Fe(110). As a rule, adsorption is the process of corrosion
inhibition [43]. This outcome depends on the higher negative value of adsorption energy
attributed to good adsorption behavior with the most stable configuration (Table 7). The
inhibitory value is expanded by the presence of water, demonstrating the steric impact
and the extent of the electronic density of donor atoms engaged in the inhibitor molecule
concerning their key function in the adsorption process. Subsequently, the adsorption
energy of inhibitory molecules is higher than that acquired with water molecules. This
clarifies the chance of trading water molecules on mild steel, as the steady interaction is
intended to shield mild steel from corrosion in the corrosive media [44].

Side view

Top view

Urea/Fe(110)

Urea+100H20/Fe(110)

Figure 7. The highest stable configuration for the adsorption of urea molecule on the Fe(110) surface
was achieved utilizing the Monte Carlo simulation.
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Table 7. The adsorption energy of the examined inhibitor molecules on the Fe(110) surface utilizing
the Monte Carlo simulation (kcal/mol).

Adsorption Energy Adsorption Energy
Systems Inhibitor Water
Fe(110)/urea —24.78 -
Fe(110) /urea/100H,O —1567.98 —15.63

4. Conclusions

Significant results were found in the experimental results. Urea acts as a disinfectant
on mild steel when immersed in AGO media. The inhibition efficiency ranges from 69.30 to
10.395 with a rise in immersion time. The longer the immersion time, the lower the inhibition
efficiency. The inhibitor exhibited poor protection against corrosion in AGO media, in which
the major setback was the time dependence of percentage inhibition efficiency of the tested
inhibitor. The adsorption of urea on mild steel follows Frumkin’s adsorption isotherm.
Free adsorption energy reflects the physical and electrostatic interactions between the urea
inhibitor and the surface of the mild steel. The poor inhibitory effect of the inhibitor suggests
dissolution of the adsorbed inhibitor molecule on the surface of the mild steel as immersion
time progresses. SEM and EDX confirmed the poor surface protection performance by the
urea on the mild steel surface in the AGO environment. The theoretical outcomes showed
the inhibition performance of urea on the mild steel surface but the results obtained in these
study indicate that oxygen and nitrogen atoms did not positively influence its efficiency over
inhibition of mild steel in AGO media. The theoretical findings in the current investigation
were not in agreement with the experimental result. Based on these findings from the
gasometric results, a clearer adsorption and inhibition performance of urea on the mild steel
in AGO media needs to be studied further using an electrochemical method.
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