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The anticorrosive effect of an epoxy resin (DGEDDS-MDA) based on diglycidyl ether 4, 4′-
dihydroxydiphenylsulfone (DGEDDS) and 4,4′-Methylene dianiline (MDA) with and without titanium dioxide
(TiO2) for carbon steel (CS) corrosion in 3% NaCl solution is reported. The composite of DGEDDS-MDA with
TiO2 is designated as DGEDDS-MDA-TiO2. Electrochemical and computational techniques were used to demon-
strate the anticorrosive effectiveness of the DGEDDS-MDA and its TiO2 composite. The effect of UV irradiation
(for 2000 h) on effectiveness of DGEDDS-MDA and its TiO2 composite showed that the presence of the TiO2 ap-
preciably enhanced the corrosion inhibition effect of DGEDDS-MDA. In order to reinforce the experimental find-
ings, reactivity of DGEDDS-MDA with metallic surface was also studied using computational techniques. DFT
study revealed that DGEDDS-MDA interacts strongly with metal surface using donor-acceptor mechanism.
Polar functional groups (–OH& –N–) and aromatic rings act as adsorption centers.MD simulations study showed
that DGEDDS-MDA adsorbs using flat orientation and its orientation is greatly affected by TiO2.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Polymer based composites are broadly used as structural resources
in different industries because of their high tensile influence and low
weight [1–8]. Epoxy resins based composites represent good examples
of such type of materials that are associated with numerous advanta-
geous features such as anticorrosive and excellent adhesive properties
[9–16]. The epoxy resins based composites are also used for other indus-
trial applications. Among the organic coatings, epoxy resins are most
commonly, frequently and effectively used anticorrosive coating
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materials [11,17,18]. Because of their polymeric nature, epoxy resins
offer a huge surface coverage that comes out in the form of their high
protection efficiency [19]. Literature study shows that several research
articles dealing with the anticorrosive effect of epoxy resins and their
derivatives in coating as well as aqueous phase widely are reported.
The versatile application of epoxy resins as effective anticorrosivemate-
rials is attribute to their high mechanical power, excellent ability to in-
teract with meta surface and good adhesion ability [20].

It is well documented that inhibition effectiveness of the pure epoxy
resins and organic compounds based coatings gradually decreases on
increasing the immersion (exposure to corrosive environment) time.
This happens because of rapid penetration or diffusion of the corrosive
species such as H2O, chloride ions and counter ions into the coating
structures (polymer networks) through the surface micropores [21].
Therefore, blocking of the surface micropores would increase the effec-
tiveness of the coating. In this direction, numerous additives, called as
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pigments are being added in the coating formulations. Generally, these
pigments block the micropores through which corrosive species can
penetrate and accelerate the corrosion [22]. This type of pores blocking
also increase the charge resistance values for corrosion process. Re-
cently, polymer matrixes and their composites rainforced with metal
oxides coatings as widely used as anticorrosive coatings [23]. Literature
study shows that numerous metal oxides such as CeO2, SiO2 and TiO2

etc. are widely used as pigments for anticorrosive coatings of numerous
coatings [25,26,30].

Titanium dioxide (TiO2) is alos widely utilized inorganic pigment for
reinforcement of anticorrosive effect of organic and polymer coatings.
TiO2 is associated with very high stability to UV irradiation and because
of its this capability TiO2 is widely used to increase the strength of var-
ious structures against UV irradiation [24]. Generally, compared to or-
ganic UV-absorber, TiO2 are more effective UV-absorber therefore TiO2

does not initiate or accelerate the degradation of coating formulations
in its present [24]. In the present study we demonstrate the anticorro-
sive effect of an epoxy resin with and without TiO2 pigment. The
study also reports the effect of UV irradiation on DGEDDS-MDA and its
TiO2 composite formulations. The study was carried out using electro-
chemical (EIS) and computational (DFT andMDS) methods. It is impor-
tant to mention that carbon steel is widely used as constructional
material inmarine industries. Therefore, designing and implementation
of corrosion inhibitors in NaCl based electrolytes is highly
recommended.
2. Experimental section

2.1. Materials

The chemicals namely, diglycidyl ether 4, 4′-
dihydroxydiphenylsulfone (DGEDDS), 4, 4′-Methylene dianiline
(MDA) and Titanium oxide (TiO2) were supplied through
Sigma-Aldrich. The DGEDDS resin was synthesized as per the reported
procedure [10,25–28]. For corrosion inhibition studies CS specimens of
chemical composition of Al 0.03%, Co < 0.0012%, Si 0.24%, Ni 0.1%, Cr
0.12%, Fe 98.70%, C 0.11%, Mo 0.02%, Cu 0.14%, Mn 0.47%, V < 0.003%
and W 0.06% were used.

The DGEDDS-MDA and its TiO2 composite formulations were devel-
oped as shown in Fig. 1. For the synthesis of DGEDDS-MDA and its TiO2

composite, epoxy resin DGEDDS and MDA (as hardener) in
stoichiometric amount was mixed with and without 5 wt% of TiO2.
The DGEDDS-MDA and its TiO2 composite coatings were applied by
means of mechanical agitation (for 10 min) at room temperature. Be-
fore performing the experiments, the DGEDDS-MDA and its TiO2 com-
posite coated surfaces were cured for 24 h at 70 °C. Analyses showed
that thickness of DGEDDS-MDA and its TiO2 composite coatings were
in the range of 170 ± 10 μm was measured by a digital-coating thick-
ness gage (Layercheck 750 USB FN). The coated CS surfaces were ex-
posed for 2000 h to UV radiation using commercial UV-A lamps
(wavelength 340 nm).

The stabilizing effect of TiO2 on UV irradiation and anticorrosive ef-
fect of two formulations, DGEDDS-MDA and its TiO2 composite was
studied using EISmethod. CS strips (1 cm2; one sided)with andwithout
DGEDDS-MDA and its TiO2 composite coatings were used as working
electrode. Platinum ring as counter and SCE as reference electrodes
were used, respectively. For EIS measurements, a Biologic Potentiostat
SP 200 instrument was employed. An AC perturbation signal of 10 mV
amplitude with 10−2 to 105 Hz frequencies was used in EIS measure-
ments. The EIS studies of CS stripswith DGEDDS-MDA and its TiO2 com-
posite coating were carried out after 1 h immersion time in 3% NaCl
solution. In order to get more accuracy and reproducibility of experi-
mental data, the electrochemical studies were performed triply. The
UV exposure of the CS strips was carried out for 2000 h. The procedure
adopted for instrumentation is already described in literature [29,30].
2.2. Computational details

2.2.1. DFT study
Quantum chemical calculations based on DFT theory were per-

formed using theDmol3 code ofMaterial Studio (MS) software (version
8.0), applying the GGA-BLYP exchange-correlation functional [31]. Dou-
ble numeric quality with polarization (DNP) basis set with the COSMO
implicit solvent model (water, dielectric constant 78.54) was utilized
for the computations [32]. Moreover, vibrational analysis was per-
formed to ensure the optimized structures reaching the minimum
point on potential energy surface. The convergence thresholds for en-
ergy, maximum force, and maximum atomic displacement were of
1 × 10−5 Ha, 2 × 10−3 Ha Å−1, and 5 × 10−3 Å, respectively.

2.2.2. Molecular dynamics simulation
Molecular dynamics simulation was performed using the Forcite

module ofMaterials Studio 8.0 programdeveloped by BIOVIA Company.
It was conducted in a simulation boxwith periodic boundary conditions.
The simulation system consisted of an iron slab and a solvent layer (con-
taining 2000 H2O + 1 DGEDDS-MDA monomer with and without TiO2

nanocluster). For the metal substrate, Fe(110) was selected as explored
surface since that it has a density packed structure and is the most sta-
ble. The Fe(110) surfacewasmodeledwith an eight-layer slabmodel. In
this model, there were 324 iron atoms in each layer representing a
(18 × 18) unit cell. The system was constructed using the Amorphous
Cell module as well as the “building layers” tools, and the geometry op-
timization of the system was being made until the total energy was
reached to a local minimum on the potential energy surface. The system
was performed under Andersen thermostat, NVT ensemble, with a time
step of 1.0 fs and simulation time of 1500 ps, using the COMPASSII force
field. Non-bond Interactions, van der Waals and electrostatic, were set
as atom-based summation method and Ewald summation method, re-
spectively, with a cutoff radius of 1.55 nm.

3. Results and discussion

3.1. Electrochemical study

Fig. 2 shows the Bode and Nyquist plots for CS corrosion in 3% NaCl
solution coated with DGEDDS-MDA and its TiO2 composite before and
after 2000 h UV exposure. It can be clearly seen that total impedance
for DGEDDS-MDA-TiO2 is greater than the DGEDDS-MDA. The imped-
ance modulus (|Z|0.01Hz) at low frequency region for DGEDDS-MDA
and DGEDDS-MDA-TiO2 are 1.8 × 101 and 1.02 × 102 kΩ.cm2, respec-
tively. The higher magnitude of |Z|0.01Hz for DGEDDS-MDA-TiO2 than
that of the DGEDDS-MDA indicates that DGEDDS-MDA-TiO2 exhibits
relative stronger inhibitive barrier for CS corrosion as compared to the
DGEDDS-MDA. It can be further seen that after 2000 h UV exposure,
the |Z|0.01Hz values decrease for DGEDDS-MDA and its TiO2 composite
coated samples which is attributed due to the degradation of the coat-
ings by exposing to the UV radiation. However, the |Z|0.01Hz value is
still much higher for DGEDDS-MDA-TiO2 than that of the
DGEDDS-MDA. In all studied conditions, DGEDDS-MDA-TiO2 showed
higher impedance than that of the DGEDDS-MDA that indicates that
DGEDDS-MDA-TiO2 is a better anticorrosive material as compared
to the DGEDDS-MDA. Outcomes of the study indicate that presence of
the TiO2 significantly improve the barrier and anticorrosive effect of
the epoxy resin formulation.

EIS represents an appropriate electrochemical technique to demon-
strate the interfacial behavior of the coating in numerous systems
[15,16]. The Nyquist curves for all type of samples are presented in
Fig. 2 and diverse EIS parameters are accessible in Table 1.

It can be clearly seen that Qdl (double layer capacitance) values for
DGEDDS-MDA and its TiO2 composite coated samples without UV irra-
diations are much smaller as compared to the after 2000 h exposure to
UV irradiation [33]. Generally, decrease in Qdl values is attributed to
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Fig. 1. Synthesis of DGEDDS-MDA and its TiO2 composite anticorrosive formulations.
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Fig. 2. Bode and Nyquist plots obtained for CS corrosion in 3% NaCl coated with and without DGEDDS-MDA and its TiO2 composite before and after 2000 h UV exposure.
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Table 1
EIS parameters derived for CS corrosion in 3% NaCl coated with and without DGEDDS-MDA and its TiO2 composite before and after 2000 h UV exposure.

Samples Rs
(kΩ.cm2)

Qcoat

(μF/cm2)
Rcoat
(kΩ.cm2)

Qdl

(μF/m2)
Rct
(kΩ.cm2)

DGEDDS-MDA 0.28 1.41 5.15 1.02 26.97
DGEDDS-MDA-2000 h UV 0.02 34 0.65 2.8 01.96
DGEDDS-MDA-TiO2 0.19 0.91 33.79 0.11 140.97
DGEDDS-MDA-TiO2-2000 h UV 0.07 19.6 0.72 0.29 09.63
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expansion of active sites [34]. Results also showed that coating capaci-
tance (Qcoat) with and without UV irradiation is higher for DGEDDS-
MDA than that of the DGEDDS-MDA-TiO2 which attributed due to the
filling out of the surface micropores by TiO2.Increase in the values of
Qcoat proved the degradation of two of the DGEDDS-MDA and
DGEDDS-MDA-TiO2 after 2000 h UV indicates that surface
imperfections and micropores are increased after the irradiation. Re-
sults presented in Table 1 showed Rcoat and Rct values are higher
forDGEDDS-MDA-TiO2as compared to the DGEDDS-MDA. This finding
suggests that DGEDDS-MDA-TiO2 acts as better anticorrosive material
and resistance enhancer than that of theDGEDDS-MDA [35]. This obser-
vation reveals that TIO2 fills themicropores present in the coating struc-
ture and avoid the penetration of the corrosive species. The UV
irradiation decreases Rcoat for both the formulations however,
DGEDDS-MDA-TiO2 shows smaller changes in the value of Rcoat. This ob-
servation indicates that TiO2 decreases the degradation of the coating.

3.2. EIS characteristics of epoxy coatings after UV exposure

The corrosion inhibition mechanism of DGEDDS-MDA and its
TiO2 composite coated CS in 3% NaCl solution is shown in Fig. 3. Ex-
posure of samples to the UV radiations results into formations of sur-
face imperfection that results due to the development of micropores.
Generally, epoxy resins or organic compounds based coatings con-
tain several micro cracks through which corrosion species can pene-
trate. UV exposure of specimens enhances the number of
micropores. Obviously, diffusion or penetration of corrosive species
agent decreases the impedance. In can be concluded that DGEDDS-
MDA forms an imperfect surface coating and imperfection is attrib-
uted to the formation of micropores. However, presence of TiO2

fills the micropores in DGEDDS-MDA-TiO2 coating. Therefore,
DGEDDS-MDA-TiO2 forms uniform surface coating.

3.3. Results of DFT study

The HOMO and LUMO orbitals for DGEDDS-MDA are shown in Fig. 5
and diverse indices are presented in Table 2. Full details of the global
quantum indices can be found in literature [36–38]. As well known for
all, the spreading of the electron density over the HOMO and LUMO sur-
faces is considered as an important aspect for assessing the reactivity and
stability of an inhibitor molecule along with guessing the progression of
chemical reactions [39]. Obviously, HOMO denotes the sites ofmolecules
responsible for charge transfer (donation) and LUMOdenotes the sites of
molecules responsible for charge acceptance (retro-donation)
[11,36–38]. The FMO picture of the DGEDDS-MDA molecule (Fig. 4) af-
firms that theHOMO ismainly dispersed over themiddle part of themol-
ecule, which contains the diphenylmethane (Fig. 4a), The LUMO is
mainly distributed over one of the four sulfonyldiphenyl parts, revealing
that this part of the molecule is responsible to the accept electrons from
the metallic surface (Fig. 4b). The relatively high value of HOMO
(EHOMO = −4.749 eV) and the low value of LUMO (ELUMO =
−2.276 eV) for the DGEDDS-MDA molecule (−4.749 eV) refer toward
the tendency of the molecule to interact with the metallic surface
through donation and back-donation process [12]. Similarly, ESP map
donates a three-dimensional visualization of total charge distribution
[40]. In the ESP map of the molecule, the red regions correspond to the
high electron density (nucleophilic sites) and the blue ones stand for
the positive region (electrophilic sites). As can be observed in Fig. 4c,
the most negative regions are clearly observed at the middle part of the
molecule, around the oxygen and the nitrogen atoms, while the positive
ones are located on the regions that contain the sulfunyldipenyl region.

Recently, it was shown that DFTmethods has been found to be fruit-
ful in providing understandings into the chemical reactivity descriptors
such as chemical hardness η, softness (σ), electronegativity (χ), chemi-
cal potential (μ), electrophilicity (ω) and nucleophilicity (ε) and selec-
tivity, electron donating power, electron accepting powers and net
electrophilicity in

terms of global descriptors, which have been calculated the EHOMO

and ELUMO values [12,18,29,36–38,41]. Equations that have been used
to estimate the global indices are shown in Table 2.

Another important global descriptor is the energy gap (ΔE),
which measures the reactivity and stability of the inhibitor mole-
cule. It was pointed out that the smaller the energy gap implies a
more reactive and a less stable molecule and vice versa [42]. The
value of ΔE obtained for the investigated molecule (ΔE =
2.473 eV) is much smaller than the previously investigated organic
compounds [11,12,36–39], revealing that that interactions of
DGEDDS-MDA molecule with the metal surface are highly favored
and the molecule may be used as an efficient inhibitor for metal cor-
rosion. It was previously reported that the electron transfer will
happen from the inhibitor to the surface of the metal if ΔN is posi-
tive and the value is less than 3.6 [43]. On the other hand, if ΔN is
negative, the electron transfer will occur frommetal to the inhibitor
molecule. According to Table 2, the fraction of electron transfer
(ΔN) has a positive value (0.529), which indicates that the elec-
trons are transferred from the donor molecule (DGEDDS-MDA) to
the vacant d-orbitals of the acceptor (the metallic surface) [44,45]
and the investigated inhibitor is a good corrosion inhibitor
molecule.

The type of interactions between the inhibitor molecule and Fe
metal were estimated as follows: [46,47]:

ΔE1 ¼ ELUMO inhð Þ−EHOMO Feð Þand ΔE2 ¼ ELUMO Feð Þ−EHOMO inhð Þ, ð1Þ

where ΔE1 denotes to the electron back-donation from the d-orbitals of
the metal to the LUMO of the inhibitor and ΔE2 denotes to the electron
donation from the HOMO of the inhibitor to the vacant d-orbitals of the
metal. The EHOMO and ELUMO of Fe (110) are given as −5.08 and
−1.748 eV, respectively.As canbe shown inTable2andFig. 4,ΔE1>ΔE2,
implying that the dominant interaction is that between the EHOMO of the
inhibitor and ELUMO of metallic surface (Fe). Therefore, the examined in-
hibitor establishes a greater propensity to donate the electrons in com-
parison with the tendency of electron acceptance, which is also
confirmed by the positive values of ΔN.

Finally, the free energies of adsorption, ΔGads (cathodic and anodic),
which are given as follows Eq. (2):

ΔGads cathodicð Þ ¼ μ inh−μFe and ΔGads anodicð Þ ¼ μFe−μ inh ð2Þ

where μ designates the chemical potential of the Fe metal
(μFe=−4.06 eV) [48] are considered as a very important tool to predict
the type adsorption between the inhibitor and the metallic surface. In
the above equations, the Femetal acts as an anode and the inhibitor acts
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as a cathode [49]. It is well known that the change in the ΔGads value
essentially depends on the variances between the chemical and the
physical adsorption [50,51]. Thus, if the ΔGads value is in the range of 0
to - 40 kJ/mol, the physical adsorption is expected. While, the chemical
adsorption is expected if the ΔGads value is in the range of −80 to
−400 kJ/mol [52]. According to the obtained results in Table 2, the
values ΔGads value is about −52 kJ/mol, revealing that the adsorption
Table 2
Quantum chemical parameters evaluated for DGEDDS-MDA.

EHOMO(eV) −4.749
ELUMO (eV) −2.276
Ionization potential, I (eV) = − EHOMO 4.749
Electron affinity, A (eV) = ELUMO 2.276
Energy gap, ΔE (eV) = ELUMO - EHOMO 2.473
Energy gap, ΔE1 = ELUMO(inh) − EHOMO(Fe) 5.626
Energy gap, ΔE2 = ELUMO(Fe) − EHOMO(inh) 4.598
Electronegativity, χ (eV) = − μ = (I + A)/2 3.513
Hardness η(eV) = − μ = (I − A)/2 1.237
Softness (eV−1) σ = 1/η 0.809
Electrophilicity (eV) ω = μ2/2η 2.494
Nucleophilicity (eV) ε = 1/ω 0.401
Fraction of electrons transferred ΔN = (ΦFe − χinh)/2(ηFe + ηinh) 0.533
Initial molecule-metal interaction energy Δψ = (χFe − χinh)2/4
(ηFe + ηinh)

2.459

Total energy change of back-donationΔEb−d = − η/4 −0.309
Electron accepting power,ω+ = (I + 3A)2/16(I − A) 6.900
Electron donating power,ω− = (3I + A)2/16(I − A) 3.387
Net Electrophilicity (Δω±) = ω+ + ω− 10.287
ΔGads(cathodic) = μinh − μFe 52.826
ΔGads(anodic) = μFe − μinh −52.826

ΦFe(110) = 4.82 eV [53];
χFe 7.0 eV; ηFe = 0.0 eV [37].
mechanism of the examined inhibitors on Fe surface shows a spontane-
ous chemical adsorption.

Finally, the DGEDDS-MDA inhibitor molecule is characterized by a
very high dipole moment of 30.1 Debye, which is much higher than
that of the water molecule (1.85 Debye) [53]. Based on this finding,
one concludes that the DGEDDS-MDA molecule can adsorb on the me-
tallic surface (steel) by substituting the previously adsorbedwatermol-
ecule via the following suggested mechanism:

DGEDDS−MDAsol þ nH2Oadsorbed ! DGEDDS−MDAads þ nH2Osol ð3Þ

3.3.1. Mulliken atomic charges (MAC) and ESP
It is known that MAC and themolecular electrostatic potential maps

(ESP) might be very valuable to recognize the active sites. These active
sites are responsible for the adsorption onto the Fe-surface. The interac-
tion between Fe (110) and the DGEDDS-MDA inhibitor molecule is
often considered to favorably occur on the atoms, which carry the
highest negative charge [54,55]. The highest negative and the highest
positive charges on the investigated inhibitor are depicted on the opti-
mized structure of the inhibitor (Fig. 5). The MACs for C, O, N and S
atoms in the examined inhibitor are listed in Table S1 of the supplemen-
tary materials. Based on Fig. 5 and Table S1, the highest negative charge
are located on the O and N atoms, suggesting that these atoms have the
highest electron density and would satisfactorily interact with the Fe
(110) surface. On the other hand, the highest positive charge are located
on the S atoms of the four sulfonyl groups and some of the carbon atoms
(see Fig. 5 and Table S1), implying that these cites have the capability to
the accept electron from the Fe (110) surface.



Fig. 4. The Frontier molecular orbitals ((a) HOMO and (b) LUMO), the schematic representation of the energy gaps, ΔE, ΔE1 and ΔE2 and (c) the electrostatic potential map (ESP) of the
DGEDDS-MDA molecule.

Fig. 5. The optimized molecular structure of DGEDDS-MDA. The highest negative and the highest positive Mulliken atomic charges (MACs) are depicted on the optimized structure.
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3.4. Molecular dynamics simulation

The most stable and lowest energy orientations of DGEDDS-MDA
with and without TiO2 on the metal surface are given Fig. 6a. It can be
Fig. 6. Side and top views of the stable adsorption configurations of (a
seen that DGEDDS-MDA adsorbs using heteroatoms and aromatic
rings and gains flat orientations. In the presence of TiO2 (Fig. 6b), TiO2

particles are close to the DGEDDS-MDA inhibitor molecule, and they
play a key role in increasing the adsorption strength of the entire
) DGEDDS-MDA and (b) DGEDDS-MDA-TiO2 on Fe (110) surface.
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system. This type of adsorption results in the formation of effective bar-
rier. The adsorption energy (Eads) was evaluated as follows:

Eads ¼ Etotal− Esurfþsolu þ Einhþsoluð Þ þ Esolu ð4Þ

All physical symbols have their usual meaning. The DGEDDS-MDA
without and with TiO2 showed Eads values of −649.5 and −952.3 kJ/
mol, respectively. Negative magnitudes of Eads indicate adsorption of
epoxy resinwith andwithout TiO2 is a spontaneous process. Relative ef-
fectiveness of the two anticorrosive materials is consistent with the re-
sults derived from EIS method.

4. Conclusion

In the present study, an epoxy resin designated as DGEDDS-MDA
and its TiO2 composite designated as DGEDDS-MDA-TiO2 are evaluated
as anticorrosive materials for CS in NaCl solution with and without
2000 h UV exposure. Following conclusions were drawn:

✓ Inhibition effectiveness of the epoxy resin enhances in the presence
of TiO2 pigment. TiO2 blocks the surface micropores and hinders the
penetration or diffusion of corrosive species.

✓ DFT analyses showed that epoxy resin contains numerous active
sites consisting of heteroatoms and aromatic rings. The active sites
helped epoxy resin to get adsorbed on metallic surface.

✓ MD simulations showed that epoxy resin adsorbs onmetallic surface
using flat orientations. Negative values of Eads indicate that adsorp-
tion of epoxy resin with and without TiO2 adsorbs spontaneously.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.molliq.2020.114249.
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