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a b s t r a c t

This work reports the corrosion inhibition performance of modified hybrid particles reinforced into
polyolefin matrix. The cerium oxide coated zinc oxide hybrid particles (CeO2@ZnO) were synthesized via
a chemical precipitation process. The synthesized hybrid particles were modified with benzotriazole
(BTA, corrosion inhibitor). The modified hybrid particles were reinforced into a polyolefin matrix in 1 wt.
% concentration. Transmission electron microscopy (TEM), Fourier transform infrared spectroscopy
(FTIR), Thermogravimetric analysis (TGA), energy dispersive X-Ray spectroscopy (EDX), and X-ray
photoelectron spectrometer (XPS) analysis techniques were employed to characterize synthesized and
modified hybrid particles. The results demonstrated that ZnO possessed hexagonal morphology covered
with spherical CeO2 particles. FTIR analysis revealed the presence of characteristic peaks of the modified
hybrid particles. TGA analysis demonstrated good thermal stability of synthesized particles. UV-vis
spectroscopic analysis confirmed the release of the inhibitor from hybrid particle, which was pH and
time-dependent. The modified polymeric coatings' self-healing functioning was evaluated through
Electrochemical impedance spectroscopic analysis. The results revealed the prominent corrosion inhi-
bition performance of the modified coatings compared to the blank polyolefin coatings, which is
attributed to the efficient release of the inhibitor from hybrid particles, making these coatings a
promising solution for the protection of steel.

© 2022 Vietnam National University, Hanoi. Published by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Corrosion of metallic assets is the most crucial cause of com-
ponents and equipment failure, resulting in serious economic los-
ses. In the Oil& Gas sector, it has been demonstrated that corrosion
problems are the main responsible of equipment and component
failure. The consequence is that operation and maintenance (O&M)
costs can easily reach 50% of the total cost of the infrastructure; out
of these costs, around 80% are due to corrosion damage [1,2]. Thus,
corrosion is a serious problem for industry competitiveness, being
responsible for the very high operational expenditures (OPEX) in
raman), shakoor@qu.edu.qa
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i. Published by Elsevier B.V. This is
many industrial sectors and has a very negative impact on the
economic performance of the infrastructures and the in-
frastructure's lifetime.

A very effective route to protect metallic (and non-metallic)
assets against corrosion is applying protective organic coatings.
Organic coatings can comprise polymeric matrix, carriers, corrosion
inhibitors, and other functional species [3]. Protective coatings
must ensure high barrier properties and mechanical strength, the
reason why they are typically multilayered and thick, dense, and
non-porous. Polyolefin coatings have excellent mechanical prop-
erties and display very efficient polymer healing ability. Moreover,
polyolefin coatings are easy to apply and economically competitive
[4]. However, there is still a critical barrier to progress with poly-
olefin coating because they weakly inhibit corrosion propagation at
the metal interface. This is due to highly susceptible matrices. To
overcome these drawbacks, a highly promising strategy explores
the smart delivery of corrosion inhibiting species stored in
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nanostructured carriers, which are tailored for enhanced compat-
ibility with the host coating, to self-heal corrosion. The smart
autonomous corrosion protection strategy addressing smart de-
livery of functional species stored in specially designed smart car-
riers can be easily introduced into protective organic matrices
[5e10]. Self-healing coatings for corrosion protection typically
include two main healing functionalities [11]: (i) restoration of the
polymeric network that allows healing of the barrier properties or
(and) (ii) passivation/inhibition of the areas under corrosion, i.e.,
corrosion prevention/repair. The first functionality is already
covered since polyolefin coatings are healable by nature. Con-
cerning the 2nd functionality, it is still lacking in polyolefin coat-
ings; however, this can be achieved using carriers loaded with
corrosion inhibitors that allow controlled delivery of the inhibitor
and autonomous corrosion repair [11e14].

Many solutions have been proposed in the literature, with some
being more advanced than others. The use of microcapsules loaded
with corrosion inhibitors has already been state of the art and
commercially available. However, most of these capsules are acti-
vated by mechanical damage, being fully destroyed during the
process of defect formation. The concept is quite interesting for
healing polymer matrices, as evidenced by White and co-workers
[15,16], but much less attractive for the healing of corroding areas
at the steel surface. The reason is simple: scratches that propagate
through the polymeric matrix and do not reach the substrate will
break a lot of capsules, releasing an inhibitor that is not needed at
all. To overcome this disadvantage, there has been intensive
research on different smart carriers, such as porous or hollow mi-
cro/nanoparticles or hybrid capsules, sensitive to specific stimuli
that can control the corrosion inhibitor's release and heal corrosion
activity exactly “where and when needed.” Raj, Roma et al. [17]
synthesized pH-sensitive hydroxyapatite (HAP) particles loaded
with cerium (Ce) ions as a corrosion inhibitor. These modified
particles were incorporated into the polyolefin matrix and applied
to the pre-treated steel substrate. EIS analysis results demonstrated
the long corrosion protection for steel substrate with Ce-HAP. Zhao,
Yu et al. [18] successfully synthesized GO/MOFs and encapsulated
benzotriazole (BTA) as a corrosion inhibitor. Polyvinyl butyral resin
(PVB) was reinforced with GO/MOF-BTA. The corrosion inhibition
results demonstrated better corrosion protection due to the
excellent barrier properties of GO and the pH-sensitive release of
BTA. Bouibed, Aghlis et al. [19] modified the surface of GOwith SiO2
and reinforced it into epoxy to study the barrier properties and
corrosion resistance of coatings in 3.5 wt.% NaCl solution. The EIS
results demonstrated the enhanced corrosion protection due to the
addition of hybrid GO-SiO2 into epoxy resin. Parok et al. [20]
studied the corrosion inhibition performance of BTA on copper
surface in 3.5 wt. % NaCl solution. The reported enhanced corrosion
inhibition performance of BTAwas evident due to the adsorption of
BTA on a copper surface. In the above-mentioned literature studies,
none of them reported the loading of hybrid particles with func-
tional species. However, in our work, the corrosion inhibition per-
formance of single-layer polyolefin-based coatings reinforced with
modified hybrid CeO2@ZnO particles is reported. The hybrid
CeO2@ZnO particles were successfully synthesized and loaded with
benzotriazole (BTA) as a corrosion inhibitor. The successful syn-
thesis and loading of corrosion inhibitors were demonstrated by
transmission electron microscopy (TEM), Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), and ther-
mogravimetric analysis (TGA) analysis. UV-vis analysis endorsed
the pH-sensitive and time-dependent release of corrosion in-
hibitors from hybrid particles. Corrosion inhibition performance of
coatings was demonstrated through Electrochemical impedance
spectroscopic analysis (EIS). To the best of our knowledge, this
corrosion protection design approach is not reported previously
2

and establishes significant understanding to synthesize more anti-
corrosion polyolefin-based coatings.

2. Experimental

2.1. Chemical used

Zinc sulphate heptahydrate (ZnSO4$7H2O), Sodium hydroxide
pallets, cerium nitrate Ce (NO3)3$6H2O, absolute ethanol, Hexam-
ethylene tetramine (HMT), Hydrogen peroxide (H2O2), Benzo-
triazole (BTA as corrosion inhibitor), Sodium Chloride were
procured from Sigma Aldrich, and used without further purifica-
tion. CANVERA™ 1110 Polyolefin used as polymer matrix was
purchased from Dow Chemical. Carbon steel coupons
(35 � 35 � 0.90 m3) employed as substrates (with composition of
C ¼ 0.21%, P ¼ 0.30%, S ¼ 0.04%, Cu ¼ 0.20% and Fe ¼ 99.18% and
thickness of 1 mm) were obtained from a local supplier. Silicon
carbide abrasive paper was purchased from Hebei Yineng pipeline
Group Co., Ltd, China.

2.2. Synthesis of CeO2@ZnO hybrid carriers

2.2.1. Synthesis of ZnO particles from zinc sulphate heptahydrate
9.68 g of ZnSO4. 7H2O was precisely weighed and added to

120 mL of purified water to make starting solution A. 1.6 g of NaOH
pellets were added into 40 mL distilled water to make solution B.
Solution B was added to solution A in drops with uniform and
continue stirring overnight at 800 rpm using a magnetic stirrer.
This addition of solution B in the dropwise method is very impor-
tant for the final structure of ZnO. ZnO precipitates were formed
due to the reaction of NaOHwith ZnSO4. 7H2O will be filtered using
filter paper and then rinsed with distilled water. The precipitates
were dried out in a muffle furnace at 100 �C for 6 h. The dried
precipitates were ground to a fine powder in a mortar and pestle.
The final powder was calcined at 400 �C in the furnace. The
appearance of obtained final ZnO particles was white in color.

2.2.2. Synthesis of CeO2@ ZnO hybrid particles
CeO2@ZnO hybrid particles were synthesized by the chemical

precipitation method, as shown in Fig. 1a. For this, ZnO was used as
the core particle. The prepared ZnO particles (2 g) were added into
Ce(NO3)3$6H2O (4 g) and 60mL absolute ethanol. This was Solution
C. Solution C was placed for ultrasonication for 30 min. Solution D
was prepared by dissolving HMT (6.46 g) in 40mL of purifiedwater.
Solution D was added to Solution C, followed by proper agitation at
ultrasonicate for 2 h at 75 �C. In this sonication step, 400 mL of H2O2
was added to oxidize cerium nitrate into CeO2 completely. The
precipitates were collected, washed with purified water, and dried
at 80 �C for 6 h. The dried particles were calcined in the furnace at
500 �C for 2 h. This resulted in the formation of hybrid particles
with ZnO as core and CeO2 as shell particle.

2.2.3. Modification of CeO2@ZnO hybrid particles with BTA as a
corrosion inhibitor

The modification of CeO2@ZnO hybrid particles with BTA
comprised the formulation of a saturated solution of BTA, as rep-
resented in Fig. 1b. BTA was dissolved into its solvent (water).
CeO2@ZnO hybrid particles were added to the BTA solution. Thfig1e
inhibitor to hybrid particles ratio was kept as 2:1. The solution was
placed for continuous stirring with a magnetic stirrer overnight at
700 rpm (25 �C). The solution then underwent vacuum cycling
overnight to remove any entrapped air. This step ensures the
complete loading of BTA into CeO2@ZnO hybrid particles. The so-
lution was then centrifuged at 4000 rpm for 15 min to get the
resultant modified hybrid particles. The particles were then dried



Fig. 1. a) Schematics of synthesis of ZnO and CeO2@ZnO hybrid particles, b) Schematics showing the modification of CeO2@ZnO hybrid particles with BTA by loading process.
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up in an oven at 60 �C overnight to ensure complete drying, fol-
lowed by grounding to obtain fine particles.
2.2.4. Characterization of synthesized hybrid particles and modified
hybrid particles

The morphological and elemental analysis of synthesized ZnO,
CeO2@ZnO hybrid particles, and modified CeO2@ZnO/BTA particles
was performed by transmission electron microscopy (TEM, FEI,
TALOS F200X, USA) and energy dispersive X-Ray spectroscopy
(EDX). The chemical bonding and interaction of synthesized ZnO,
CeO2@ZnO hybrid particles, and modified CeO2@ZnO/BTA particles
were analyzed by employing FTIR Frontier (PerkinElmer, Waltham,
MA, USA) spectrometer in the range of 4000e500 cm�1. Theweight
loss and measurements and thermal stability of synthesized ZnO,
CeO2@ZnO hybrid particles, and modified CeO2@ZnO/BTA particles
were performed utilizing TGA analyzer pyris 4000 (PerkinElmer-
USA) ranging from 30 to 1000 �C at the heating rate of 10 �C/min. To
study the chemical bonding energy and to get a deep insight into
the loading of synthesized hybrid particles, X-ray photoelectron
spectroscopy (XPS) (AXIX Ultra DLD, Kratos, UK) was utilized by
utilizing a monochromatic X-ray source (Al Ka source). XPS survey
spectra were recorded in the binding energy range of 0e800 eV,
3

and the binding energy of C 1s (284.6 eV) was used as a reference.
The phases of synthesized ZnO, CeO2@ZnO hybrid particles, and
modified CeO2@ZnO/BTA particles were examined by employing X-
ray diffraction analysis (PANanalytical, Empyrean, Royston, United
Kingdom) X0-pert Pro Cu (Ka) with a scanning rate of 2�/min and
scanning angle ranging between 10� � 2q � 90�. UV-Vis spectro-
scopic analysis (Biochrome Libra S60 double beam spectropho-
tometer, United Kingdom) was performed to study the pH
sensitivity of synthesized hybrid particles and the time-dependent
release of the inhibitor from hybrid particles at different pH values.
For this aim, 5 mg of product was added into 3.5 wt. % NaCl solution
to form a suspension. The pH of the solution was adjusted at 2, 5, 7,
9, and 11 by adding small amounts of HCl or NaOH to adjust the
acidic or basic pH.
2.2.5. Preparation of steel substrate
Steel substrates acquired from a local companywere polished by

engaging a grinding and polishing machine (Metkon ForcoPol IV)
and employing SiC abrasive papers (80-2c and 120-2c). The sub-
strates were then dried and cleansed with ethanol to prevent any
oxide layer formation and remove dust residue before coating with
polyolefin-based coatings.
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2.2.6. Synthesis of polyolefin reinforced with modified hybrid
particles composite coatings

About onewt. % (with respect to Polyolefin) of hybrid CeO2@ZnO
and modified hybrid CeO2@ZnO/BTA particles were added to 1 mL
of basic water (pH~9) to form a paste-like consistency for better
dispersion in the polyolefin matrix. Then this paste was added to
water-based Polyolefin while stirring at room temperature @25 �C
for 24 h for uniform dispersion of particles and to remove air
bubbles. The synthesized Polyolefin reinforced modified hybrid
particle mixture was then applied on a polished steel substrate via
dip-coating technique. The coatings were then cured at 60 �C for
15 min and then at 170�c for 5 min. The final thickness of coatings
was observed as 70 ± 2 mm (Thickness was evaluated by engaging
PosiTector 6000) from DeFelsko (Made in the USA). Three different
coating formulations were achieved: blank polyolefin coatings
labeled as PO coatings (for reference purposes), Polyolefin rein-
forced with hybrid particles labeled as PO/CeO2@ZnO, and Poly-
olefin reinforced with modified hybrid particles labeled as PO/
CeO2@ZnO/BTA for clear evaluation.

2.2.7. Characterization of polyolefin based modified hybrid particles
composite coatings

To evaluate the self-healing ability and electrochemical func-
tioning of developed coatings in 0.56 M NaCl solution, the Elec-
trochemical Impedance Spectroscopy (EIS) technique was
employed. In this regard, the developed polyolefin-based com-
posite coatings were subjected to EIS testing. The electrochemical
measurements were carried out employing Gamry 3000 (30 K
BOOSTER Potentiostat/Galvanstate/ZRA, USA), consisting of a three-
electrode system. In this study, the coated sample worked as the
working electrode, whereas the graphite rod and Ag/AgCl were
utilized as the counter and reference electrodes. EIS measurements
Fig. 2. Transmission electron microscopy (TEM) analysis of (a, c, e) and EDX (b, d, f) a
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were commenced after achieving the open circuit potential to a
steady value. The frequency range for the EIS experiment was
within 0.01Hze100 kHz, and the RMS signal was 10.0mV. Gamry E-
Chem 3000 software analyzed the measured EIS data, and the
suitable equivalent circuits determined fitting parameters. All EIS
measurements were executed at 25 �C.

3. Results and discussion

3.1. Morphology and structural analysis

TEM analysis (Fig. 2 (a)) of ZnO revealed the hexagonal
morphology of the particles. The particles are mostly in poly-
disperse form rather than a uniform distribution. However, EDX
analysis in Fig. 2 (b) confirmed the presence of Zn and O, which
are the main constituents of Zinc oxide, in the final product. In the
case of the CeO2@ZnO, TEM analysis (Fig. 2 (c)) demonstrated that
the CeO2 exhibited spherical morphology with some agglomera-
tion. The particles formed the layer over the ZnO particles and
resulted in the formation of a hybrid particle, which is evident
from EDX analysis (Fig. 2 (d)). However, the layer formed over ZnO
is not very uniform due to agglomeration. EDX confirmed the
presence of the main elements of CeO2 (Ce and O) over ZnO. TEM
analysis of particles after being modified from BTA (corrosion in-
hibitor) (Fig. 2 (e)) demonstrated that the structure of particles
became more uniform, exhibiting a more pronounced spherical
morphology. EDX analysis (Fig. 2 (f)) confirmed the successful
loading of BTA into CeO2@ZnO.

FTIR analysis represented in Fig. 3a displayed the information
regarding the chemical bonding taken place between the different
synthesized products. The FTIR spectra of ZnO, CeO2@ZnO, and
CeO2@ZnO/BTA were recorded in the range of 4000e500 cm�1.
nalysis of synthesized ZnO, CeO2@ZnO and CeO2@ZnO/BTA particles respectively.



Fig. 3. a) Fourier transform infrared (FTIR) spectra of the synthesized ZnO, CeO2@ZnO, and CeO2@ZnO/BTA particles. b) X-ray diffraction (XRD) analysis of the synthesized ZnO,
CeO2@ZnO, and CeO2@ZnO/BTA particles.
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Different functional groups andmetal oxide bondingwere analyzed
from this spectrum to confirm the successful synthesis and loading
of the desired product. The broad-spectrum band present at
3397 cm�1 is attributed to the OeH group due to physically
adsorbed water contents. The small peaks at 1637, 1638, and
1630 cm�1 are associated with water molecules (HeOeH) bending
vibrations [21]. In the case of ZnO, the peak at 544 cm�1 represents
the main characteristic peak of metal oxide (ZneO) bonding which
also confirms the successful synthesis of ZnO [22]. The FTIR analysis
of the CeO2@ZnO revealed that the main absorption peaks which
confirmed the formation of CeO2 in hybrid particles were between
500 and 600 cm�1. However, the peak representing the metal oxide
stretching vibrations of OeCeeO can be seen at 592 cm�1 [23]. The
Fig. 4. XPS analysis of ZnO a) C1s, b) O1s, c) Zn2p

5

absorption peak of ZnO represented slight displacement from 544
to 546 cm�1 which may be attributed to the reaction between ZnO
and CeO2 particles. The emergence of some more peaks in the case
of CeO2@ZnO/BTA at 1420 and 745 cm�1 represented the charac-
teristic aromatic and benzene ring stretching vibrations, respec-
tively [24]. The displacement of ZnO and CeO2 from 544 to
551 cm�1 and from 592 to 596 cm�1 reveals the bonding between
particles and corrosion inhibitors. The appearance of the main
characteristic peaks of BTA and displacement in the distinct peaks
of ZnO and CeO2 is evident from Fig. 4a and a proof of the successful
loading of BTA into hybrid particles.

XRD analysis (Fig. 3b) of ZnO particles demonstrated the well-
defined peaks positioned at Bragg angle 2q� ¼ 31.89�, 34.53�,
and CeO2@ZnO d) O1s, e) Ce3d, and f) Zn2p.



Fig. 5. Thermogravimetric analysis of synthesized ZnO, CeO2@ZnO, and CeO2@ZnO/
BTA particles.
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36.37�, 46.77�, 56.72�, 62.95�, 67.99� and 69.15� corresponding to
the miller indices plane of hexagonal ZnO that are (100), (002),
(102), (110), (103), (112) and (201) respectively (JCPDS 36e1451)
[25,26]. After being modified with CeO2, three distinct diffraction
peaks were observed at 2q ¼ 28.5�, 33.1�, and 59.3�, which corre-
sponds to the (111), (200), and (311) planes, respectively. The
appearance of the diffraction peaks of the CeO2 demonstrated the
formation of CeO2 structure in CeO2@ZnO [27]. In the case of
CeO2@ZnO/BTA, no new diffraction peaks were seen, assuming the
interaction of BTA did not affect the crystal structure of synthesized
particles.

To analyze the elemental chemical structure and state in syn-
thesized ZnO and CeO2@ZnO hybrid particles, XPS analysis was
employed, as represented in Fig. 4. The carbon element with
binding energy 284.6 eV was used as a reference for the calibration
and fitting data. The curves were fitted by the nonlinear fitting
method linked with the Gaussian distribution function after Tou-
gaard integration background subtraction. The carbon spectra C1s
are represented in Fig. 4a. The peak at 284.4eV is assigned to the
non-oxygenated CeC bond, while the other two fitted peaks at
286.07 and 288.4eV are associated with oxygenated function
groups that are CeOeC and C]O. The O1s spectra in Fig. 4b are
convoluted into three peaks. The main peak is observed at a low
binding energy of 529.6eV, assigned to ZneO due to the O2�

bonded to Zn2þ in the ZnO lattice work. The peak at 531.6 eV is
assigned to the loosely bonded oxygen to the surface atoms, such as
the hydroxyl group being adsorbed on the surface of ZnO particles.
Another peak at 532.26eV is linked with C]O, attributed to the
metal carbonates bonding instigated from the adsorbed surface
molecules [28]. The Zn spectra in Fig. 4c represent the Zn 2p core-
level of Zn peaks. There are two fitted peaks at a binding energy of
1021.7eV and 1044.9 eV, recognized as Zn2p3/2 and Zn2P1/2,
respectively. These two peaks are related to the ZnO particles. The
binding energy difference between Zn2p3/2 and Zn2P1/2 is repre-
sented by Dmetal ¼ 23eV, which is also demonstrated as a split
spineorbit component. These studies are also consistent with the
previous literature [28,29].

In the case of hybrid CeO2@ZnO particles, the XPS spectra are
displayed in Fig. 4(d and e, f). The Gaussian peak (Fig. 4d) at
529.24eV and 531.77 is attributed to the metaleoxygen bond. The
peak at 529.24eV represents the CeeO bond, and that at 531.77 is
related to the ZneO bond. The peak at 534.07eV is associated with
loosely bonded oxygen atoms such as the hydroxy group on the
surface. The main peaks of Ce4þ shown in Fig. 4e are Ce4þ3d5/2 and
Ce4þ3d3/2, related to Ce 3 d core spectrum. The two peaks for
Ce3þ3d5/2 and Ce4þ3d5/2 are represented at 883.07 and 898.21eV,
and two peaks for Ce3þ3d3/2 and Ce4þ3d3/2 are indicated at 900
and 916.4eV. Two additional lines are specified as ‘shake-up’
satellite lines, represented as SUI and SU2. The peaks associated
with SUI and SU2 are seen at 907.36 and 888.6eV, respectively.
These values are in accordance with previously reported studies
[30,31]. The presence of Ce as Ce3þ indicates oxygen vacancies
that are dominant in nanoparticles. These oxygen vacancies are
the reason that Ce4þ is converted to Ce3þ. These values are in
accordance with previously reported studies [30,31]. In the case of
Zn (Fig. 4f), two Gaussian peaks are seen at 1022 and 1045eV,
which are ascribed to the Zn2p3/2 and Zn2p1/2, respectively. The
change in the values of the Zn atom's binding energies indicates
that some interaction has been taken place between Zn and other
atoms.

3.2. Thermogravimetric analysis of synthesized particles

Thermogravimetric analysis of ZnO, CeO2@ZnO, CeO2@ZnO/BTA
particles is presented in Fig. 5. The downward trend seen in the TGA
6

analysis curve shows theweight loss/decomposition of the product.
The synthesized ZnO shows negligible weight loss till 774 �C. The
major degradation peak is seen after 750 �C, showing the decom-
position of ZnO to Zinc and oxygen [32]. In the instance of
CeO2@ZnO, the main degradation is also seen after 736 �C.

The high decomposition temperatures of ZnO and CeO2@ZnO
show good thermal stability of synthesized particles. CeO2@ZnO
particles modified with BTA demonstrated weight loss in five
different stages. The initial weight loss is noticed in stage ~5%,
where T < 200 �C is due to the adsorbed moisture contents in the
synthesized particles. In the next stage (200 �C < T < 350 �C),
almost 4% weight loss is observed, which is assigned to the initial
decomposition of BTA, which continues till the region where
T < 450 �C. The main decomposition peak is seen at 437 �C, where
almost 26% of weight loss is observed. After that, the weight loss is
stable due to thermally stable CeO2 and ZnO. The weight loss
curve also predicts the comparatively high decomposition tem-
perature of BTA (The melting temperature of BTA is 100 �C)
because of the shielding of the surface of BTA with hybrid
CeO2@ZnO particles. In brief, it can be determined that when
CeO2@ZnO has been modified from BTA, the total weight loss is
observed to be 37%. TGA analysis of CeO2@ZnO/BTA suggested that
BTA has been successfully loaded into CeO2@ZnO with approxi-
mately 24% loading.

3.3. UV-vis spectroscopic analysis of modified CeO2@ZnO/BTA

3.3.1. Loading and release behavior of inhibitor
To study the loading and release behavior, the inhibitor was

loaded into CeO2@ZnO hybrid particles, as mentioned in section
2.2.3. Fig. 6a represents the UV-vis absorbance spectra of BTA
before and after loading into hybrid particles. The BTA before
loading and modified hybrid particles (after loading BTA) were
suspended in 0.56 M NaCl solution and stirred for 2 h 10 mL of each
solution was added into glass cuvettes, and UV spectra were
recorded. As observed from Fig. 6a, after loading BTA, the absor-
bance peak at 261 nm did not change, and no new peaks emerged.
But the intensity of the peak was significantly reduced. This
decreased intensity indicates the successful loading of BTA into
hybrid particles. It is also evidence of a decrease in BTA concen-
tration, which demonstrates BTA loading into hybrid particles. The
decrease in absorbance peak intensity also indicates the stability of
the BTA molecule after loading [33].
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3.3.2. pH-controlled release of inhibitor at different time intervals
Fig. 6b represents the pH-sensitive and time-dependent release

behavior of BTA from CeO2@Zno hybrid particles in a 0.56 M NaCl
medium. The modified CeO2@ZnO/BTA particles were dissolved in
0.56 M NaCl solution at different pH values (2, 5, 7, 9, 11) by
adjusting the pH of the solution. The UV-vis spectra were recorded
at different time periods (24, 48, 72, 96 h), as represented in Fig. 6b.
The main absorption peak of BTA can be seen at 209 and 261 nm
(inset of Fig. 6b). The absorbance peak at this wavelength relates to
the n-p* and p-p* transition of the aromatic ring in BTA [34]. It is
evident from the UV spectra that BTA demonstrated better release
in the acidic and neutral medium as compared to the basic medium.
So BTA was proved to be a better inhibitor in the acidic or neutral
medium [35,36].

Moreover, CeO2 also decomposes at acidic pH triggering the
release of BTA [37]. After the decomposition of CeO2, the pro-
nounced release of inhibitor in an acidic medium is related to the
fact that the BTA possesses a nitrogen atom with three lone pairs
of electrons. The nitrogen atoms in BTA can be easily protonated.
Thus, there will be electrostatic interaction between Chloride
(Cl�) ions of NaCl solution. Moreover, looking at the spectra, we
can conclude that the inhibitor release is time-dependent. Over
time the intensity of the inhibitor being released is also
increasing.
Fig. 6. (a) UV-vis spectra of BTA before and after loading in CeO2@ZnO in 3.5 wt. % NaCl solu
intervals (24, 48, 72, 96 h) in 3.5 wt. % NaCl solution.

Fig. 7. Equivalent circuit used to fit data for a) blan

7

3.4. Electrochemical impedance spectroscopic analysis of coatings

The corrosion mitigation performance for blank Polyolefin, PO/
CeO2@ZnO, and PO/CeO2@ZnO/BTA coatings were studied by elec-
trochemical impedance spectroscopic analysis technique in 0.56 M
NaCl solution over the period of 24, 48, 72, 96 and 120 h. EIS is the
non-destructive technique to evaluate the corrosion inhibition
functioning of polymeric coatings. The data (bode and phase angle
plot) assimilated through EIS after different immersion times are
shown in Fig. 8 and assimilated in the table represented in Table S1.
An impedance test for each coating was done three times to ensure
reproducible results. The equivalent circuit established for fitting
data is illustrated in Fig. 7 with two times constant for blank
polyolefin coatings and two times constant and Warburg diffusion
constant for modified coatings. The various parameters obtained
from the equivalent circuit are given as Rpo (pore resistance), Rct
(charge transfer resistance), CPE1 (capacitance with pore resis-
tance), CPE2 (capacitance associated with charge transfer resis-
tance), and W (Warburg diffusion constant) corresponds to the
mass transfer. The constant phase elements of the coatings and
double layer at the metal/coating boundary are correspondingly
represented as CPE1 and CPE2.

The bode and phase angle plots for blank polyolefin coatings at
various time intervals of (24, 48, 72, 96, and 120 h) are represented
in Fig. 8a. The low-frequency impedance at |Z0.01Hz| demonstrates
tion; (b) pH responsive behavior of BTA at different pH (2, 5, 7, 9 11) and different time

k polyolefin coatings and b) modified coatings.
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the protective capacity of coatings. In the case of blank polyolefin
coatings, the impedance value at 24 h of immersion is 9.10
GOhm.cm2 and highest compared to the rest of the days. With the
gradual increase in the immersion time, the impedance value or
protective behavior of blank polyolefin coatings started to decrease
to 0.04 GOhm.cm2, explicating the deterioration of coatings. Two
capacitance loops can be noticed (phase angle plot (Fig. 8b)), which
decrease with the immersion time, displaying the diminution in
capacitance behavior. Due to the decrease in the impedance values,
the capacitance of the coating is increasing. The relation between
Fig. 8. EIS bode and phase angle plots of (a, b) Blank polyolefin, (c, d) PO/CeO2@Zn
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these two is opposite. The increase in the values of CPE1 and CPE2
(as represented in Table S1) demonstrates the depreciation of
coatings. The decrease in the protective behavior of blank poly-
olefin coatings indicates that electrolytes form conductive paths
due to the porosity or existence of pores in coatings. These
conductive paths facilitate corrosion propagation; over time, the
corrosion rate increases due to the continuous contact of electro-
lytes with steel.

In the case of the PO/CeO2@ZnO coatings, the protective per-
formance of coatings is enhanced compared to the blank polyolefin
O, and (e, f) 0.56 M NaCl solution for the period of 24, 48, 72, 96, and 120 h.
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coatings. The bode and phase angle plots for these coatings are
represented in Fig. 8c, d. The bode plots for PO/CeO2@ZnO coatings
indicate an increase in the impedance values with immersion time.
During 24 h of immersion time, the impedance value at low fre-
quency is observed to be 33.4 GOhm.cm2. After 24 h, the value
decreased to 2.40 GOhm.cm2 due to the formation of corrosion
species. With the increase in the immersion time, the impedance
value is also increased such that after 96 h of immersion time, the
impedance value is observed to be 28.8 GOhm.cm2. After 120 h of
immersion, the impedance value again decreases, but the value is
still in GOhm, so that it can be neglected. The phase angle plot after
120 h of immersion is noticed to be near 85�, demonstrating the
capacitive behavior. The protective ability of PO/CeO2@ZnO coat-
ings is ascribed to CeO2@ZnO hybrid particles in polyolefin matrix,
which increased the barrier properties of the matrix by pervading
the pores. The increase in the impedance values at the low-
frequency range with time decreased the CPE1 and CPE2 values.
The decrease in the constant phase elements values also reveals the
protective behavior of PO/CeO2@ZnO coatings.

In the case of PO/CeO2@ZnO/BTA coatings, the bode and phase
angle plots are shown in Fig. 8e, f. The impedance values at |Z0.01 Hz|
that is a low-frequency range, after 24 h of immersion, are observed
to be 58.3 GOhm.cm2. The impedance values are close to the 1011

Ohm. cm2 since 24 h of immersion. The value decreased slightly
after 24 h but remained above 109 Ohm. cm2. The phase angle plots
revealed the capacitive response of coatings, as the phase angle is
observed at 90�. The equivalent circuit represented the two-time
constant coating behavior and corrosion activity at the metal/
coating interface at the low and high-frequency range. Both PO/
Fig. 9. Evolution of fitting parameters obtained from EIS data a) Pore resistance, b) Capacitan
24, 48, 72, 96, and 120 h.
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CeO2@ZnO and PO/CeO2@ZnO/BTA demonstrated good barrier and
protective properties. However, the PO/CeO2@ZnO/BTA exhibited
exceptional protective behavior compared to the blank Polyolefin
and PO/CeO2@ZnO coatings. The remarkable barrier properties of
PO/CeO2@ZnO/BTA coatings are due to the formation of the passive
protective layer of inhibitor at the defect site. The decrease in the
CPE values with an increase in immersion time is an indication that
BTA got adsorbed on the metal surface. The nitrogen element in the
BTA structure possesses a lone pair of electrons that have an affinity
to form a bond with the vacant d-orbital of Fe of steel. Also, from
the results obtained from UV analysis Fig. 6b, the BTA showed a
more pronounced release in acidic pH. As pH decreases, more in-
hibitor is released over time. The mechanism of corrosion inhibitor
on steel/coating interface involves the formation of Fe2þ ions due to
the anodic dissolution followed by the localized change in pH and
release of inhibitor due to a decrease in pH at the defect site. The
self-healing mechanism is described in section 3.4.1.

The variation in Rpo and Rct values for blank Polyolefin, PO/
CeO2@ZnO, and PO/CeO2@ZnO/BTA coatings is represented in Fig. 9
(a, c). The pore resistance values for the blank polyolefin coatings
decrease with the increase in the immersion time, validating the
deterioration of coatings due to more water uptake, which also
resulted in the removal of coating at the metal/coating interface.
For the PO/CeO2@ZnO and PO/CeO2@ZnO/BTA, the Rpo and Rct
values increase with the immersion time, which is considered due
to the improved corrosion performance of barrier properties. The
values of Rpo and Rct of PO/CeO2@ZnO/BTA are comparatively
higher than PO/CeO2@ZnO coatings due to the presence of corro-
sion inhibitors (BTA). Moreover, the incorporation of modified
ce CPE1, c) Charge transfer resistance Rct and d) Capacitance CPE2 during the period of



Fig. 10. a) Schematics demonstrating the Self-healing mechanism of Polyolefin based composite coatings modified with modified hybrid CeO2@ZnO particles, b) EDX analysis of the
steel after delamination of steel at metal/coating interface.
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hybrid particles also preserved the polyolefin matrix. The evolution
data obtained from CPE1 and CPE2 for modified coatings are rep-
resented in Fig. 9(c and d). The increase in impedance values and
decrease in CPE values with immersion time are evident from the
protective behavior of coatings. After 24 h, the increase in CPE
values is seen due to the water uptake, but this increase is signifi-
cantly very low, which was later balanced by an increase in the Rpo
and Rct values with an increase in immersion time, demonstrating
the corrosion inhibition effect.

3.4.1. Self-healing mechanism of polyolefin based composite coating
The inhibitive performance of the organic compounds, which

mainly possess Sulphur, nitrogen, and oxygen, is because of the
formation of a coordinate bond. The bond is shared between the
metal and the lone pair of electrons of the inhibitive species. BTA
adsorption on themetal surface develops due to the interaction of p-
electrons of inhibitor and vacant d-orbitals of metal (Fe) surface. The
presence of nitrogen and p-electrons on the aromatic ring in the BTA
is responsible for corrosion inhibition performance. These consid-
erations are essential for the adsorption of inhibitors on the metal
surface [35]. Due to the change in pH, the inhibitor is released from
carriers and moves towards the defect site. Over there, the presence
of Fe2þ interacts with the nitrogen with lone pair of electrons of the
inhibitor, which results in the formation of the passive layer at the
defect site. The corrosion propagation is initiated due to the inter-
action of chloride ions followed by the appearance of Fe2þ, which
then interacts with the inhibitor species [38,39]. The schematics
showing the self-healing mechanism of Polyolefin-based composite
coatings reinforced with modified hybrid are represented in Fig. 10a.
The EDX analysis was employed to confirm the presence of inhibitor
at the metal/coating interface Fig. 10b. For this purpose, the cross-
sectional area of coatings was examined by making a scratch in the
coating, and analysis was performed on steel. The presence of main
elements of inhibitor (Nitrogen and Carbon) are identified, con-
firming the release of inhibitor. There are traces of chloride due to the
electrolyte (NaCl) and Fe of the steel. The inset shows the weight
percentage of the identified elements.
10
4. Conclusion

The hybrid particles CeO2@ZnO were successfully synthesized,
followed by the modification with benzotriazole (corrosion inhib-
itor). The modified hybrid particles were incorporated into the
polyolefin matrix at a concentration of 1 wt. %. A single-layer
coating system was synthesized. Different characterization tech-
niques (EDX, TEM, FTIR, TGA, and XPS) were employed to confirm
the successful synthesis of the hybrid particles and the loading of
inhibitors into the hybrid particles. UV-vis spectroscopic analysis
supports the evidence of the time-dependent and pH-sensitive
release of the inhibitor from the hybrid particles. EIS analysis
demonstrates the excellent barrier properties of modified coatings
compared to the blank polyolefin coatings. The exceptional corro-
sion inhibition performance of the modified coatings is related to
the efficient release of inhibitors at different immersion times in
response to the change in the external trigger.
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