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A B S T R A C T   

The deteriorating effect of corrosion can be controlled by applying suitable polymeric-based coatings. In this 
work, polyolefin based smart composite coatings containing modified halloysite nanotubes decorated with ceria 
particles were investigated to analyze their anti-corrosion behavior. For this purpose, halloysite nanotubes (Hals) 
were utilized as nanocarriers which were loaded with sodium dodecyl sulfate (SDS) as a corrosion inhibitor via 
overnight stirring and vacuum cycling method. The loaded Hals were then modified/decorated with cerium 
oxide (CeO2) particles by reacting cerium nitrate (Ce (NO3)3.6H2O) and sodium hydroxide (NaOH) which 
resulted in the formation of CeO2@HAL/SDS. The synthesized modified particles (CeO2@HAL/SDS) were 
characterized by energy-dispersive X-ray spectroscopy (EDX), Transmission electron microscopy (TEM), Fourier- 
Transform Infrared Spectrometer (FTIR), Thermogravimetric analysis (TGA), and differential thermal gravi
metric analysis (DTA), X-ray diffraction analysis (XRD) and UV–vis spectroscopic analysis. TGA analysis results 
demonstrated that about 32% (w/w) of SDS has been loaded into Hal, and 47% (w/w) of CeO2 has been 
immobilized on the surface of Hal. UV–Vis analysis results demonstrated the pH-sensitive and time-dependent 
release behavior of synthesized particles. Furthermore, the modified CeO2@HAL/SDS particles (1 wt%) were 
reinforced into the polyolefin-based matrix, coated on a polished steel substrate and their electrochemical 
properties were investigated. The electrochemical impedance spectroscopy (EIS) analysis confirms the promising 
improvement in the corrosion inhibition performance of polyolefin coatings modified with CeO2@HAL/SDS 
particles when compared to the polyolefin composite coatings modified with HAL/SDS due to the synergistic 
corrosion inhibition performance of Ce(OH)3 and Fe-SDS formation at the cathodic and anodic region of steel.   

1. Introduction 

Corrosion is detrimental to industrial equipment damage and failure, 
turning it into one of the biggest challenges for manufacturers world
wide. Protection against corrosion is almost all industrialists' topmost 
priority regarding operational processes' feasibility and efficiency 
(Koch, 2017). Therefore, a long-term solution of prevention against 
corrosion is required. There have been multiple studies on the best ways 
to minimize damages incurred due to corrosion, and the results have 
been explained vastly (Hinton, 2022). These protective methods include 

using corrosion-resistant materials, altering environmental conditions, 
regularly replacing equipment, etc. However, protective coatings have 
caught the attention of scientists worldwide and have proven to be the 
most economical and efficient form of corrosion defense (Montemor, 
2014). 

Protective coatings are applied over equipment and pipelines to 
reduce corrosion by acting as a line of defense against various kinds of 
mechanical and physical damage, including scratches and erosion 
(Stankiewicz et al., 2013). The direct addition of an inhibitor is not a 
good idea as it may interact with the matrix and lead to extreme 
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reactions rendering the coating useless (Kamburova et al., 2018). 
Therefore, to avoid this issue, the inhibitor is encapsulated into a 
nanocontainer which releases upon a change in its environment. The 
mechanism of anti-corrosion coatings has been discussed in detail 
numerous times (Ding et al., 2018). Studies have explained various ways 
in which these coatings work; they may form a barrier between the 
environment and the material to be protected, inhibit the process of 
corrosion itself, or act in a way that the coating gets corroded instead of 
the material to which it is applied (sacrificial coatings). 

Nanocontainers have been used to encapsulate various functional 
species and develop various self-healing coatings. The inhibitors added 
in these containers are usually triggered by external stimulus or pH 
changes; this type of trigger makes the coatings durable over long pe
riods as none of the inhibitors seeps/leaks out unless required (Grigoriev 
et al., 2017). Moreover, hybrid nanocontainers have been significantly 
studied in recent years due to their increased loading capacity and 
longer-lasting protection (Amiri and Rahimi, 2014). These nano
containers are impregnated with a corrosion inhibitor released in 
response to the change in pH caused by the corrosion process. 

A new material known as halloysite nanotube (Hal) has been on the 
rise in research and development owing to its impressive characteristics, 
including nanoscale lumens, low surface (hydr)oxides group density, 
and low cost. These properties and their nano size allow Hal to be uti
lized in numerous applications in various (Du et al., 2010; Kamble et al., 
2012; Yuan et al., 2015; Pandey et al., 2017, 2022b; Pandey et al., 
2022a; Rawtani et al., 2017; Tharmavaram et al., 2018, 2021) Hal has 
also shown promising results when used for smart corrosion coatings 
where the inhibitors are embedded into these containers and released at 
a higher and more controlled rate than regular direct coatings, pre
venting the rapid spread of corrosion in corrosive environments (Zahi
dah et al., 2017). 

The unique properties, porous structure, and small size of Hals 
enable them to be used for controlled drug delivery purposes. These 
nanotubes have also been frequently used for carrying inhibitors and as 
reinforcement in corrosion-protective polymeric composite coatings 
(Deepak and Agrawal, 2012; Tharmavaram et al., 2023). Moreover, Hals 
have also been used for cement-based coatings. One such work was 
established by Monica Tonelli et al. when they prepared these cemen
titious coatings using Hal, nano silica, and benzotriazole. UV–vis spec
troscopy showed the release of BTA, and it was found that Hal can also 
be used for delivering anti-corrosion molecules for cement mortars 
(Tonelli et al., 2020). Yuanwei Liu et al. (Liu et al., 2022a) encapsulated 
Hal with benzotriazole (BTA) as a corrosion inhibitor by employing 
layer by layer technique to study the corrosion inhibition performance 
of poly epoxy-based composite coatings. The results demonstrated the 
controlled release of BTA due to the change in pH and temperature. 
Electrochemical impedance spectroscopy analysis demonstrated the 
decent corrosion inhibition performance of poly epoxy-based composite 
coatings. Yanli Zhang et al. (Zhang et al., 2022a) loaded sodium D- 
gluconate (SD) into Hal. The lumen of Hal was extended by etching it at 
various concentrations of sulfuric acid (H2SO4) and sodium hydroxide 
(NaOH). Chitosan (CS) and Sodium alginate (SA) was incorporated to 
synthesize SD-Hal-A3@CS/SA. The synthesized nanocontainer was 
reinforced into epoxy-based coatings to study the corrosion inhibition 
performance of coatings. The EIS results demonstrated the good corro
sion inhibition performance of modified coatings. 

In this work we modified Hal by loading corrosion inhibitor (SDS) 
into them and then immobilized the ceria nanoparticle on the surface of 
modified Hal. The synthesized particles were reinforced into polyolefin- 
based matrix followed by its coating on steel substrate to study the 
corrosion inhibition performance of modified coatings. Various char
acterization techniques were employed to study the morphological, 
chemical interaction and thermal stability studies of the synthesized 
particles. EIS analysis was done to study the corrosion protection 
behavior of the modified polyolefin based smart composite coatings. The 
results obtained from EIS demonstrated that the modified coatings 

displayed improved corrosion inhibition performance in 3.5 wt% NaCl 
solution. 

2. Experimental 

2.1. Chemicals used 

Halloysite nanotubes (Hals) are used as the carrier, Sodium dodecyl 
sulfate (SDS) is used as a corrosion inhibitor, Cerium nitrate Ce 
(NO3)3.6H2O, Absolute Ethanol, Sodium Hydroxide pellets, Hexam
ethylene tetramine (HMT), Hydrogen peroxide (H2O2), Sodium chloride 
(NaCl) were bought from Sigma Aldrich and were utilized as received. 
Dow chemical provided CANVERA™ 1110 Polyolefin, which was uti
lized as a polymeric matrix. A local supplier provided Carbon steel 
coupons (35 × 35 × 1 mm3) which were utilized as substrates (with 
composition of C = 0.21%, P = 0.30%, S = 0.04%, Cu = 0.20% and Fe =
balanced and thickness of 1 mm). For the polishing of steel substrates, 
silicon carbide abrasive was procured from Hebei Yineng pipeline Group 
Co., Ltd., China. 

2.2. Loading of Hal with SDS as a corrosion inhibitor 

The loading of SDS into pristine Hal followed the same procedure as 
discussed (Habib et al., 2019, 2020b). Following this, 4 g of SDS was 
dissolved in the 25 mL of respective solvent (distilled water) to form a 
saturated solution. 2 g of Hal were then added into the saturated solu
tion of SDS. This solution was then kept for overnight stirring at 700 rpm 
at room temperature (25 ◦C). After stirring, the same solution was 
placed under vacuum cycling for 4 h to remove excess entrapped air in 
Hal. This step will ensure that the maximum amount of SDS will be 
loaded into Hal (Dyab et al., 2018; Izadi et al., 2019; Jia et al., 2020; 
Zhang et al., 2022b). After 4 h, the solution underwent centrifugation at 
5000 rpm for 15 min. This resulted in separating the resultant product 
(HAL/SDS). The product was then dried in the oven at 60 ◦C for 24 h. 
After 24 h, the dried product was grounded in a mortar and pestle to get 
fine particles. The schematic of the procedure is represented in Fig. 1. 

2.3. Immobilization of CeO2 on HAL/SDS 

The schematic for the synthesis of CeO2@HAL/SDS is represented in 
Fig. 1. The synthesis of CeO2@HAL/SDS followed the chemical precip
itation method (Habib et al., 2022). For this objective, the 1 g synthe
sized HAL/SDS particles were added to 2 g of Ce(NO3)3.6H2O and 30 mL 
of ethanol. The solution was then set for sonication for 30 min. While 
this solution was on sonication, in another beaker 3.23 g of HMT was 
added to 20 mL of distilled water. This solution was added to the soni
cated solution, followed by proper agitation at 75 ◦C for 2 h. 40 μL of 
H2O2 was added into this solution while on agitation for the complete 
oxidation of cerium nitrate to cerium oxide. After 2 h, the resultant 
precipitates were collected and filtered while rinsing with distilled 
water. The filtered particles were then dried at 80 ◦C for 8 h and then 
calcinated at 500 ◦C for 2 h in the furnace. This will result in the for
mation of CeO2@HAL/SDS particles. 

2.4. Steel substrate preparation 

Steel coupons obtained from a local company were polished using 
Metkon ForcoPol IV grinding and polishing machine. Silicon carbide 
(SiC) abrasive paper (120-2c) was employed to polish coupons. After 
polishing, the coupons were cleaned with ethanol and properly dried to 
prevent the formation of the oxide layer and rust on the surface of the 
coupons. 
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2.5. Synthesis of Polyolefin based modified composite coatings and 
development of smart composite coatings on steel substrate 

To synthesize Polyolefin-based modified coating, 1 wt% of HAL/SDS 
and 1 wt% of CeO2@HAL/SDS was added into Polyolefin. To make a 
uniform dispersion, firstly, the modified particles were added to alkaline 
water (pH ~ 9) to make a paste-like consistency. Then Polyolefin was 
added slowly with gentle mixing with a glass rod. The solution was then 
left to stir at 300 rpm for 24 h at room temperature (25 ◦C). The syn
thesized coating mixture was then applied over polished steel substrate 
via dip coating technique (dip cycle = 1, immersion speed = 22 mm/ 
min, and with-drawl speed = 16 mm/min). The coatings were then 
cured in an oven at a temperature between 70 and 165 ◦C. The thickness 
of coatings was measured by employing PosiTector 6000 from DeFelsko 
(Made in the USA), and it came out to be 70 μm. Reference or blank 
polyolefin coatings were not synthesized as they were already cited in 
our previous work (Habib et al., 2022). Two forms of coatings were 
synthesized. One with HAL/SDS labeled as PO-HAL/SDS and the other 
with CeO2@HAL/SDS labeled as PO- CeO2@HAL/SDS. 

2.6. Characterization of synthesized modified particles and Polyolefin 
based smart composite coatings 

The synthesized modified particles (HAL/SDS and CeO2@HAL/SDS) 
were characterized by employing energy-dispersive X-ray spectroscopy 
(EDX), Transmission electron microscopy (TEM), Frontier Transform 
Infrared spectrometer (FTIR), Thermogravimetric analysis (TGA) and 
differential thermal gravimetric analysis (DTA), X-ray diffraction anal
ysis (XRD)and UV–vis spectroscopic analysis. To analyze the self-healing 
behavior or corrosion inhibition performance Electrochemical Imped
ance Spectroscopy (EIS) analysis was employed over 30 days in 3.5 wt% 
NaCl solution. The detailed specifications of all the techniques are 
mentioned in our previous work (Habib et al., 2022). 

3. Results and discussions 

3.1. Structural and morphological analysis 

FTIR analysis was done to analyze the chemical bonding between the 
different synthesized particles, as represented in Fig. 2. The FTIR spectra 
for Pristine Hal, HAL/SDS, and CeO2@HAL/SDS were recorded within 
the range of 4000–500 cm− 1. The successful modification and func
tionalization of Hal were determined by observing various interactions 
between functional groups of synthesized particles. In the case of the 
pristine Hal, the characteristics bands appeared at 3695, 3621, 1646, 
1123, 996, 902, and 746 cm− 1. These bands represent the O-H stretching 
of the (hydr)oxides group present in the inner surface related to the Al- 
OH stretching, Si-O-Si deformation, and Si-O and O-H group deforma
tion stretching of the outer (hydr)oxides group, respectively (Asadi 

et al., 2019; Barman et al., 2020; Chen et al., 2020). After modifying Hal 
with SDS, we can see slight displacement in the bands of the Hal which is 
an indication of the interaction of SDS with Hal. Along with the dis
placed characteristic bands of Hal, the characteristics bands of SDS can 
also be observed in FTIR spectra of HAL/SDS at 2955, 2912, 2847, 1464, 
1213, 1079 and 827 cm− 1. The bands at 2955, 2912, and 2847 cm− 1 are 
related to the CH2 stretching and bending vibrations bands. The band at 
1464 corresponds to the C-H symmetric stretching vibrations. The band 
at 1213 cm− 1 is related to the skeleton vibration due to the stretching of 
the bridge S-O bond. The band at 1079 and 827 cm− 1 is attributed to the 
C-C bond stretching and asymmetric C-H bending of the CH2 group of 
SDS (Pasbakhsh et al., 2010; Singh et al., 2011; Lun et al., 2014). The 
appearance of the distinctive bands of the SDS is evidence of the suc
cessful modification of Hal with SDS. The FTIR spectra of CeO2@HAL/ 
SDS also represented the characteristics band of Hal with slight 
displacement, again demonstrating the chemical interaction between 
synthesized particles. Some of the characteristic bands of SDS are also 
observed in CeO2@HAL/SDS spectra. The bands of ceria are observed 
around 597 cm-1, which represents the metal oxide stretching vibration 
bands (Habib et al., 2020a). The presence of the distinguished bands of 
the Hal and ceria is a validation of the interaction between these two. 
The displacement in the peaks of Hal is due to the disturbance of the 
structure of the Hal due to the additional chemical bonding between 
ceria and Hal. 

The morphology of pristine Hal, HAL/SDS, and CeO2@HAL/SDS was 
analyzed by TEM and endorsed by EDX analysis, as shown in Fig. 3. Hal 
represents the tubular structure with an empty lumen and smooth sur
face (Fig. 3a). Hal is composed of an outer silica layer (Si-O-Si group) 

Fig. 1. Schematics for the synthesis of HAL/SDS and CeO2@HAL/SDS.  

Fig. 2. FTIR analysis of the pristine Hal, HAL/SDS, and CeO2@HAL/SDS.  
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and inner alumina (Al-OH) layer with a chemical formula of 
Al2Si2(OH)4.nH2O. The hollow tubular structure of Hal is because of the 
strain caused by lattice mismatch between the oxygen-sharing alumina 
and silica layer (Yurdacan and Murat Sari, 2021). The EDX analysis 
results (Fig. 3b) demonstrated that Hal is mainly composed of Al, Si, and 
oxygen with weight percentages of 23.41, 25.41, and 51.18%, respec
tively. After the loading of SDS into Hal, the TEM analysis results 
(Fig. 3c) represented that the apparent morphology of Hal remained 
unchanged. However, SDS particles can be seen inside the Hal structure. 
Most of the loading of SDS is seen in the outer layer of Hal. The EDX 
results (Fig. 3d) demonstrated that apart from the main elements of Hal 
(Al, Si), the main elements of SDS also appeared, which are Na and S, 
which is evidence of the presence of SDS in Hal (Lun et al., 2014). The 
weight percentages of the respective elements are O = 50.34, Na, 11.41, 
Al = 12.12, Si = 10.78, and S = 15.34. The TEM analysis results of 
CeO2@HAL/SDS (Fig. 3e) represent the formation of CeO2 on Hal. It is 
attributed to the adsorption of the ceria molecules on the outer layer of 
the Hal due to the hydrogen bonding between ceria and Hal. Ceria 
particles appeared spherical in structure and unevenly distributed on the 
outer surface of Hal. The outer surface usually has defects which makes 
Hal accessible for modification (Jana et al., 2015). This suggests that the 
cerium nitrate particles are converted to CeO2 by the interaction with 
Hal in the presence of HMT and H2O2 as shown in the schematic illus
tration Fig. 1. The EDX analysis results (Fig. 3f) revealed that the 
appearance of Ce is evidence of the formation of Ceria on the outer layer 
of Hal. The weight percentage of ceria is 63.66% which is contributed to 
the main weight percentage of the synthesized product. The decrease in 
the weight percentage of the Al, Si, Na, and S (8.3, 7, 0.32, and 0.11), 
respectively, is also evidence that Ceria has covered the outer surface of 
the Hal. 

Based on the weight percentages data obtained from EDX analysis, 
the ratio of Al/Si for the pristine Hal is 1.18, which is decreased to 1.13 
for the HAL/SDS and 1.08 for the CeO2@HAL/SDS. The decrease in the 
ratio of the Al/Si of the pristine Hal could appear due to the 

incorporation of SDS into the interlayers of Hal in the case of HAL/SDS. 
There is the possibility of the ion exchange between Na+ of SDS and Al 
(OH)2

− of Hal. Similarly, in the case of CeO2@HAL/SDS, the decrease is 
observed due to the interaction of Cerium ions with Si of the Hal in the 
outer layer. Cerium ions take the major composition of the pristine Hal, 
as shown in the EDX of CeO2@HAL/SDS (Fig. 3f). 

The diffraction pattern of the Pristine Hal, HAL/SDS, and 
CeO2@HAL/SDS was analyzed by the XRD technique, as represented in 
supplementary fig. S1. The pristine Hal is representing the characteristic 
reflection at 2θ of 11.69◦, 19.94◦, 24.74◦, 34.96◦, 54.85◦, and 62.40◦. 
The diffraction planes associated with the corresponding 2θ are (001), 
(100), (002), (110), (210), and (300), respectively complementing the 
JCPDS card # 98–018-6723. In the case of the XRD pattern of HAL/SDS, 
no new reflection is seen, indicating that SDS intercalation didn't change 
the morphology of Hal as observed in TEM images. However, the 
displacement in the reflection is seen, which is evidence of the inter
action of SDS with Hal. It has also been observed that the peak reflected 
at 2θ = 11.69◦ (001) didn't shift to lower values, which indicates that 
SDS is not intercalated to the interlayer of Hal but only in the outer layer. 
This is because most of the (hydr)oxides groups in interlayers are 
embedded and are not available for loading SDS into Hal (Jana et al., 
2015). In the case of CeO2@HAL/SDS, most of the peak's intensity is 
weakened, and some disappear, which may be due to the deposition of 
the ceria on Hal and the high-temperature calcination process (Zhang 
et al., 2015). One peak splitting is seen at 2θ = 27.5◦ and 28.6◦, indi
cating the formation of a new phase. The peak at 2θ = 28.6◦ corresponds 
to the (111) diffraction plane of CeO2 (Habib et al., 2022). 

3.2. Thermal stability analysis of synthesized particles 

The thermogravimetric (TGA) and differential thermal analysis 
(DTA) of Pristine Hal, HAL/SDS, and CeO2@HAL/SDS are represented 
in Figs. 4(a, b). Pristine Hal represented mass loss in four stages. In the 
first stage, Hal experienced a mass loss of 2% due to water in the 

Fig. 3. TEM and EDX analysis of (a, b) Pristine Hal, (c, d) HAL/SDS, and (e, f) CeO2@HAL/SDS.  

A. Qureshi et al.                                                                                                                                                                                                                                 



Applied Clay Science 233 (2023) 106827

5

structure or interlayer water contents. In the second stage, the mass loss 
is almost constant until the end of the third stage. Till the third stage, Hal 
encountered a total of 5% mass loss only, which is considered as water 
mass loss. The major mass loss is seen in the fourth stage at around 492 
◦C. Almost a total of 15% mass loss is seen in this stage. This mass loss is 
due to the de(hydr)oxidization of the Al-OH group of Hal and the 
development of meta halloysite. After this stage, the mass loss is con
stant. No further mass loss is seen after the fifth stage. If we investigate 
the DTA curve of the pristine Hal, similar behavior has been observed. In 
the first stage, the first small endothermic peak is seen at around 50 ◦C, 
which is water mass loss as seen in the TGA curve. The structural 
decomposition of Hal is seen at around 492.66 ◦C due to the de(hydr) 
oxidization of Hal, as explained earlier in this section (Heraiz et al., 
2017). 

In the case of HAL/SDS, mass loss is observed to be constant in the 
first stage showing that SDS does not contain any free water molecules 
and the product was completely dried. The huge mass loss occurs in the 

second stage between 174 and 254 ◦C. This mass loss is due to the 
degradation of SDS. This huge mass loss is entailed by the breakdown of 
long alkyl chains of SDS (Lun et al., 2014). Almost 35% of mass loss is 
seen in this stage. In the third stage, only 4% mass loss was observed, but 
it continued to decrease until the fourth stage when we noted the 
degradation of Hal at 477 ◦C. The residual mass loss at 890 ◦C for 
pristine Hal and HAL/SDS indicated that 32% of SDS has been loaded 
into Hal. In the DTA curve of HAL/SDS, two endothermic peaks have 
been observed at 221 and 477 ◦C, demonstrating the decomposition of 
SDS and Hal. In the case of CeO2@HAL/SDS, no huge mass loss is seen, 
demonstrating that ceria has covered the Hal (as seen in TEM analysis) 
so well that the product becomes stable even at high temperatures. The 
residual mass of CeO2 and HAL/SDS at 890 ◦C demonstrated that almost 
47% of CeO2 has been immobilized on the surface of modified Hal (Xie 
et al., 2011; Chen et al., 2019). Similar behavior has been observed in 
the DTA analysis of CeO2@HAL/SDS. 

Fig. 4. TGA (a) and DTA (b) analysis of Pristine Hal, HAL/SDS, and CeO2@HAL/SDS.  

Fig. 5. UV–Vis spectroscopic analysis of a) SDS particles before and after loading into Hal, b, c, d, e, f) CeO2@HAL/SDS particles at various pH (2, 5, 7, 9, 11) and 
different time periods (24, 48, 72, 96 and 120 h) respectively, of immersion in 3.5 wt% NaCl solution. 
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3.3. UV–Vis spectroscopic analysis of synthesized particles 

UV–Vis spectroscopic analysis was done to study the pH-sensitive 
and time-dependent release behavior of the synthesized particles. 
Fig. 5a demonstrates the UV–vis spectra of SDS before and after loading 
into Hal. For this purpose, pristine SDS particles and loaded SDS 

particles were dispersed into 3.5 wt% NaCl solution at pH 2 and stirred 
for 12 h. After 12 h, UV spectra were recorded to study the change in 
spectra before and after loading. Before loading, the SDS particles 
display two absorption peaks at 210 and 345 nm. After loading, hipso
chromic (blue shift) is observed, and absorption spectra are displayed to 
208 and 339 nm. This shift is due to the interaction of SDS with Hal 

Fig. 6. Bode and Phase angle plots of (a, b) PO-HAL/SDS and (c, d) PO-CeO2@HAL/SDS coatings (e) Equivalent circuit employed to fit data obtained from EIS 
analysis of coatings immersed for 30 days in 3.5 wt% NaCl Solution. 
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while loading. Moreover, the decrease in intensity of particles is also 
seen in spectra after loading, indicating that particles are less likely 
available freely in solution as compared to the solution with SDS par
ticles only (Habib et al., 2022). 

Fig. 5 (b, c, d, e, f) demonstrates the pH-sensitive and time-dependent 
release behavior of synthesized particles in 3.5 wt% NaCl solution at 
various time intervals of 24, 48, 72, 96, 120 h and at different pH (2, 5, 7, 
9 11). As shown in the figures, the particles display better release at 
acidic pH than at basic and neutral pH. The intensity of the absorbance 
peaks is seen to be more prominent at pH 2 and 5. The appearance of 
absorption peaks at 210 and 345 nm are due to the π-π* and n-π* tran
sition of an electron in long alkyl chains, respectively. The neutral me
dium displays less or no release, demonstrating that the particles are not 
responding to neutral pH. However, particles are released in basic so
lutions, but the release intensity is less. The prominent release behavior 
of SDS particles in an acidic medium is also since ceria particles 
deposited on Hal decompose in an acidic medium, releasing SDS from 
Hal. Furthermore, the intensity of release of the particles is also seen to 
be increasing with time, demonstrating that the release behavior of 
particles is also time dependent. 

3.4. Corrosion inhibition performance of developed modified coatings 

3.4.1. EIS analysis 
EIS analysis was done to study the protective behavior of steel sub

strate coated with modified polyolefin coatings in 3.5 wt% NaCl solution 
over 30 days. EIS is one of the effective tools to assess the corrosion 
inhibition performance of the protective coatings and is a non- 
destructive technique. The EIS test for each coating was repeated 
three times to guarantee reproducible results. The corrosion inhibition 
performance of blank polyolefin coatings (reference coatings) was 
already cited in our previous work (Habib et al., 2022). The bode and the 
phase angle plots of the polyolefin coatings were modified with 1 wt% 
HAL/SDS and CeO2@HAL/SDS are represented in Fig. 6 after 30 days of 
immersion in 3.5 wt% NaCl solution. The equivalent circuit employed to 
fit the obtained data is represented in Fig. 6e. An equivalent circuit with 
two times constant was developed to fit data of modified coating 
immersed for 30 days. The different parameters attained after fitting 
data in EIS analysis are given as Rpo (Pore resistance), Rct (faradaic 
resistance), CPE1 (capacitance associated with pore resistance), and 
CPE2 (double layer capacitance associated with faradic resistance). Due 
to the deviation of coatings from ideal behavior, constant phase ele
ments (CPE) were employed instead of a capacitor. The values of 
different parameters obtained from the equivalent circuit are given in 
table SI (Supplementary data). 

The bode and phase angle plot of the reference coatings, as repre
sented in our previous work (Habib et al., 2022), demonstrated the 
decrease in faradic resistance with time. The phase angle plot also 
suggested a decrease in the capacitive behavior of the reference coat
ings. This behavior of the reference coating is attributed to the presence 
of inherited pores in the coatings. The pores in the coatings lead to the 
assimilation of electrolytes and form conductive pathways, eventually 
leading to the deterioration of the coatings with time. The formation of 
the corrosive species at the metal coating interface eventually leads to 
the delamination of the coating can be possible. 

The bode and phase angle plots of the coatings were modified with 1 
wt% HAL/SDS is represented in Fig. 6a. Compared to the reference 
coatings, the modified coatings displayed exceptional capacitive 
behavior throughout the frequency range at all immersion times (30 
days) in 3.5 wt% NaCl solution. However, at low frequency decrease in 
capacitive behavior is also seen, but it isn't very important. The bode 
plot for the PO-HAL/SDS demonstrated an increasing trend in faradic 
resistance with time. The faradic resistance at low-frequency resistance 
attained 94.96 GΩ.cm2 after 30 days of immersion. This value of faradic 
resistance is higher than that of the reference coatings. This high value of 
faradic resistance of coatings is associated with a high phase angle of 

− 90◦ (Fig. 6b). A negligible decrease in phase angle can be associated 
with interfacial activity but is ignored due to the superior protective 
behavior of coatings after 30 days of immersion. 

The bode and phase angle plot of the polyolefin coatings modified 
with 1 wt% CeO2@HAL/SDS are represented in Fig. 6c, d. The trend of 
the increase in the faradic resistance of these coatings is the same as that 
of polyolefin coatings modified with HAL/SDS. The faradic resistance 
demonstrated a notable increase in the corrosion inhibition resistance 
compared to the reference coatings. The phase angle of the coatings at 
high frequency is close to − 90◦. However, for the first days of immer
sion, the phase angle at low frequency impedance decrease to much 
lesser value, possibly due to the interfacial activity between the metal 
and coating interface. For the rest of the days, the decrease in the phase 
angle is negligible as its above − 60◦. The coatings are still displaying 
capacitance behavior. The faradic resistance of the coatings modified 
with CeO2@HAL/SDS after 30 days of immersion is observed to be 97.95 
GΩ.cm2. This increased value of faradic resistance compared to the PO- 
HAL/SDS is due to the synergistic corrosion inhibition effect of corrosion 
inhibitor (SDS) and cerium hydroxide on the metal surface. 

The results of the fitting parameters obtained after fitting data from 
the equivalent circuit are represented in Fig. 7. The increasing trend of 
the values of the resistance parameters for both types of coating is 
observed to be almost the same. Fig. 7a represents the pore resistance of 
polyolefin coatings modified with 1 wt% HAL/SDS and CeO2@HAL/ 
SDS. The pore resistance of both types of coatings displayed an 
increasing trend with high and steady values of 10 GΩ.cm2. This in
dicates the high corrosion protective abilities of the modified coatings 
due to the incorporation of corrosion inhibitors. The pore resistance 
values of the coatings modified with CeO2@HAL/SDS are a little higher 
than those modified with HAL/SDS due to the presence of cerium ions in 
addition to corrosion inhibitor SDS. This is also evident from the 
capacitive behavior of the coatings. The decrease in the values of CPE1 
(Fig. 7b) and an increase in the Rpo values also endorse the shielding 
behavior of coatings. These results are evidence of the exceptional 
protective properties of the modified coatings. In addition to the RPO 
values, faradic resistance values (Rct) of the coatings obtained from the 
equivalent circuit after 30 days of immersion are also the coating pro
tection ability, as represented in Fig. 7c. The modified coatings repre
sented a similar increasing trend of values to Rpo. However, the values of 
the coatings modified from CeO2@HAL/SDS are higher than that of 
HAL/SDS after 30 days of immersion in 3.5 wt% NaCl solution. These 
increased values of coatings modified from CeO2@HAL/SDS are due to 
the synergistic corrosion inhibition of Cerium ions and SDS. The 
increasing trend in values of Rct is accompanied by a decrease in the 
values of CPE2, as represented in Table S1. This decrease in the values of 
CPE2 is an indication of improved corrosion inhibition properties of 
modified coatings compared to that of reference coatings. 

3.4.2. Proposed corrosion inhibition mechanism 
The corrosion inhibition mechanism followed by the modified 

polyolefin coatings is associated with the adsorption of the polar sulfate 
group of the SDS and cerium ions on a steel substrate. This inhibition is 
initiated when the electrolyte (3.5 wt% NaCl Solution) interacts with the 
steel surface. Electrons are transported from the anodic site to the 
cathodic site. Anode Fe ions are oxidized and interact with a corrosion 
inhibitor (SDS) to form an inhibitor‑iron complex. Due to the reduction 
process, (hydr)oxides ions will be generated on the cathode, which will 
interact with cerium ions and form a passive layer. The oxidation and 
reduction reactions are given by the following equations. 

Fe→Fe2+ + 2e− (Anodic reaction) (1)  

Fe2+ +SDS→Fe2+ − SDS (2)  

1
2
O2 +H2O+ 2e− →2OH− (Cathodic reaction) (3) 
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Ce3+ + 3OH− →Ce(OH)3 (4) 

The dissociation of the iron is accompanied by the loss of two elec
trons by the iron in the presence of an electrolyte. Due to the loss of 
electrons, the iron becomes available with vacant d-orbitals, which then 
interact with corrosion inhibitors. The release of SDS is already 
explained in Section 3.3. The released SDS then forms a complex with 
Fe2+ and forms a protective layer at the anodic region. The protection at 
the cathodic site has related to the release of cerium ions from the outer 
layers of Hal. Acidic pH facilitates the bond breakage between the Si-O 
of Hal and CeO2. Once released, the CeO2 is dissociated to form cerium 
ions. The released Ce3+ ion then interacts with (hydr)oxides ions at the 
cathodic site to form Ce(OH)3. So, for the polyolefin coatings modified 
with CeO2@HAL/SDS, the steel substrate experienced protection against 
corrosion due to the synergistic corrosion protection offered by Ce(OH)3 
and Fe2+-SDS complex over the entire region of steel. The schematic 

representing the corrosion inhibition mechanism is also demonstrated in 
Fig. 8. 

A comparison has been done comparing our study with the recently 
published similar articles to have an overlook of how our work stands 
different than rest of the recently published articles. For this purpose, a 
comparison table is added below. 

4. Conclusion 

In this work, we successfully develop pH-sensitive ceria-modified 
Hal loaded with SDS to study the synergistic corrosion inhibition per
formance of polyolefin-based smart coatings. UV–vis analysis results 
demonstrated that the release of corrosion inhibitor (SDS) was more 
pronounced in an acidic medium than in a basic or neutral medium. The 
TGA analysis results demonstrated the good thermal stability of syn
thesized particles and suggested that 32% (w/w) of SDS has been loaded 

Fig. 7. Evolution of (a) Pore resistance (Rpo), (b) coating capacitance (CPE1), (c) Charge transfer resistance (Rct), and (d) double-layer capacitance (CPE2) in 3.5 wt 
% NaCl solution over 30 days. 

Fig. 8. Schematics of proposed corrosion inhibition mechanism of polyolefin coatings modified with CeO2@HAL/SDS.  
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into Hal, and 47% (w/w) of ceria has been immobilized on Hal. TEM and 
FTIR results suggested the successful loading of SDS in Hal and the 
immobilization of ceria on the surface of Hal. The reinforcement of 1 wt 
% of modified smart particles into polyolefin coatings indicated the 
enhanced active corrosion protection of polyolefin-based smart coat
ings. The improved corrosion inhibition performance of PO- 
CeO2@HAL/SDS coatings compared to the PO-HAL/SDS is attributed to 
the synergistic corrosion inhibition performance of Ce(OH)3 and FE-SDS 
on the cathodic and anodic regions respectively of steel substrate. This 
exceptional corrosion inhibition performance of the developed modified 
smart polyolefin coatings makes them an attractive candidate for in
dustrial application for the protection of steel. 
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