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Abstract In the present study, the halloysite nanotubes (HNTs) were loaded with a multicompo-

nent inhibitor (LHNT) comprising mainly benzotriazole (BTA), sodium benzoate (SB), and lauric

acid (LA) via the vacuum cycling method. The successful loading of the BTA+ LA + SB inhibitor

has been confirmed by the TGA, FTIR, and BET analyses. The TGA analysis has

determined � 14% loading of the BTA + LA + SB into the HNTs. Moreover, UV–vis analysis

shows that the time and pH-dependent have incremental release of the multicomponent inhibitor

in various studied media. The composite coatings (LHNT COAT) were developed by reinforcing

the 3 wt% of LHNTs into the epoxy matrix. The corrosion protection of the developed LHNT

COAT was enhanced by 99.6% and 98.88% compared to the blank epoxy and unloaded HNT coat-

ings, respectively. This improvement in the corrosion behavior can be attributed to the active release

of the multicomponent inhibitor, as was also demonstrated by the electrochemical impedance spec-

troscopic (EIS) test. It is further predicted that the improved corrosion inhibition efficiency of

LHNT COAT may be due to the formation of some components produced from the reaction of

the inhibitor components or from the inhibitor reaction with the corrosive medium. The high cor-

rosion resistance of LHNT COAT makes it attuned to several industrial applications.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Corrosion prevention can be achieved by selecting appropriate design,

corrosion-resistant alloys, anti-corrosion coatings, corrosion inhibi-

tors, cathodic protection, anodic passivation, salt removers, and regu-

lar washing (xxxx; Honarvar Nazari et al., 2022; Zahidah et al., 2017).

As the metallic surfaces are always exposed to harsh environmental

factors, there is always a possibility of cracks or unexpected damage.

One of the most used techniques to protect metallic surfaces from

degradation due to corrosion is the application of coatings which cre-

ate a barrier by preventing the direct contact of the metals with water

and corrosive ions. There are three types of anti-corrosion coatings

based on the coating material which are metallic, organic, and inor-

ganic coatings. Metallic coatings provide cathodic protection by gal-

vanic corroding if the metal is less noble than the base metal

(Honarvar Nazari et al., 2022; Qian et al., 2015). Otherwise, the defects

will cause pitting corrosion to the base metal. In addition, inorganic

coatings protect the metal using a barrier protection mechanism. How-

ever, some treatments used in the inorganic coatings cause a conver-

sion of the surface layer into metal oxide or hydroxide film which

can enhance the interfacial attractions between the coating and the

metal. Hence, the organic coatings can consider an excellent option

for corrosion protection which provide barrier protection and active

inhibition by the species that can be reinforced to them. There is a high

possibility for micron cracks occurrence which are very difficult to be

visible and the coating degradation by temperature or UV radiation

leads to the opening of the coating pores and crack promulgation

which facilitate the diffusion of salts and water to the metal interface

ending up with corrosion initiation. Hence, nanocomposite coating is

a developed coating type that involves nanoparticles/nanocontainers

in addition to the coating which enhances the coating features based

on the distinctive chemical, physical, and physiochemical properties

of the nanoscale materials(Zahidah et al., 2017). Especially, the coat-

ings with passive and active protection have been proposed in recent

years(Wan et al., 2021). Several nano and micro containers have been

used by researchers in the recent years as reservoirs for the inhibitors

and self-healing agents such as montmorillonite nanoparticles(Ghazi

et al., 2015), Nano-TiO2(Radhakrishnan et al., 2009), LDH

(Mohedano et al., 2017; Zhang et al., 2015; Hang et al., 2012),

Polypyrrole-TiO2(Kartsonakis et al., 2013), NaY zeolite(Ferrer et al.,

2014), Bio-based micro/nanoparticles(Denissen and Garcia, 2017),

CeO2 nanoparticles(Wang et al., 2021), Zirconia nanoparticles(Habib

et al., 207 (2021)), Yttrium Oxide(Nawaz et al., 2021), Halloysite Nan-

otubes (HNT) (Khan et al., 2020), cellulose microfibers (CMFs)

(Nawaz et al., 2020), urea-formaldehyde microcapsules (UFMCs)

(Khan et al., 2019; Ismail et al., 2021), Melamine urea-formaldehyde

microcapsules (MUFMCs)(Hassanein et al., 2021). Among all the

nanocontainers, clays with a hollow structure such as halloysite nan-

otubes act as an excellent nanocontainer for the loading of active

agents because of their high surface area, good dispersion, ability to

load several active agents simultaneously, high loading rate, high

capacity, high adsorption rate, high aspect ratio, highly porous and

non-toxicity (Kamble et al., 2012; Izadi et al., 2019). Generally,

HNT length ranges between a few microns to 30 mm with an external

diameter and internal diameter of 30–190 nm and 10–100 nm respec-

tively. Moreover, it is a low-cost material at $4/kg. The outer surface

contains tetrahedral silicate SiO2 layers whereas the inner lumen con-

sists of gibbsite octahedral layers of Al2O3. Recently, several research-

ers used HNTs as nanocontainers for corrosion inhibitors for

corrosion prevention(Wu et al., 2021; Xu et al., 2019; Mahmoudi

et al., 2020; Asadi et al., 2019). Wang et al., loaded HNTs with 8-

Hydroxyquinoline (8-HQ) corrosion inhibitor by negative vacuum

and encapsulated them with-8-HQ complex stopper, and then rein-

forced the Cu-8-HQ@HNTs into an epoxy matrix obtaining a highly

resistive coating against corrosion in the acidic media(Wang et al.,

2019). In addition to the function of HNT as an excellent smart carrier,

it can improve the mechanical properties when incorporated into the
corrosion protection coatings. Kiran et al. investigated the mechanical

properties of carbon fabric reinforced epoxy matrix composites which

were prepared with the addition of HNTs and enhances the tensile

strength, modulus of elasticity, flexural strength, and flexural modulus

up to 82%, 26.8%, and 29% respectively(Kiran et al., 2022). The

applications of the HNTs are not limited to the corrosion protection

field but they are extended into the food packaging and for surface

protection in the field of cultural heritage treatment and conservation.

Lisuzzo et al., designed novel nanocomposite films based on hydrox-

ypropyl cellulose and paraffin/halloysite hybrid microspheres for the

application as protective material for packaging purposes and restora-

tion and conservation of cultural heritage(Lisuzzo et al., 2021). More-

over, the HNTs are used in the deacidification field. Lisuzzo et al.,

developed a novel system for the loading of HNTs with an alkaline

reservoir (MgO nanoparticles) that can be used for the treatment of

cellulose-based paper(Lisuzzo et al., 2021). However, the effect of load-

ing inorganic nanocarrier (specially HNT) with multiple inhibitors is

not yet studied from the corrosion protection and the inhibition mech-

anism perspectives. Furthermore, the usage of sodium benzoate (SB)

(Seetharam et al., 2022; Lin et al., 2018; Talebian et al., 2018), lauric

acid (LA)(Xu et al., 2020; Yang et al., 2018; Lu et al., 2009), and ben-

zotriazole (BTA)(Walker, 1970; Finšgar and Milošev, 2010) as inhibi-

tors proved the high barrier and inhibition ability. In this work, the

inhibitor (BTA + LA + SB) consists of three main components (lau-

ric acid, benzotriazole, and sodium benzoate) which is used as a cool-

ant and corrosion inhibitor in the utility section in one of the

petrochemical industries, has been loaded into the HNTs (LHNT).

The LHNT nanocontainers were reinforced into an epoxy matrix to

develop LHNT COAT to study the anti-corrosion behavior of the

LHNT COAT, the reaction behavior of the inhibitor components,

release profile of the inhibitor through the time on different media

and the corrosion inhibition mechanism of the BTA + LA + SB inhi-

bitor. It is anticipated for the inhibitor to enhance the corrosion resis-

tance and extend the lifetime of the LHNT COAT compared to the

loading of HNT with a single inhibitor.

2. Experimental section

2.1. Materials

The chemicals used in the loading of HNTs are halloysite nan-
otubes (HNTs) used as nanocontainers were purchased from
Sigma-Aldrich Darmstadt, Germany, multicomponent in-

hibitor (BTA + LA + SB) with classified composition (as
received from a local source) and deionized water.. Moreover,
the materials used in the coating preparation are epoxy resin

(Epon resin 815C), triethylenetetramine (as an epoxy hard-
ener), carbon steel sheets as substrates (with the composition
of 0.21% C, 0.30% P, 0.04% S, 0.20% Cu and 99.18% Fe)
and thickness of 1.25 mm, ethanol (for cleaning the carbon

steel surface from any contaminations before coating) and
NaCl (to prepare 3.5 wt% NaCl solution with pH 6.7).
2.2. Loading of HNTs

The BTA + LA + SB inhibitor was loaded into the HNTs by
vacuum cycling methods reported in literature and prove its

efficiency in the loading of the HNT nanocarriers(Lisuzzo
et al., 2019; Lisuzzo et al., 2021). Firstly, the saturated solution
of the inhibitor was prepared by magnetically stirring of 22 ml

of ethanol and 0.66 ml of the multicomponent inhibitor at
room temperature for 2 hr. Then, 3.2 g of HNTs were added
to the prepared inhibitor solution and stirred continuously at
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room temperature for 30 min to ensure complete dispersion.
Then the HNTs/drug suspension was subjected to ultrasonica-
tion for 5 min and placed in a vacuum furnace for 24 hr to

allow the reduction in the pressure conditions into 0.01 atm.
Then, the slurry was centrifuged and washed three times with
water to remove the unbound molecules and dried under vac-

uum at room temperature for 24 hr. Fig. 1 illustrates the HNT
loaded with BTA + LA + SB inhibitor.

2.3. Preparation of substrates and coatings

Fig. 2 demonstrates the coating preparation process of the
loaded HNT coating (LHNT COAT). The steel substrates

were polished employing a grinding machine (Forcipol 1 V,
Metkon, Turkey) using SiC abrasive papers (80 and 120c).
The polished substrates were washed with distilled water and
dried in air. After that, the steel substrates were cleaned using

acetone or ethanol before applying the coatings. Three differ-
ent coatings were prepared which are plain epoxy coating,
unloaded HNT epoxy coating, and loaded HNT epoxy coating

(LHNT COAT). The plain epoxy coating was prepared by
mixing the epoxy and the hardener with 5:1 ratio under stirring
and vacuum at 60 �C for 15 min. However, the loaded HNT

coating (LHNT COAT) and unloaded HNT coatings were
prepared by reinforcing 3 wt% of the loaded HNTs (LHNT)
and unloaded HNTs into the epoxy matrix respectively. In
detail, the preparation was carried out by mixing epoxy with

the loaded and unloaded HNT separately with stirring at
60 �C under vacuum for one hour to enhance the dispersion
Fig. 1 Loaded HNT (LHNT) wit
of the loaded and unloaded HNT in the epoxy matrix, fol-
lowed by sonication. After the mixture cooled down, the hard-
ener was added under vacuum and stirring for 15 min. Finally,

the mixture was sonicated for 5 min to remove the air bubbles
from the epoxy then applied into the steel surface and left to
dry in the air.

2.4. Characterization

The morphology of the loaded and unloaded (as received)

HNT was studied by a field emission scanning and transmis-
sion electron microscope (SEM-TEM-Nova Nano-450) cou-
pled with an EDX analyzer which analyzes the elemental

composition of the loaded and the unloaded HNT. The ther-
mal stability of prepared coatings (blank epoxy, ULHNT
COAT and LHNT COAT) and the HNT (loaded and
unloaded) was inspected by thermal gravimetric analysis

(TGA, 4000, Perkin Elmer, USA). The test was conducted in
a temperature range of 40 �C �600 �C by applying heating rate
of 10 �C/min. Fourier-transform infrared spectroscopy (FTIR)

test was conducted on the loaded HNT, unloaded HNT, and
the inhibitor applying FTIR Frontier instrument (Frontier-
MIR, Perkin Elmer, USA). The test was carried out to confirm

the loading of the inhibitor in the HNT using the capability of
each bond in the tested materials to absorb infrared radiation
at a certain absorption frequency range, which considered is a
fingerprint for each bond. The FTIR analysis was carried out

in the range of 4000 cm�1 to 500 cm�1. Electrochemical impe-
dance spectroscopy (EIS) was performed using the Gamry
h BTA + LA + SB inhibitor.



Fig. 2 Loaded HNT Coating (LHNT COAT) preparation process.

4 N. Ashraf Ismail et al.
device (Reference 3000, Potentiostat/Galvanstate, USA) to
examine the corrosion resistance of the developed coatings
when exposed to mechanical damage in 3.5 wt% NaCl solu-

tion with pH of 6.7 with an exposed area of 0.765 cm2, and
a platinum wire was used as a counter electrode while an
Ag/AgCl electrode was employed as a reference electrode.

The corrosion test was carried out at 25 �C at the frequency
range of 0.01 to 100000 Hz with an AC voltage of 10 mV.
The specific surface area and pore volume of the loaded and

unloaded HNT particles were measured using BET
(Brunauer-Emmett-Teller) technique by surface area analyzer
(Micromeritics ASAP 2420, USA) to predict the loading of

the inhibitor into HNT particles. Furthermore, UV � vis spec-
troscopic analysis (LAMBDA 650 UV–vis Spectrophotometer,
PerkinElmer, USA) was applied to analyze the release of the
inhibitor from the loaded HNTs (LHNT). Various solutions

were prepared by the addition of 0.05 g of the loaded HNTs
to study the release behavior of the loaded inhibitor at differ-
ent pH values (2, 5, 7, 9, 14) concerning time. The pH of the

solutions was adjusted by adding HCl and NaOH solutions
dropwise.

3. Results and discussion

3.1. SEM, TEM, elemental mapping, and EDX observation

Fig. 3 shows the TEM images of the loaded and unloaded
HNT which revealed a nanostructure of the HNT. Moreover,

the difference between the loaded and unloaded HNT can be
noticed in the dark lumen of the loaded HNT shown in
Fig. 3(b) unlike the light color of the HNT lumen, shown in
Fig. 3 TEM for (a) unloaded
Fig. 3(a). This dark color in the loaded HNT showed the load-
ing of the inhibitor in the HNT. Furthermore, Fig. 4(a,b)
shows the morphological structure observed by SEM analysis

of the unloaded and loaded HNT, respectively. Fig. 4(a) repre-
sents the tubular structure of the unloaded HNT without any
cluster. However, Fig. 4 (b) shows the incorporation of some

clusters with the loaded HNT, which is an indication of sticky
or undehydrated texture of the surface of the HNT due to the
loading of the inhibitor. Moreover, the SEM micrographs rep-

resent a variation in the HNT particle sizes. Furthermore, the
SEM micrographs show a slightly puffed structure of the
loaded HNT compared with the unloaded HNT. In addition,

Fig. 4(c,d) presents the EDX analysis of the unloaded and
loaded HNT, respectively. In Fig. 4(c), the EDX of the
unloaded HNT shows the presence of oxygen, aluminum,
and silica which are the elements that formed the HNT particle

(Al2Si2O5(OH)4�2H2O). However, it can be observed in Fig. 4
(d) the involvement of carbon, nitrogen, and sodium with the
previously mentioned elements (oxygen, aluminum, and silica),

which indicates the successful loading of the BTA + LA + SB
inhibitor in the HNT nanoparticles. The presented findings
agree with the previously reported results in the literature

(Khan et al., 2020; Hassanein et al., 2021; Wu et al., 2016).

3.2. Thermal stability

TGA analysis was conducted for the unloaded, loaded HNT
(LHNT), the inhibitor, unloaded HNT epoxy coating
(ULHNT COAT) and loaded HNT coating (LHNT COAT),
and blank epoxy coating, which is illustrated in Fig. 5. Fig. 5

(a) shows that the mixed inhibitor was loaded successfully in
HNT and (b) loaded HNT.



Fig. 4 SEM micrographs of (a) unloaded HNT and (b) loaded HNT and EDX of (c) unloaded HNT and (d) loaded HNT.

Fig. 5 TGA of (a) loaded, unloaded HNT and inhibitor and (b) Blank epoxy, ULHNT COAT and LHNT COAT.
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the HNT nanocontainers with approximately 14% loading.

The thermal spectrum of the loaded and unloaded HNT shows
a declination in the temperature range of 400 �C–550 �C,
which corresponds to HNT decomposition(Khan et al.,

2020). Unlike the unloaded HNT thermal spectrum, which
has one weight-loss stage, the LHNT thermal spectrum indi-
cates three main weight loss stages in the temperature ranges
of 30 �C–70 �C, 70 �C–450 �C, and 450 �C–550 �C. The first

weight-loss stage corresponds to the degradation initiation of
a mixed inhibitor loaded in the HNT, which can be observed
in the thermal spectrum of the inhibitor. Moreover, the second

weight-loss stage of the loaded HNT corresponds to a 5%
weight loss which is a minor weight loss that can be attributed
to the degradation of the inhibitor left on the surface of the



Fig. 7 Nitrogen adsorption isotherm of the unloaded and loaded

HNT.
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HNTs, especially that the boiling points of the inhibitor’s main
components are in the temperature range of this stage. More-
over, the weight loss at 100 �C can be due to the full evapora-

tion of any water or moisture presented in the sample. It can be
observed that the trend of the loaded and unloaded HNT TGA
graphs are very similar (the degradation of the loaded HNT is

not affected by the early degradation of the inhibitor), which
shows that the HNT is an excellent reservoir for the inhibitor.
In addition, Fig. 5(b) shows the TGA profile of the reference

coating, ULHNTCOAT and LHNT COAT. The presented
TGA of the coatings are similar in the thermal behavior of
the coatings because of the high incorporation of epoxy in
them (97%). Hence, the thermal behavior of all the coatings

is very close to the reference coating with a minor deviation
because of the existence of the HNT loaded with the mixed
inhibitor in the LHNT COAT. The results are in agreement

with the previously reported studies(Izadi et al., 2019).

3.3. FTIR analysis

FTIR analysis was conducted to confirm the loading of
BTA + LA + SB inhibitor in the HNTs nanocarriers.
Fig. 6 represents the FTIR spectra of the unloaded HNTs,

loaded HNTs, and BTA + LA + SB inhibitor. As can be seen
in the loaded and unloaded HNT spectra, the peaks at 3689
and 3619 cm�1 are for the stretching vibration bands of Al2-
OH, peaks at 1002 cm�1 and 905 cm�1 are for Si-O and Al-

OH, respectively(Khan et al., 2020; Hassanein et al., 2021).
Moreover, a peak can be observed at 550 cm�1 in the unloaded
HNT spectrum because of the deformation of the Al-O-Si

group (Xing et al., 2018). The spectrum of the inhibitor shows
the characteristic absorption peaks of lauric acid, sodium ben-
zoate, and benzotriazole. The inhibitor’s graph presents the

overlapping stretching vibration bands of the secondary amine
(N � H) and OH at 3341 cm�1. Furthermore, the peaks at
2962 cm�1, 2850 cm�1, 1037 cm�1, and 1671 cm�1 represent

the stretching of C-H, C-O, and C = O, respectively. C-H
and C-O bonds reflect the presence of lauric acid in the inhibi-
tor, while the C = O bond reflects the presence of lauric acid
Fig. 6 FTIR of inhibitor, loade
and sodium benzoate. In addition, the peak at 1450 cm�1 is for
the stretching of the aromatic C = C bond present in sodium
benzoate and benzotriazole. Peaks at 1340 cm�1 and

1210 cm�1, 675 cm�1 are for the stretching of C-N, N = N,
and monosubstituted out-of-plane bending of = C-H in ben-
zotriazole, respectively (Hassanein et al., 2021; Singh et al.,

2017). Hence, all the peaks of the inhibitor and unloaded
HNT are presented in the loaded HNT spectrum, which con-
firms a successful loading of the BTA + LA + SB inhibitor

in the HNTs. The results are in agreement with the previously
reported studies(Khan et al., 2020; Izadi et al., 2019).

3.4. BET analysis

BET analysis has been conducted to confirm the loading of
BTA + LA + SB inhibitor into HNT nanoparticles. The test
measured the surface area and pore volume of the loaded and
d HNT and unloaded HNT.



Table 1 Surface area and pore volume of the loaded and

unloaded HNT.

Unloaded HNT Loaded HNT

BET SSA (m2/g) 115.319 19.371

Total Pore Volume (cc/g) 0.5292 0.1783

Study on the corrosion behavior of polymeric nanocomposite coatings 7
unloaded HNT using N2 adsorption on a gradual increase in

pressure. Fig. 7 presents the nitrogen adsorption isotherm of
the unloaded and loaded HNT. As per IUPAC categorization,
the adsorption isotherms of the loaded and unloaded HNT fol-

low type III; this type is formed when the interactions between
the adsorbed molecules are more robust than the interaction
between the adsorbent surface and adsorbate(Zhang, 2016).

As shown in Table 1, the specific surface area and pore volume
of the loaded HNT decreased compared with the specific sur-
face area and the pore volume of the unloaded HNT. This
decrease indicates a successful loading of the BTA + LA +

SB inhibitor in the HNT nanoparticles which cause a block-
ing/filling of the HNT(Habib et al., 207 (2021); Khan et al.,
2020; Hassanein et al., 2021).

3.5. Electrochemical impedance spectroscopy (EIS)

EIS technique was conducted to evaluate the anti-corrosion

capability of the ULHNT COAT and LHNT COAT by expos-
ing the developed coatings to 3.5 wt% NaCl solution with pH
of 6.7 at room temperature for 15 days. Fig. 8 shows the two-

time constant electrical circuit used in the fitting of EIS data of
the coatings. Some parameters have been used in the electrical
circuit, such as Rs, Rpo, Rct, CPE1, and CPE2, referring to the
solution resistance, pore resistance, and charge transfer resis-

tance at the metal interface, constant phase element for
single-layer coating, and double-layer coating respectively.
The continuous phase elements express the non-homogeneity

and roughness of the surface because the species adsorbed
and formed a passive protective film(Habib et al., 207
(2021)). Furthermore, it is related to the non-uniformity in

the current spreading over the coating surface(Benoit et al.,
2016). CPE can be converted into ideal capacitance (C) only
if the n value is less than 0.75(Benoit et al., 2016; Hirschorn
et al., 2010). Hence, the CPE values were converted into ideal

C by the following equation(Sliem et al., 2019):

Cdl ¼ ðY0 RctÞ1=n
Rct

Where Y0 = CPE1.
Fig. 8 Equivalent electrical circuits used for EIS fitting of

ULHNT COAT and LHNT COAT.
Fig. 8 shows the equivalent electrical circuit used to fit the
EIS data of ULHNT COAT and LHNT COAT. Moreover,
the goodness of fit (Chi-square v2) which used to test the extent

of matching between the fitted data and experimental data was
obtained from Gamry analyst software after the fitting of
ULHNT COAT and LHNT COAT EIS data which calculated

by the software using the following equation:

v2 ¼
XN

i¼1

wi
2½ Zmeasreal � Zfitrealð Þ2 � ðZmeasimag � ZfitimagÞ�2

Where wi ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðZmeasi;real

2þZmeasi;imag
2Þ

p , Z is the impedance in

ohms.
Fig. 9 represents the fitted bode graph and phase angle

graph of ULHNT COAT and LHNT COAT and the raw

EIS data are shown in Figure S1. The bode graph represents
the resistance of the coating underexposing control mechanical
damage (scratch) to the NaCl solution as a corrosive solution

which facilitates the penetration of the chloride ions through
the coating. The resistance of LHNT COAT was measured
at 0, 3, 6, 9, 12, and 15 days of immersion. However, the resis-
tance of ULHNT COAT was measured at 0, 3 and 6 days of

immersion. The continuous immersion of the coating in the
NaCl solution stimulates the inhibitor release due to the
change in the localized pH of the interface between the coating

and the steel substrate(Khan et al., 2020; Arjmand and
Adriaens, 2012). A study has been carried out on the anti-
corrosion behavior of the blank epoxy coating in 3.5 wt%

NaCl as a reference in our previously reported work (Khan
et al., 2020; Ismail et al., 2021). The studies highlighted that
the charge transfer resistance at low frequency impedance
spectra of the reference coating (blank epoxy) after 72 hr of

immersion was 0:199 MO.cm2. Fig. 9(a,b) presents the bode
graph and phase angle of the unloaded HNT epoxy coating
(ULHNT COAT) which shows a decrease in the charge trans-

fer resistance at low frequency impedance spectra.For the bode
graph,) the charge transfer resistance at low frequency impe-
dance spectra was decreased from 7.00 MO.cm2 to 0.54 MO.
cm2 in day 0 to day 6. Compared to the refence coating (blank
epoxy) the ULHNT COAT has a higher resistance at the
beginning of the experiment which can be attributed to the

reinforcement of the HNT nanocontainers in the epoxy coat-
ing which acts a filler. In both coatings, the resistance
decreased after a short immersion time due to the absence of
an inhibitor which can delay the corrosion, extend the lifetime

of the coating and enhance the corrosion resistance with the
immersion time.

Contrary to the blank epoxy coating and the unloaded

HNT coating, the LHNT COAT shows a gradual increase in
the low-frequency range. For the bode graph,) the charge
transfer resistance at low frequency impedance spectra was

increased from day 0 to day 12, which corresponds to 3.00
MO.cm2 to 60.00 GO.cm2 as shown in Fig. 9(c). The increase
in the resistance for 12 days of immersion is because of the
BTA + LA + SB inhibitor, which enhances the barrier prop-

erties and compensates for the change in the localized pH in
the interface between the epoxy coating and the metal sub-
strate. However, after day 12 of immersion, the charge transfer

resistance at low frequency impedance spectra decreases grad-
ually from 60.00 GO.cm2 to 50.00 GO.cm2 until 15 days of
continuous immersion, which corresponds to a 16% decrease

compared with the resistance value after the twelfth day of



Fig. 9 (a) Bode graph of ULHNT COAT, (b) Phase angle of ULHNT COAT, (c) Bode graph of LHNT COAT and (d) Phase angle of

LHNT COAT.

Table 2 Some recently reported HNT/epoxy systems.

System Low frequency

impedance

Period

(days)

Reference

HNT-imidazole and

dodecylamine/ epoxy

5.62 � 105 X cm2 7 (Khan

et al., 2020)

HNT-BTA/ epoxy 6132 X cm2 8 (He et al.,

2015)

HNT-BTA/ epoxy 4.19 GX cm2 9 (Hassanein

et al., 2021)
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immersion (the highest resistance value). In addition, the cor-

rosion inhibition efficiency of the LHNT COAT was calcu-
lated concerning the blank epoxy coating and unloaded
HNT epoxy coating to be 99.6% and 98.88%, respectively.
Moreover, the phase angle shows a decreasing trend in the

low-frequency range after the twelfth day of immersion from
�30�to �10�as shown in Figure 9(d). This decreasing behavior
reveals the complete releasing of the inhibitor during twelve

days of immersion which can delay the corrosion activity by
the adsorption of the inhibitor on the steel surface, which
reduces the chance of direct contact between the steel surface

and the corrosive electrolyte. However, in general, the corro-
sion inhibitor does not have the full capability to heal the
scratch of the coating, which creates a path through the coat-

ing for the corrosive electrolyte. Hence, as the inhibitor releas-
ing rate decreases with the immersion time, the metal becomes
less protected, facilitating the electrolyte access to the metal
surface and the coating-metal interface. However, the multi-

component inhibitor (BTA + LA + SB) shows a slightly
stable and longer-term anti-corrosion behavior compared with
the ones reported in previous studies which developed epoxy

coatings with loaded HNT using one or two inhibitors (as
shown in Table 2) because of the excellent barrier property
that has been enhanced by the presence of the currently studied

inhibitor.
Table 3 shows all the electrochemical parameters used in

the fitting of the EIS data of the ULHNT COAT and LHNT

COAT after 6 days and 15 days of immersion in 3.5 wt% NaCl
electrolyte respectively. As can be seen in Table 3, Rpo values
of ULHNT COAT decreased gradually for six days of immer-

sion from 8.51e5 X.cm2 to 5.39e5 X.cm2 which indicating a
poor corrosion resistance of the defected areas against the cor-
rosive media because of the absence of inhibitor. Furthermore,
Rct experiences the same decreasing trend of the Rpo which

indicates the low resistance of the interface between the steel
surface and coating because there is no loaded inhibitor in
the HNTs to form a passive layer which can protect the surface

of the steel. In addition, CPE1 and CPE2 values show an incre-
mental trend that indicates low protection ability of the coat-
ing. However, Rpo values of the LHNT COAT increased

continuously for twelve days of immersion from
1.584e6 X cm2 to 20.48e9 X cm2 which is an indication for
the high anti-corrosion and barrier properties of the scratched
areas due to the successful release of the inhibitor which can

delay the corrosion process for a certain period because of
the adsorption of the corrosion inhibitor at the steel surface



T
a
b
le

3
E
le
ct
ro
ch
em

ic
a
l
p
a
ra
m
et
er
s
o
b
ta
in
ed

fr
o
m

E
IS

fi
tt
in
g
o
f
L
H
N
T

C
O
A
T
.

C
o
a
ti
n
g
ty
p
e

Im
m
er
si
o
n
ti
m
e
(d
a
y
s)

R
p
o
(X

.c
m

2
)

C
P
E
1
(s
n
X
�
1
cm

�
2
)

C
P
E
2
(s
n
X
�
1
cm

�
2
)

R
ct

(X
.c
m

2
)

n
C
d
l
(m
F
/c
m

2
)

G
o
o
d
n
es
s
o
f
fi
t

U
n
lo
a
d
ed

H
N
T

co
a
ti
n
g

(U
L
H
N
T

C
O
A
T
)

0
8
.5
1
±

6
8
.9
e5

1
3
4
.5

±
9
3
.7
e-
1
2

2
.7
3
5
±

3
6
.5
e-
1
2

6
.5
5
±

0
.2
8
3
e5

0
.8
8
±

0
.0
5
7

–
4
5
.4
9
e-
3

2
7
.7
4
±

5
6
.9
7
e5

2
0
4
.4

±
3
2
.3
e-
1
2

4
6
6
.3

±
0
.0
2
7
3
e-
1
1

5
.7
5
±

0
.2
4
7
e5

0
.8
7
±

0
.0
4
6
7

–
7
9
.6
8
e-
3

4
6
.3
2
±

4
6
.7
e5

3
2
8
.9

±
5
4
.5
8
e-
1
1

6
4
8
.6

±
3
9
4
.4
e-
1
1

4
.3
6
±

3
8
.4
e5

0
.7
5
±

0
.1
3
5
6

–
5
7
.5
7
e-
3

6
5
.3
9
±

1
6
.4
5
e5

1
0
4
.2

±
6
8
.3
9
e-
1
0

3
5
.0
4
±

8
5
.4
8
–
9

3
.3
6
±

8
.9
2
e5

0
.6
7
±

0
.0
3
4
5

6
.4
3
e-
1
0

3
6
.2
5
e-
3

L
o
a
d
ed

H
N
T

ep
o
x
y
co
a
ti
n
g

(L
H
N
T
C
O
A
T
)

0
1
.5
8
4
±

3
.4
9
e6

1
4
5
.1

±
1
2
.7
8
e-
1
2

1
2
5
.8

±
5
1
0
.4
e-
1
2

6
.2
6
±

1
1
0
.5
e6

0
.0
7
3
3
±

0
.4
5
5

5
.0
8
e-
4
9

9
.1
3
6
e-
3

3
3
7
.7
4
±

1
0
3
.6
e6

1
1
1
.1

±
1
6
.1
5
e-
1
2

1
2
2
.2

±
2
5
.3
0
e-
1
2

3
8
.9
3
±

1
0
8
.5
e6

0
.9
9
8
±

8
9
9
.9
e-
3

–
6
4
.2
3
e-
3

6
2
1
.4
9
±

4
6
.8
6
e9

1
0
5
.7

±
2
.9
9
1
e-
1
2

2
5
.2
7
±

8
7
.1
1
e-
1
2

6
9
.3
4
±

2
1
9
.8
e9

0
.2
0
1
±

5
0
2
.8
e-
3

2
.9
e-
7

1
5
.2
1
e-
3

9
1
6
.7
5
±

4
.6
3
9
e9

1
0
1
.8

±
1
.1
3
2
e-
1
2

9
.7
7
1
±

7
6
.7
8
e-
1
2

7
5
.9
4
±

3
3
0
e9

0
.3
3
7
±

0
.1
0
8

5
.6
9
e-
9

5
.8
8
3
e-
3

1
2

2
0
.4
8
±

2
0
.7
4
e9

1
0
1
.6

±
1
.0
0
8
e-
1
2

7
5
.1
7
±

2
.6
8
7
e-
1
2

9
3
.3
3
±

2
4
.4
8
e9

0
.4
5
6
±

9
9
.0
3
e-
3

1
.4
9
e-
9

7
.6
7
7
e-
3

1
5

1
9
.0
3
±

1
0
.7
6
e9

9
9
.9
0
±

8
6
.7
e-
1
2

1
9
.4
1
±

3
.5
1
0
e-
1
2

6
7
.6
5
±

1
1
.3
2
e9

0
.5
3
7
±

0
.0
6
9
3

5
.1
9
e-
1
0

7
.9
8
6
e-
3

Study on the corrosion behavior of polymeric nanocomposite coatings 9
(Hassanein et al., 2021). However, after 15 days of immersion,
Rpo starts to decrease gradually to 19.03e9 GX.cm2 because of
the deterioration of the barrier property of coatings and elec-

trolyte uptake through the scratch after healing. However,
the Rpo value after 15 days of immersion is still 98% higher
than its value at the beginning of the experiment. Moreover,

Rct values have the same increasing and decreasing trends as
the Rpo values, which indicates the high resistance of the inter-
face between the steel surface and coating because of the pro-

tective layer formation due to its absorption on the exposed or
corroded steel surface which provides a self-healing capacity
(Wan et al., 2021; Wan et al., 2022). This layer starts deterio-
rating after the 15th day of immersion results with a decreasing

in Rct. Furthermore, CPE1 and CPE2 values show a decre-
mental trend that reveals the coatings’ capacitive behavior
and high protection ability.

3.6. Corrosion inhibition mechanism

In the proposed system (LHNT COAT), a controlled scratch

has been carried out on the coating surface, which causes cor-
rosion inhibition due to the releasing of the mixed inhibitor in
the scratched area. As discussed in section 3.5, the developed

coating witnessed an excellent and stable anti-corrosion behav-
ior when exposed to the NaCl electrolyte, which caused a
change in the localized pH(Khan et al., 2020; Arjmand and
Adriaens, 2012). As a result, the inhibitor was released to

adapt to this change by forming a thin film in the defected area
acting as a temporary barrier against the passage of the corro-
sive ions. As the inhibitor is used in the industry and received

as a mixture, there is a high probability of incorporating some
additives/ solvents to adjust or change some of the inhibitor
functionalities upon the needed industrial usage. Moreover,

complicated and random reactions of the inhibitor compo-
nents may be possible, which can change the inhibitor struc-
ture. Hence, in the current study, the corrosion inhibition

reaction mechanism will be discussed based on the known
main components (lauric acid, benzotriazole, and sodium ben-
zoate). Considering this, there are different possible reaction
scenarios based on the main components of the inhibitor.

One of these scenarios is the formation of the benzoate group
by the dissociation of sodium benzoate, which is known for its
high dissociation in the aqueous environments forming an

anion of benzoic acid(Benzoate, 2022) which can reduce the
corrosion activity on the steel surfaces(Bilgiç, 2002; Alahiane
et al., 2020). The adsorptive characteristics of benzoic acid

affect the corrosion resistance capacity because of the chemical
species’ nature, which is present in the aqueous form of ben-
zoic acid. As a carboxylic acid, benzoic acid forms stable
dimeric structures that provide higher protection for the steel

under predominating conditions. In addition, the benzoate
group can react with the dodecyl group, which resulted from
the dissociation of the hydrogen ion and breaking of the oxy-

gen double bond of the lauric acid-forming benzoic acid 2-
oxododecyl ester compound containing ester and benzoate
group which is known for their excellent corrosion inhibition

property(Blustein et al., 2005; Gao et al., 2015; Bartley et al.,
2003). Generally, the benzoate group acts as an effective inhi-
bitor for iron in natural and essential environments(Zor,

2002). In another scenario, the production of benzyl laurate
or sodium laurate resulted from replacing hydrogen in the lau-



Fig. 10 Inhibition analysis of LHNT COAT and BTA + LA + SB inhibitor.
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ric acid by benzene group or sodium ion, respectively. Benzyl
laurate or sodium laurate can decrease the corrosion rate by

forming a monomolecular adsorption film on the steel surface,
inhibiting anodic and cathodic processes upon adsorption
behavior following Flory–Huggins isotherm model(Zhu

et al., 2010). The third possible scenario is the formation of
dodecanone by the OH dissociation under intense heating or
the presence of Lewis acid (such as BF3 or SOCl2)(Reusch,

2020) that could act as an inhibitor to the steel surface against
Fig. 11 Elemental mapping for the scratched area
corrosion(Khadraoui et al., 2014; Allal et al., 2019). However,
it is not anticipated for the benzotriazole to be reacted because

of its stability against acids and alkalis, oxidation and reduc-
tion processes, and heating(Zhong et al., 2010). Furthermore,
the released active species of BTA + LA + SB inhibitor

adsorbed on the metal surface by replacement of the water
molecules which were occupying the surface. Hence, the inhibi-
tor is adsorbed on the steel substrate surface by forming Fe-

(inhibitor)ads intermediate that forms a layer on the surface.
of (a) ULHNT COAT and (b) LHNT COAT.



Fig. 12 (a) BTA + LA + SB releasing profile in different pH values and (b) LHNT UV–vis spectra at pH 7.

Study on the corrosion behavior of polymeric nanocomposite coatings 11
The adsorbed film on the steel substrate acts as a protective

layer (barrier) for the corrosion media (i.e., NaCl), ameliorat-
ing the anti-corrosion property of the metal surface. Fig. 10
represents the probably formed species by the reaction of the

inhibitor’s main components and the mechanism of inhibition
of the developed HNT coating (LHNT COAT) by the
response of the inhibitor with the steel. Fig. 11 represents the

elemental mapping of the scratched area of ULHNT COAT
and LHNT COAT after exposing to the NaCl electrolyte
which confirms the release of the BTA + LA + SB inhibitor
on the substrate surface. As can be seen in Fig. 11, the levels of

carbon, nitrogen and sodium and oxygen increased in the
LHNT COAT compared with the ULHNT COAT which rep-
resents the presence of the inhibitor.

3.7. UV–vis analysis

The release of the BTA + LA + SB inhibitor from the loaded

HNT (LHNT) was studied through UV–vis spectroscopy.
Hence, the loaded and unloaded HNT were dispersed sepa-
rately in 3.5 wt% NaCl solutions with pH values of 2, 5, 7, 9

and 14. The UV spectra of the loaded and unloaded HNT were
analyzed as a function of pH after 0, 3, 24, 48, 72, 96, and
120 h of the HNT dispersion in the NaCl. The LHNT shows
a good absorbance in all the mediums (acidic, neutral, and

alkaline). It has been noticed that the UV–vis trend of the
LHNT in all pH values was very similar. Hence, the release
profile of the inhibitor concerning time in all the pH values

and the UV spectrum of LHNT at neutral media (pH 7) was
included in the discussion. Fig. 12(a) shows the release profile
of the inhibitor in all the pH values with time; a continuous

increase in the inhibitor release can be observed along 120 hr
(5 days), reaching its maximum value in pH of 7, which agrees
with the EIS results (section 3.5). Furthermore, Figure 12(b)
presents the UV–vis spectra of loaded HNT at pH 7, which

shows a clear and dominant peak at 204 nm attributed to
the presence of carboxyl group (COOH) or ester (COOR)
due to the possible production of benzyl laurate, sodium lau-

rate, or the unreacted lauric acid. Moreover, the clear peak
at 204 nm can be attributed to the presence of benzene ring
in the benzotriazole, which has 160–208 nm absorbance range.
4. Conclusion

Development and characterization of an efficient epoxy-based innova-

tive coating system for corrosion protection of steel have been carried

out by reinforcing halloysite nanotubes (HNTs) loaded with multicom-

ponent inhibitor (BTA + LA + SB) into an epoxy matrix (LHNT

COAT). The SEM micrographs represent a variation in the HNT par-

ticle sizes by showing a slightly puffed structure of the loaded HNT

compared with the unloaded HNT with some particles inside the

HNT lumen due to the inhibitor’s presence in the HNT. Moreover,

the specific surface area of LHNT was 19.371 m2/g compared to the

unloaded HNT, which was 115.319 m2/g indicating a high loading of

the BTA + LA + SB inhibitor in the HNT. Furthermore, the charge

transfer resistance at low frequency impedance spectra was 50 GX.cm2

after exposing LHNT COAT to 3.5 wt% NaCl solution for 15 days

corresponds to a corrosion inhibition efficiency of 99.6% and

98.88% compared to the blank epoxy and unloaded HNT coating,

respectively. The UV–vis analysis showed a good absorbance of

LHNT in all the mediums (acidic, neutral, and alkaline) with a higher

inhibitor release in the neutral media. The inhibition effect was due to

the formation of some components resulting from the reaction of the

primary inhibitor components such as benzoic acid, benzoic acid 2-

oxododecyl ester, benzyl laurate, sodium laurate, dodecanone, or a

combination of some of them as anticipated by the corrosion inhibi-

tion mechanism. The decent barrier properties of LHNT COAT make

them suitable for numerous industrial applications.
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